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Abstract

Sandstone reservoir rocks are important for numerous applications, such as oil and gas recovery, CO2

storage and groundwater aquifers, and understanding how reservoir rock properties influence the dy-
namics of fluids and gases within reservoir rocks is essential yet difficult to predict. Heterogeneity
complicates the identification of viable areas of recovery, potential areas of migration and groundwa-
ter catchment planning. To improve accuracy in reservoir flow models further analysis of the impact
of heterogeneous reservoir rock properties on fluid transport is required. Pore network analysis is
key in understanding fundamental concepts of fluid flow behaviour as pore network geometry is a
dominant control on the effectiveness of fluid transport within a reservoir and is strongly associated
with porosity and permeability. Despite this, there has been limited research into how heterogeneous
rock properties influence fluid flow behaviour at the pore scale and analysis is commonly focused on
samples which have homogeneous grain size and mineralogy.

Heterogeneity in sandstone reservoir rocks can be categorised into three main types; 1) sedimentary,
2) structural, and 3) diagenetic. This thesis focuses on sedimentary heterogeneities, which are
influenced by the environmental conditions at the time of sediment deposition, and the main aim
of this thesis is to quantify the effect of heterogeneity in grain size and mineralogy on pore network
geometry (pore diameter, porosity), fluid flow behaviour and mineral dissolution in the pore network.
Ten synthetic, glass bead pack samples were designed based on naturally occurring sedimentary
heterogeneities identified in cores from the Triassic Sherwood Sandstone and the Permian Rotliegend
Group and used in pore-scale permeability experiments which validate the results from 3D visual
analysis and simulations conducted in the Avizo®Fire software and CFD simulations conducted in
the ANSYS Fluent software.

The experimental methodology for the pore-scale permeability experiments was designed and devel-
oped to enable reliable and accurate measurements of flow rate and pressure difference over a 3D
customised bead pack sample. In order to achieve this, two degassing techniques were employed to
fully purge trapped bubbles of air which occurred in the system/sample. The experiments produce
reliable and repeatable data which are in agreement with results from the literature and permeabil-
ity calculated using the Kozeny-Carman model, Avizo®Fire simulations and ANSYS Fluent CFD
simulations.

The results from the experiments and simulations confirm the widely held view that bead size and
heterogeneity in bead size influences the pore network geometry, fluid flow behaviour and permeabil-
ity of a sample. In samples with homogeneous bead size, increasing bead size (54.5%) corresponds to
larger mean pore diameter size (35.2%), a larger range in mean pore diameter size, less uniform dis-
tribution in pore diameter size, and greater porosity (0.74-3.47%). Less uniformity in pore diameter
size increases tortuosity (2.65%) and facilitates high velocity preferential pathways which increases
permeability (52.2-98.5% across all homogeneous samples and techniques).

The effect of bead size heterogeneity is determined by the arrangement of the bead size (e.g. smaller
beads changing to larger beads) and the mean pore diameter size and range of mean pore diameter
size is lower (7.7%) and the distribution of pore diameter size is more uniform when smaller beads
transition to larger beads. This is due to the reduction in pore space due to a poorer degree of
sorting and increased packing density as smaller beads are able to invade the pore space between the
larger beads. Greater uniformity in pore diameter size results in more consistent fluid flow (multiple,
well distributed, smaller, low velocity flow pathways) and higher permeability (0.60-55.9% across all
techniques) when fluid flow passes a transition from smaller beads to larger beads.
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The onset of non-Darcy flow was analysed in the samples with differing homogeneous bead size and
heterogeneous bead size and the results suggest that the critical Reynold’s number (the Reynold’s
number which corresponds with the onset of non-Darcy flow) is determined by pore size and greater
pore size corresponds to a larger critical Reynold’s number due to larger pores being more able to
facilitate high velocity flow. In the samples with heterogeneous bead size different factors influence
the critical Reynold’s number and the critical Reynold’s number decreases with decreasing tortuosity
when fluid flow passes a transition from smaller beads to larger beads and the critical Reynold’s
number decreases due to increasing heterogeneity and decreasing permeability when flow flow crosses
a transition from larger beads to smaller beads. The beta factor was also calculated and increases
with decreasing bead size and the results from the samples with homogeneous bead size suggest that
beta factor increases with decreasing permeability.

The results from samples which present mineralogical heterogeneity show that the addition of kaolin-
ite and dolomite reduces the mean pore diameter size (56.8-68.0%), the range of mean pore diameter
size and the porosity (2.2-3.8%). Kaolinite results in a greater reduction in mean pore diameter size
(68.0%) and increases the range of mean pore diameter size and this is due to the size and distri-
bution of kaolinite which is more randomly distributed throughout the sample due to its greater
range in particle size (0-63 µm). The impact of kaolinite is reduced when it occurs with dolomite as
dolomite content restricts the distribution of kaolinite and this is due to the shape and size of the
dolomite grains. Angular grains of dolomite occupy pore cavities and wedge alongside beads which
is more destructive to porosity and limits accumulations of kaolinite to fewer pores.

Increased variation in pore diameter size is related to increased tortuosity and longer fluid flow
pathways which increases access to reactive minerals and increases dissolution. Kaolinite content
is most destructive to permeability (73.4-88.0%), in comparison to dolomite content, as it increases
heterogeneity in pore diameter size and reduces pore space the most. The impact of kaolinite
on permeability is less severe when kaolinite occurs with dolomite as dolomite limits the random
distribution of kaolinite throughout the pore network which limits heterogeneity.

The permeability of the samples which contain dolomite was reduced after acidic flow despite evi-
dence of mineral dissolution and this is interpreted to occur as a result of small particles becoming
detached during dissolution and becoming lodged in pores and pore throats. Heterogeneity in bead
size and mineralogy decreases the mean pore diameter size (31.6-65.4%) and porosity (3.7-5.7%),
increases the range in mean pore diameter (20.3-26.0%) and reduces permeability (75.7%), in com-
parison to the bead pack samples which present mineralogical heterogeneity.

The bead pack sample which presents heterogeneity in bead size and mineralogy displays comparable
pore diameter, porosity and permeability results to the crushed rock sample which indicates that
bead pack samples can present realistic pore network geometries. Dolomite dissolution increases
(1.4-2.4%) when bead size is heterogeneous and permeability is reduced (76.6%) after acidic flow
and the reduction in permeability is greater (44.1%) when heterogeneous bead size and mineralogy
occur in a sample together and this is due to local variations in permeability which in turn can
result in local fluctuations in reaction rates and mineral dissolution. Local fluctuations in reaction
rates and dissolution may enhance the variations in permeability after acidic flow or create a series
of permeability contrasts where regions of higher permeability enable a higher rate of reactions and
dissolution and the regions of low permeability are less able to facilitate fluid and particle transport
meaning that the pore space becomes clogged more easily which reduces permeability further.
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Chapter 1

Introduction

1.1 General Introduction

Sandstone reservoir rocks are important not only for oil and gas recovery, but also for CO2 storage
and groundwater aquifers. In these applications understanding how reservoir rock properties influ-
ence the dynamics of fluids and gases hosted in the reservoirs is critical. Currently, the dynamics of
fluid and gas behaviour in reservoir rocks is difficult to accurately predict as most reservoir models
are based on assumptions and homogeneous rock properties, or very little heterogeneity in rock
properties. Heterogeneity in rock properties is defined by a lack of uniformity in the composition
and distribution of properties (Liu et al., 2016). Reservoir flow models are essential in identifying
and assessing viable areas of recovery, potential areas of migration and in groundwater catchment
planning. To improve accuracy in reservoir flow models further analysis of heterogeneous reservoir
rock properties, such as grain size, grain sorting and mineralogy, and their influence on fluid flow
behaviour is required. Analysis of the pore network in reservoir rocks is essential in developing a
greater understanding of single phase and multiphase fluid flow behaviour as pore network geometry
is a dominant control on the effectiveness of fluid transport within a reservoir (Jiang et al., 2013;
Thomson et al., 2018; Claes et al., 2018). Within sandstone reservoir rocks little is known about the
effect of heterogeneous sedimentary properties on the pore network and how this impacts fluid trans-
port. In comparison to carbonate reservoir rocks, sandstone reservoir rocks show less heterogeneity,
however, heterogeneity still occurs across a variety of spatial-temporal scales and is an important
factor to consider (Claes et al., 2018). A greater understanding of the impact of heterogeneity in
reservoir rock properties on fluid dynamics can provide essential information on fluid transport phe-
nomena under variable conditions, and will increase accuracy in reservoir characterisation and in
predicting fluid behaviour throughout reservoirs. Additionally, there is limited understanding on
how heterogeneous properties can influence mineral dissolution, and in turn how this influences fluid
transport properties and behaviour. Reactive flow in sandstone reservoirs can occur naturally due
to mineralogical reactions with meteoric groundwater or hydrothermal fluids, and also artificially
through CO2 injection and matrix acidisation for enhanced oil recovery or removing formation dam-
age (Mou et al., 2019). It is crucial to consider the effects of heterogeneity in sandstone reservoir
rock properties due to the increasing demand for energy sources and the increasing popularity of
less conventional petroleum sources which often have strong heterogeneity (Qiao et al., 2020). Addi-
tionally, there is also an urgent need to increase CO2 storage capabilities to offset the global carbon
footprint.

1
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1.2 Background Research

1.2.1 The impact of sedimentary rock properties on fluid flow behaviour

Previous research has shown that some sedimentary rock properties, such as grain size, can be associ-
ated with increased porosity and permeability (Algive et al., 2012), and therefore favourable reservoir
quality. For example, fine grained mudstones are not as permeable as coarse grained sandstones. Fur-
thermore, increased clay mineral content in sandstones is often related to lower permeability (Medici
et al., 2019) as it reduces the occurrence and connectivity of large intergranular pores and connected
flow pathways (Rosenbrand et al., 2015). Other properties which characterise fluid behaviour, such
as tortuosity, fluid flow pathways, pore throat distribution or the Reynold’s number, are not as
readily associated with sedimentary rock properties such as grain size, grain sorting and mineralogy.
Furthermore, there has been limited research into how sedimentary heterogeneities influence fluid
flow behaviour at the pore scale, despite porosity and permeability being strongly associated with
pore network geometry (Qiao et al., 2020; Pini et al., 2016). Understanding the influence of rock
properties, such as grain size or mineral content, on fluid flow behaviour will greatly enhance the
accuracy of reservoir characterisation and predictive reservoir flow and storage models. This is also
relevant in mapping the impact of reactive flows and solute and contaminant transport, given that
if sedimentary properties can indicate preferential flow pathways then the accuracy in prediction
and identification of chemical reactions and solute and contaminant fronts will increase. Previous
research has recognised that heterogeneities can heavily influence the spreading of solute plumes and
contribute towards flow transport in sedimentary rocks (Kurotori et al., 2019; Pini et al., 2016).

1.2.2 Heterogeneity in sandstone reservoir rocks

Heterogeneity in sandstone reservoir rocks can be defined by three types; 1) sedimentary, 2) struc-
tural, and 3) diagenetic (Fig. 1.1). Sedimentary heterogeneity is influenced by the environmental
conditions at the time of sediment deposition, for example, energy levels, rate of sedimentation,
climate and biogenic activity, and can be identified by non-uniform grain size, grain sorting, min-
eralogy and sedimentary structures (e.g. laminations, cross bedding). Structural heterogeneity
is largely controlled by tectonic activity and the mechanical properties of the rock, for example,
whether the rock is ductile or brittle, and is characterised by non-uniform bedding and structural
features (e.g. deformation bands, fractures). Diagenetic heterogeneity is determined by numerous
processes including depth of burial, overburden pressure and the original rock properties, and can
be demonstrated by non-uniform cement distribution, cement composition and grain compaction.
This study focuses on sedimentary heterogeneity which occurs in sandstone reservoirs, including het-
erogeneity in grain size and mineralogy. Heterogeneity in the sedimentary properties of sandstone
reservoir rocks increases the difficulty of accurately characterising and predicting fluid flow behaviour
in reservoirs (Pini and Benson, 2013; Qiao et al., 2020). First of all, heterogeneity in sedimentary
properties can create permeability contrasts, which can act as baffles, barriers or conduits for fluid
flow (Medici et al., 2016; Liu et al., 2016; Haffen et al., 2017), resulting in fluid flow being halted
or redirected (Liu et al., 2016). It is also important to consider the size, extent and distribution of
sedimentary heterogeneities in sandstone reservoirs, as this can reveal the size, extent and distribu-
tion of features which are capable of influencing fluid flow behaviour. Sedimentary heterogeneities
in sandstone reservoir rocks can occur at a multitude of scales (Claes et al., 2018) and can occur in
many forms, including grain size, grain sorting, sedimentary features (e.g. laminations, mud lenses,
cross bedding) and mineralogy (e.g. cements, mineral overgrowths) (Liu et al., 2016; Pini et al.,
2016). For example, a series of clay laminations in a well sorted, medium grained sandstone would
be identified as a heterogeneity. Heterogeneities within sandstone reservoir rocks can be identified
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Figure 1.1: Examples of heterogeneity in sandstone reservoir rocks.

during reservoir characterisation, however, the full effect on fluid flow has not been quantified.

1.2.3 Heterogeneity in the pore network

Heterogeneity in the pore network can occur within the geometry of the pore network, such as pore
shape, pore size, pore diameter and pore throat diameter. Pores can be described as cavities which
occur between the grains/minerals and are connected by smaller channels which are commonly de-
fined as pore throats. Pore space within sedimentary rocks can be complex as a result of depositional
and diagenetic processes (Thomson et al., 2019; Algive et al., 2012). Pore shape can vary in a pore
network and typical pore shapes include round, elliptical, saccate/ink bottle pores and slit pores
(Fig. 1.2). The types of pore can also vary as pores can be well connected, such as through pores, or
they can be isolated, such as closed pores (Fig. 1.2). The arrangement of pores and pore throats can
also vary, and the pore cavity to pore throat ratio is an important factor to consider when analysing
the geometry of a pore network. Pore network geometry is important to consider as it is inherently
linked to the connectivity of the pore network, permeability, reservoir quality and overall fluid flow
behaviour in the pore network (Qiao et al., 2020; Thomson et al., 2018). For example, the fraction
of connected pore space increases with overall porosity (Thomson et al., 2018). Homogeneous sand-
stones can display a simplistic pore geometry, however, heterogeneous sandstones can display much
more complex pore geometries (Thomson et al., 2019).

1.2.4 Geological Background

This study focuses on quantifying the effect of sedimentary heterogeneities on fluid flow behaviour
at the pore-scale and to ensure that the heterogeneities presented in the synthetic samples were
realistic, sandstone samples from producing oil/gas reservoirs, primary aquifers and potential CO2

storage targets were studied. It was important that sedimentary heterogeneities from producing
oil/gas reservoirs, primary aquifers or CO2 targets were studied as it is critical to understand fluid
flow in sandstones which are targets for such applications in order to potentially increase productivity
and/or increase storage capacity. Furthermore, sandstone samples from different formations were
studied to ensure that the heterogeneities analysed in this study were not unique to a specific
formation. Due to this, the synthetic bead pack samples were designed to emulate the properties
exhibited in the Triassic Sherwood Sandstone Group and the Permian Rotliegend Group.
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Figure 1.2: Examples of pore shapes and types.

The Triassic Sherwood Sandstone Group was sampled from the University of Nottingham’s GeoEn-
ergy Test Bed facility and has been sampled at 692 ft. The Permian Rotliegend Group sandstones
were sampled from wells in the southern North Sea in the Valiant North, Vanguard and Vulcan
fields, at 7732, 88149 and 9423 ft. Both of these formations present heterogeneous sedimentary
properties which are capable of altering fluid and transport properties, such as carbonate cements,
poorly sorted grains and sedimentary structures which present grain size and mineralogy contrasts,
however the effect of these properties on fluid flow behaviour is not well understood. Furthermore,
both of these formations are targets of interest for oil and gas production, CO2 storage, and the
Triassic Sherwood Sandstone Group is also a regional aquifer in the UK (Smedley et al., 2018). Due
to this, the synthetic samples were designed to feature bead size and mineralogy contrasts to analyse
how fluid flow behaviour may be altered at the pore-scale. Permeability was analysed using pore-
scale permeability experiments, permeability simulations and permeability models (Kozeny-Carman
model). Tortuosity and fluid flow pathways were analysed using CFD simulations performed in
ANSYS Fluent R2.

1.2.5 Triassic Sherwood Sandstone Group

The Triassic Sherwood Sandstone group is an extensive sandstone formation spanning across two
sedimentary basins, from offshore west of Ireland, across the East Irish Sea Basin, to the eastern
England Shelf (Schmid et al., 2006; Medici et al., 2015). The group forms a major European aquifer
and is also the second largest groundwater aquifer in the UK (Smedley et al., 2018; Cronin et al.,
2005; Medici et al., 2015). The Sherwood Sandstone Group is also a hydrocarbon reservoir in the
East Irish Sea basin, producing both oil and gas (Kirk, 2006). The sandstones are capped by the
Mercia Mudstone Group or Quaternary deposits, depending on the location (Smedley et al., 2018;
Cronin et al., 2005). For example, the sandstones are capped by the Mercia Mudstone Group in
the East Midlands region of the UK (Cronin et al., 2005; Smedley et al., 2018), whereas in the
South Yorkshire region of the UK the sandstones are overlain by quaternary deposits (Smedley
et al., 2018). The Sherwood Sandstone Group in the East Irish Sea Basin is the main reservoir unit
and also demonstrates potential for CO2 storage up to 1046 million tonnes (Kirk, 2006). Reservoir
quality is largely influenced by porosity occluding dolomite cements (Schmid et al., 2004) and the
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sedimentology of the sandstones (Wakefield et al., 2015). In the East Irish Sea basin porosity
ranges from 8-30% and permeability ranges from 0.05 mD - 10 D (Kirk, 2006). The sandstones in
this group include lithic arkoses, quartz arenites and subordinate breccia-conglomerates, and are
largely fluvial and aeolian in origin and were deposited in an arid – semi arid climate (Medici
et al., 2019; Schmid et al., 2006; Meadows, 2006; Wakefield et al., 2015). The fluvial sandstones are
associated with high heterogeneity (Meadows, 2006). The cements which occur within the sandstones
are commonly composed of dolomite, quartz, K-feldspar, calcite, clay minerals and grain coating
haematite (Cronin et al., 2005; Medici et al., 2019; Schmid et al., 2006). The cements composed of
dolomite, clay minerals, K-feldspar and haematite occur as a result of geochemical interactions with
meteoric groundwater during early diagenesis (Schmid et al., 2004). Quartz overgrowths occurred
during burial diagenesis (Schmid et al., 2006).

1.2.6 Permian Rotliegend Group

The Rotliegend group is a sedimentary rock succession located in north western Europe, extending
from the eastern UK to Poland, and has been extensively studied to aid exploration and production
activities in the oil and gas industry (Vincent et al., 2018). The group hosts the main reservoir
for multiple gas fields in the Netherlands, UK, Poland and Germany (Molenaar et al., 2015). The
group is categorised into three subgroups; the Lower Rotliegend, Upper Rotliegend, and the Zechstein
(Vincent et al., 2018), which acts as cap rock for the underlying reservoir units. Many important gas
reservoirs occur within the Lower Rotliegend group (Zwingmann et al., 1999; Gluyas and Leonard,
1995), and the gas is sourced from Upper Carboniferous Coal Measures (Zwingmann et al., 1999).
Reservoir quality and fluid transport properties are strongly associated with the conditions and
environment at the time of sediment deposition and diagenetic processes (Vincent et al., 2018;
Ganzer et al., 2014; Pudlo et al., 2011; Rosenbrand et al., 2015). Quartz and carbonate cements and
clay mineralogy are determined to be contributing controlling factors on porosity and permeability
(Vincent et al., 2018; Ganzer et al., 2014; Pudlo et al., 2011; Rosenbrand et al., 2015). Most
producing reservoirs of the Rotliegend Group have porosities ranging from 9-19% and moderate
to high permeability of 1 mD – 1 D (Rosenbrand et al., 2015; Hannis, 2016). The lower and upper
Rotliegend groups mostly comprise of quartzose sandstone (Molenaar et al., 2015) and were deposited
in a large non-marine basin in fluvial and aeolian settings (Gluyas and Leonard, 1995; Vincent et al.,
2018) under semi-arid conditions on a continental flood plain (Pudlo et al., 2012). The aeolian
sandstones have higher porosity and permeability due to favourable grain size and sorting and mineral
dissolution (Pudlo et al., 2012), and the fluvial sandstones have lower porosity and permeability as
a result of higher clay mineral content and pore filling cements (Pudlo et al., 2012). The sandstones
have a variable and complex diagenetic history, demonstrated by the prevalent carbonate pore filling
cements, feldspar dissolution and quartz overgrowths (Pudlo et al., 2012; Vincent et al., 2018; Pudlo
et al., 2011), which results in areas with strong heterogeneity. Areas of strong heterogeneity means
that sections of this group are also a target for unconventional plays and geothermal applications
(Molenaar et al., 2015).

1.3 Aims and Objectives

The aim of this study is to quantify the effect of heterogeneity in grain size and mineralogy on
the pore network geometry and fluid flow behaviour before and after a reactive flow by using a
combination of experimental and computational modelling techniques. The synthetic samples in
this study are used as analogues for sandstone pore networks.



CHAPTER 1. INTRODUCTION 6

The objectives for this study are as follows:

1. Investigate the impact of heterogeneous grain size and mineralogy on pore network geometry,
porosity, permeability and fluid flow behaviour.

2. Measure the effect of heterogeneous grain size and mineralogy on mineral dissolution after a
reactive flow.

3. Analyse the impact of mineral dissolution on fluid flow behaviour in samples with heteroge-
neous grain size and mineralogy.

1.3.1 Structure of the Thesis

In order to achieve the objectives stated above this thesis has been structured into eight chapters.
Chapter 1 is the introduction which demonstrates the importance of understanding the relationship
between heterogeneous sedimentary rock properties and fluid flow behaviour. Chapter 2 details a
literature review of relevant publications. In chapter 3 the materials used and created for this project
and the methodology used is discussed. Chapter 4 focuses on the design and development of the
pore-scale permeability experiments, which were designed specifically for this project and essential
to the completion. Chapter 5 presents the impact of heterogeneous grain size on pore network
geometry, tortuosity, flow paths and pore-scale flow phenomena. Chapter 6 addresses the effect of
heterogeneous mineralogy on pore network geometry, dissolution, permeability and fluid transport
phenomena and how this is altered after a reactive flow. Chapter 7 discusses how heterogeneity in
both grain size and mineralogy alters the pore network geometry, dissolution and fluid flow behaviour
and how this is altered after a reactive flow. Chapter 8 concludes the findings of this study and
provides recommendations for future work.



Chapter 2

Literature Review

2.1 Introduction

Pore networks which occur in sandstone rocks can be described as a series of cavities (pores) which
are connected by smaller channels (pore throats). Sandstone pore networks can vary greatly and
are often intricately complex (Song et al., 2016; Chen and Song, 2002; Algive et al., 2012). The
properties in sandstone pore networks are governed by the characteristics of sandstones, such as
grain size, grain sorting and mineralogy, which are determined by processes of sediment deposition,
diagenesis and/or structural deformation. The properties in sandstone pore networks can influence
properties such as porosity, permeability, tortuosity, fluid flow pathways, fluid regime transitions and
wettability. These properties at the pore scale can impact reservoir quality and recovery efficiency
(Peng et al., 2012; Song et al., 2016; Cai et al., 2019).

2.2 Properties of Pore Networks in Sandstones

Properties of the pore network which are outlined in the literature include the arrangement of
pore type, pore shape, pore size, pore throat type, pore throat shape, pore throat size and pore
connectivity (Faruk Civan, 2011). It is essential to understand the type, shape/size, distribution
and the connectivity of the pores and pore throats as fluid flow behaviour and contaminant transport
can be sensitive to the pore structure and the distribution of pore structures (Bloomfield et al., 2001;
Anovitz et al., 2015). For example, the geometry of the pore space controls the uniformity of fluid flow
behaviour, where a non-uniform pore geometry is likely to result in non-uniform fluid flow behaviour
(Datta et al., 2013). Additionally, pore networks with disordered geometries can be associated with
tortuous flows which are disadvantageous in EOR and CO2 storage as they are associated with lower
permeability (Datta et al., 2013; Cai et al., 2019). Idealistic pore networks in sandstone reservoirs
would consist of large, well connected pores with a low pore cavity/throat ratio, however, this is
not always realistic, as pores in granular media are often described as irregular and variable in size
(Schmitt et al., 2015b; Sufian et al., 2015; Bernabé et al., 2010; Hall et al., 2016). Furthermore, the
pore network can also be described as a multi scale network, and may be host to other contrasting
smaller scale networks which can result in different magnitudes of porosity, effective porosity and
permeability (Blunt, 2017).
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Figure 2.1: 2D SEM images of some of the types of pores which occur in sandstones; a) intergranular
pore, b) dissolved pore in k-feldspar, c) dissolved pore in quartz, d) dissolved pore infilled by clay,
e) micro pore in illite, f) micropore in kaolinite. (Taken from Liu et al. (2017)).

2.2.1 Pore Properties

A variety of different pore types/shapes which occur in pore networks are described in the literature
which include uniform pores, through pores, funnel shaped pores, band shaped pores, ball shaped
pores, ink bottle pores, intergranular pores, intercrystalline pores and moldic pores (Fig. 1.2). The
types of pores which commonly occur within sandstones range from the micro-pore to macro-pore
scale and include intergranular pores, intercrystalline pores, clay cemented pores, vuggy pores,
dissolved pores and fracture pores (Fig. 2.1). Some pore types may restrict fluid flow, such as
ink bottle pores, and some pore types support fluid flow, such as uniform pores or through pores.
Pores at the micro-pore scale can restrict fluid movement as fluid is not able to pass through unless
exposed to a high-pressure gradient (Hall et al., 2016). Ink bottle (saccate) pores can also restrict
fluid transport and displacement as they can result in a large pore throat-pore cavity ratio which
can reduce permeability (Hall et al., 2016; Cai et al., 2019). The size of pores is linked to the size
of grains, where pore diameter and pore radius is roughly equal to the grain diameter (Revil et al.,
2012; Cai et al., 2019). Furthermore, pores at the micro-pore scale are often associated with very
fine grained sandstones or sandstones which have a high clay content in pore throats. The size of
pore radius and the configuration of pores is also expected to influence the permeability (Cai et al.,
2019). The distribution of pore size can also influence critical flow pathways, where a non-uniform
distribution of pore size can result in a higher frequency of fluid flow pathways (David, 1993). The
distribution of pore shapes and the geometry of the pore space overall is linked to tortuosity in the
pore network, for example, pore networks which have disordered geometries increase the tortuosity
of fluid pathways (Datta et al., 2013).

2.2.2 Pore Throat Properties

Pore throats occur in many forms, such as sheet like, belt like, a crooked flake like appearance,
tubular, spherical, pore-shrinking, neck-contracted, slice shaped, micro throats and cluster throats
(Fig. 2.2) (Bai et al., 2013; Mi et al., 2019; Liu and Sun, 2020). Sheet like, pore-shrinking, neck-
contracted, slice shaped and cluster pore throats are associated with tight sandstone reservoirs (Bai
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Figure 2.2: Examples of the types of pore throats in 2D.

et al., 2013; Mi et al., 2019). The size of pore throats in sandstones is associated with grain size,
where the size of pore throats decreases with decreasing grain size (Nelson, 2009). Furthermore,
grain size also impacts the range of pore throat sizes, where the range increases with increasing
grain size (Nelson, 2009). Additionally, pore throat size is also related to porosity, where the size of
pore throats increase with increasing porosity (Nelson, 2009). The size, distribution and combination
of pore throat types and size can vary greatly even on a small scale and can be localised, occur in
strips or be well distributed throughout the pore network (Bai et al., 2013). The size, distribution,
combination and connectivity of pore throat types is important to consider when evaluating fluid
flow in the pore network as the percolation, distribution and displacement efficiency of fluid flow
is controlled by the pore throat structure which subsequently influences permeability, connectivity,
tortuosity, reservoir quality and the migration and accumulation of oil and gas (Mi et al., 2019; Liu
and Sun, 2020; Xi et al., 2016; Wang et al., 2020a; Bloomfield et al., 2001; Zahid et al., 2019). For
example, smaller, narrower pore throats (e.g. micro throats) are associated with lower permeability
and well connected, wider pore throats are associated with higher permeability (Liu and Sun, 2020;
Bloomfield et al., 2001; Bernabé et al., 2016; Wang et al., 2020a). The size of pore throats is also
related to storage capacity and smaller pore throats are more effective in storage than in reservoir
flow (Xi et al., 2016). The profile of pore throats is also important to consider, especially when
modelling pore scale fluid flow. Types of pore throat profile include conical, parabolic, hyperbolic
and sinusoidal (Veyskarami et al., 2016) (Fig. 2.3). The types of pore throat profile can also be
related to porosity and permeability, for example, sinusoidal pore throat profiles have greater porosity
than parabolic pore throat profiles (Veyskarami et al., 2016). Furthermore, pore networks which are
dominated by conical pore throat profiles show greater permeability than pore networks which are
dominated by parabolic pore throat profiles (Veyskarami et al., 2016). Complex and diverse pore
throat structures are expected to restrict production and development processes thus impacting the
recovery rate (Zhang et al., 2019).

2.2.3 Heterogeneity in pore network properties

Heterogeneity can occur in pore network properties such as pore size, pore shape, pore throat size,
pore throat shape and pore cavity - pore throat ratio, and heterogeneity can also occur in the
distribution of these properties. Heterogeneity in pore network properties can heavily influence fluid
transport properties and increases the difficulty of accurately predicting fluid flow behaviour as a
heterogeneous pore network can result in heterogeneous fluid flow behaviour (Tang et al., 2019;
Sufian et al., 2015; Bernabé et al., 2010; Datta et al., 2013; Al-Khulaifi et al., 2017). For example,
increasing heterogeneity in pore size distribution can result in an increased occurrence of steady
eddies which increase tortuosity (Muljadi et al., 2016). Additionally, heterogeneous pore networks
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Figure 2.3: Examples of the types of pore throat profiles in 3D; 1) conical, 2) parabolic, 3) hyperbolic,
4) sinusoidal. (Edited from Sochi (2015)).

can also show thicker fingering patterns than homogeneous pore networks, increase flow channelling
and influence fluid displacement patterns (Ellis and Bazylak, 2012; Tang et al., 2019; Liu et al.,
2015). Furthermore, the transition from the laminar flow regime to the turbulent flow regime occurs
earlier in pore networks which have a greater degree of heterogeneity in pore network properties
(Muljadi et al., 2016; El-Zehairy et al., 2019). Reactive transport, such as diffusion, in the pore
network can also be affected by heterogeneous pore network properties, where the diffusion constant
decreases with increasing heterogeneity in pore radius (Adloo et al., 2019).

2.3 Controls on Pore Network Properties in Sandstones

Pore networks within sandstone reservoir rocks can be complex and can possess variable distributions
of different properties, such as pore type, pore throat type. Such factors contribute towards the
overall geometry of the pore network and are commonly accepted to occur as a result of depositional,
diagenetic and structural processes (Fig. 2.4) (Schmitt et al., 2015a; Lian, 2011; Nabawy et al., 2009).

2.3.1 Depositional Controls on the Pore Network

The depositional controls on the pore network derive from the depositional controls on the sedi-
mentary rock, which influence grain packing, grain size, grain sorting, grain roundness and grain
sphericity, mineralogy and sedimentary structures (e.g. cross bedding, laminations) (Nabawy et al.,
2009). Depositional controls on the host rock include paleoenvironment, energy levels in the en-
vironment of deposition (e.g. fast flowing water, stagnant water), rates of sedimentation, climate,
provenance and the path from the sediment source.
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Figure 2.4: A diagram showing the controls on properties in the pore network.

The packing of grains can greatly impact the geometry of the pore network and the volume of pore
space in the pore network (Pal et al., 2018). The packing of grains is variable and can occur in many
forms such as cubic, hexagonal, rhombohedral, orthorhombic, tetragonal and triclinic (Pal et al.,
2018; Tiab and Donaldson, 2012). The different packing types is demonstrated best by spheres, and
cubic packing shows the greatest potential for porosity (40%) whereas triclinic and rhombohedral
packing show the least potential for porosity (26%) (Tiab and Donaldson, 2012). Porosity is also
impacted by the packing density, where increasing packing density results in decreasing porosity
(Weltje and Alberts, 2011). The packing of grains depends on other properties such as grain size,
grain shape and sorting (An and Nie, 2021). For example, round particles are expected to pack more
densely than other particle shapes (An and Nie, 2021).

Grain size, and the distribution of grain size, is recognised as a key controlling factor in the geometry
in the pore network and grain size is often linked to pore size. In simple granular pore networks the
length of pores is associated with the diameter of grains, where pore length increases with increasing
grain diameter (Revil et al., 2012). The size and distribution of the grains also controls the packing
density where packing density increases with decreasing uniformity in grain size (Desmond and
Weeks, 2014). Furthermore, grain size can also influence pore connectivity, porosity and tortuosity.
Smaller grains are expected to have a greater impact on pore connectivity and can result in lower
porosity and higher tortuosity (Kashif et al., 2019; Yusuf and Padmanabhan, 2019). Grain size in
sandstones varies depending on the conditions of deposition which include hydrodynamic conditions,
mode of transportation and energy levels (Baiyegunhi et al., 2017). The size and distribution of grains
is indicative of energy levels, where finer grain size corresponds to lower energy levels and larger
grain size corresponds to higher energy levels (Baiyegunhi et al., 2017). Energy levels relates to
the transport process which occur in different environments, for example, high energy environments
include beach/shore line environments and fast flowing rivers where wave action and river flow are
the sediment transport processes. On the other hand, examples of low energy environments include
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lakes and swamps, where sediment transport is dominated by particles settling out of suspension.

Grain sorting is another property which can impact the pore network and is capable of influencing
packing density, porosity and permeability. The sorting of grains influences packing density, where
well sorted grains will be less densely packed in comparison to poorly sorted grains (Desmond
and Weeks, 2014). Furthermore, poor grain sorting is also associated with reduced porosity and
permeability and increased tortuosity in opposition to grains which are well sorted (Al-hasani et al.,
2018; Yusuf and Padmanabhan, 2019). The degree of grain sorting also determines the effect of
processes which occur during diagenesis, deformation and weathering, such as cementation and
grain compaction. For example, less cementation can occur during diagenesis if there is less pore
space to cement as a result of well sorted and less densely packed grains. Grain sorting is dependent
on the conditions and environment of deposition, for example, aeolian sandstones are frequently
associated with good grain sorting due to the method of grain transport (wind).

Grain shape, roundness and sphericity also has a role in the geometry of the pore network and
the shape of grains can influence the pore size distribution and subsequently influence hydraulic
conductivity and headloss (Sperry and Peirce, 1995). Furthermore, a disordered distribution of
angular and round grains can result in a range of diverse diverging-converging pore to pore throat
geometries (e.g. ink bottle pores) (Chaudhary et al., 2013a). Converging pore to pore throat
geometries can contribute towards a broader distribution of flow velocity, where flow velocity will
be higher in the narrower, diverging pore throats and lower in the larger, converging pore space
(Chaudhary et al., 2013a; Yan et al., 2011; Datta et al., 2013).

Grain orientation and sedimentary anisotropic structures such as laminations also contribute to the
structure of the pore network (Nabawy et al., 2009; Basniev et al., 2012). Areas of lamination will
impose different flow properties than areas without lamination, typically resulting in fluids flowing
in the direction perpendicular to the plane of lamination (Basniev et al., 2012).

The minerals which occur within sandstone reservoirs are largely a result of depositional conditions
and can heavily influence the pore network geometry, porosity, permeability, connectivity and tor-
tuosity. Clay mineral content in the pore network can be a significant control on pore network
geometry, porosity and permeability as it can impact the size, connectivity and distribution of pores
and pore throats (Wang et al., 2020a; Zahid et al., 2019; Qiao et al., 2020; Schmitt et al., 2015a).
Clay minerals can block, clog, fill and line pores and pore throats which reduces connectivity in
the pore network (Wang et al., 2020a; Wilson et al., 2014). Clay minerals are mostly destructive
to intergranular porosity and reduce overall pore size, which increases heterogeneity in pore size
throughout the network (Qiao et al., 2020). Clays can further constrict pores by swelling during
fluid flow (Sharifipour et al., 2019). Common clay minerals which swell during fluid flow include
montmorillonite, kaolinite, chlorite and illite, and illite is often recognised as the clay mineral with
the strongest influence on reservoir quality (Qiao et al., 2020). The amount of swelling differs
between the different clay minerals, for example, kaolinite and illite will show less swelling than
montmorillonite, which can swell up to 1500%, and this is determined by the clay mineral chemical
composition and structure (Farrokhpay et al., 2016). Furthermore, a high clay content can also result
in a more complex pore network geometry (Zahid et al., 2019). On the other hand, clay minerals can
be beneficial to porosity and permeability if they are grain coating and common grain coating clay
minerals include illite, chlorite and kaolinite (Verhagen et al., 2020). Grain coating clays can prevent
quartz overgrowths during diagenesis and preserve original porosity and permeability (Qiao et al.,
2020; Olivarius et al., 2015b; Arribas et al., 2012; Wang et al., 2020c), however, grain coating clays
are only beneficial to porosity and permeability if the coating is thin (Verhagen et al., 2020). The
mineralogy of sandstones is dependent on the provenance, transport mechanisms (e.g. wind, water),
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weathering, tectonic setting, climate and the environmental conditions during sediment deposition
(Yalysheva and Maslov, 2013; Anani et al., 2018). Additionally, the mineralogy of sandstones can be
altered during diagenesis due to mineral dissolution and precipitation from fluids (Mahmud et al.,
2018).

2.3.2 Diagenetic Controls on the Pore Network

Diagenetic controls on the pore network include compaction (chemical and mechanical), mineral
overgrowths, mineral precipitation and mineral dissolution (Algive et al., 2012; Claes et al., 2018;
Nader et al., 2016). These processes can both increase and reduce porosity and permeability, influ-
ence pore size distribution and alter the pore structure (Scott et al., 2019; De Boever et al., 2012;
Nader et al., 2016). Diagenetic processes occur in sedimentary rocks after deposition during burial,
where increasing temperature and pressure induce physical and chemical changes in the rock.

Compaction, both chemical and mechanical, is a reduction in volume and porosity (Mørk and Moen,
2007). Mechanical compaction is recognised as a primary control on reservoir quality and microscopic
pore structure (Wang et al., 2020b), and is characterised by grain rearrangement including grain
rotation and grain slippage, grain deformation, breaking of grains and squeezing of ductile grains,
which results in denser packing of grains, reduced pore throat radii and lower porosity (Zhang et al.,
2013; Mørk and Moen, 2007; Dou et al., 2018; Wang et al., 2020b). In sandstones, mechanical com-
paction commonly occurs at shallow - intermediate burial (< 2.5 km) whereas chemical compaction
occurs during deeper burial (Fisher et al., 1999; Mørk and Moen, 2007). Chemical compaction may
also involve dissolution, element transport and cementation (Mørk and Moen, 2007; Zhang et al.,
2013). The extent of compaction is influenced by burial rate and depth, mineralogy, temperature,
pressure and stress conditions, grain size and sorting, and the mechanical properties of the rock
(Mørk and Moen, 2007; Wang et al., 2020b; Nader et al., 2016).

Mineral precipitation and dissolution are also diagenetic processes which can significantly alter the
pore network. This is especially evident when cycles of dissolution and precipitation repeatedly occur
which causes repeated alteration of porosity and permeability (Algive et al., 2012). Furthermore,
cycles of dissolution and precipitation may not be constant which can lead to heterogeneity in the
pore network geometry (Algive et al., 2012). Mineral dissolution occurs as a result of geochemical
reactions which occur between reservoir fluids and a mineral. Common minerals which are involved
in dissolution include carbonate minerals (e.g. calcite, dolomite, ankerite) and feldspars. Fluids
can become acidic when exposed to molecules such as carbon dioxide or minerals such as pyrite,
which can originate from organic rich hydrocarbon source rocks (Dawson et al., 2015). The rate
of dissolution is dependent on mineralogical reaction rates which are determined by the surface
area of the mineral, fluid flow rate, the reaction time, fluid chemistry and temperature (Liu et al.,
2018). Some minerals, such as feldspar and calcite, are more reactive than others, such as quartz,
which may result in non-uniform alterations in the pore network geometry and permeability and
result in dissolution patterns such as wormholing (Fig. 2.5) (Parmigiani et al., 2011; Dawson et al.,
2015; Liu et al., 2018). Dissolution patterns can occur in many forms, such as wormholing, compact
dissolution and uniform dissolution, and are determined by the mineralogical composition, degree
of cementation and fluid flow properties (e.g. propagation, velocity, viscosity) (Soulaine et al., 2017;
Claes et al., 2018). For example, if the propagation of the acidic fluid is limited then it is likely that
a compact dissolution pattern will occur (Soulaine et al., 2017). Furthermore, if the flow velocity
is high instabilities can occur and develop wormholes which can result in channelised flow in the
pore network (Soulaine et al., 2017; Ott and Oedai, 2015). The type of dissolution pattern which
occurs can strongly influence the porosity-permeability relationship, rate of chemical reactions and
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transport phenomena. For example, wormholing is associated with a fast permeability increase
(Kang et al., 2014; Chen et al., 2014). Dissolution can be beneficial to the porosity and permeability
of pore networks as it may result in a large volume of secondary pores, especially if it occurs after
mineral precipitation, however, the dissolution of some minerals, for example feldspars, can create
secondary minerals as bi-products such as illite, kaolinite and smectite (Wang et al., 2020c; Arribas
et al., 2012; Yuan et al., 2017; Jalilavi et al., 2014). This can reduce permeability and the extent
of permeability reduction is dependent on how the mineral forms, for example, if the mineral forms
as a clast it can act as a detrital grain and fluid flow may not be as affected as the fluid can still
flow around it (Olivarius et al., 2015b). On the other hand, intergranular clay can have a damaging
effect on the pore network as it is capable of blocking pore throats (Olivarius et al., 2015b). The
type of mineral which forms as a result of feldspar dissolution is largely dependent on the chemistry
of the mineral assemblage (Yuan et al., 2017). Mineral assemblages which have a low silica content
typically favour the formation of kaolinite, whereas assemblages which have a high silica content
typically support quartz formation (Yuan et al., 2017). Additionally, the carbonate mineral content
also contributes to the formation of secondary minerals (Liu et al., 2011). If carbonate within
the rock is dissolved due to reactive processes it may be later precipitated as new carbonate (Liu
et al., 2011). Furthermore, the formation of secondary minerals can also affect future dissolution
as a result of altered fluid composition (Wigley et al., 2013). For example, if the rates of kaolinite
precipitation are low then the fluid is closer to equilibrium with plagioclase, and therefore the rates
of plagioclase dissolution are lower (Wigley et al., 2013). This is especially evident when the fluid
pH is low (Wigley et al., 2013). Precipitated minerals are often referred to as cements, and can
occur in a variety of shapes and may occur as pore filling, rhombs, patches, nodules, fibres, ribbon
like, concretions or grain coating (Olivarius et al., 2015b; Arribas et al., 2012; Zhang et al., 2013;
Jalilavi et al., 2014). Quartz cement is often considered as the most detrimental to porosity (Mørk
and Moen, 2007) as quartz overgrowths occur at grain contacts and boundaries (Zhang et al., 2013).
Quartz overgrowths may also occur in a fibrous form (Anovitz et al., 2015) and reduce pore space,
narrow pore throats and reduce connectivity (Wang et al., 2020b). On the other hand, eogenetic
(early diagenesis) and grain coating cements may preserve reservoir quality as they can prevent and
limit quartz overgrowths and preserve pore space and pore connectivity and the original porosity
and permeability (Olivarius et al., 2015b; Arribas et al., 2012; Wang et al., 2020c).

2.3.3 Structural Controls on the Pore Network

Pore networks which occur in sandstones can also be influenced by structural features such as
microfractures and deformation bands. The structures within in a pore network can alter the pore
network geometry and may result in porosity and permeability contrasts.

Microfractures in the pore network can range from nanometres up to 100 micrometres in size and
can be open, infilled or partially infilled by cement (Fig. 2.6) (Wang et al., 2018; Sun et al., 2019;
Mørk and Moen, 2007; Perez and Boles, 2005). The type of microfracture which occurs depends on
tectonic conditions, lithology, erosion and ductile vs brittle grain content (Perez and Boles, 2005).
Open microfractures can occur as a result of tensional stress and tensional fractures may develop
within open fractures which can exhibit a stylolitic texture (Chentnik, 2012). A stylolitic texture
can form as a result of pressure solution and will only develop if pores and pore throats are open and
have high connectivity (Chentnik, 2012). Cemented and partially cemented microfractures indicate
tensile failure which can also lead to pore pressure changes and mineral vein formation (Perez and
Boles, 2005). The properties of microfractures, such as aperture, length, dip angle and roughness,
can contribute towards fluid flow behaviour in the pore network (Sun et al., 2019). The aperture
of a microfracture is recognised as having the strongest influence over fluid flow, as pore and pore
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Figure 2.5: An example of wormholing: Neutron radiographs of different dissolution regimes with
different injection regimes. Injection rates increase towards the right. As injection rate increases,
wormholing becomes less apparent, and dissolution occurs more uniformly. (Edited from Al-Khulaifi
et al. (2017)).

Figure 2.6: Examples of open and filled microfractures (Edited from Perez and Boles (2005)).

throat radius distribution increases with increasing aperture size (Sun et al., 2019). Additionally,
permeability and aperture length share a linear relationship, where permeability increases with
increasing aperture length (Yang et al., 2018; Sun et al., 2019). Permeability also has a linear
relationship with microfracture cosine dip angle, where permeability increases with a greater cosine
dip angle (Sun et al., 2019). Microfractures exist within intergranular pores, intragranular pores and
mineral grains (Wang et al., 2018; Mørk and Moen, 2007). Most microfractures which occur within
mineral grains occur within quartz as a result of mechanical compaction which occur at depths
greater than 4.5km (Mørk and Moen, 2007). A pore network which has a combination of open,
partially infilled and infilled microfractures can exhibit heterogeneity in porosity and permeability
(Perez and Boles, 2005). When microfractures are open they can increase connectivity between pores
and act as conduits for fluid flow, however when microfractures are cemented they can act as zones
of low porosity and permeability and baffles or barriers to fluid flow (Bai et al., 2013; Chentnik,
2012).
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Deformation bands are another type of structure which impacts the pore network and they are
capable of altering the geometry of the pore network and reducing porosity (Ballas et al., 2015;
Exner et al., 2013). Deformation bands are zones of localised strain in porous sedimentary rocks
which can occur isolated or in clusters and can develop as a result of mechanical deformation which
includes grain rotation and translation, which can further lead to grain crushing, grain rotating, or
frictional sliding along grain boundaries (Lommatzsch et al., 2015; Exner et al., 2013; Ballas et al.,
2015; Fossen et al., 2007). They are fault like structures which are planar and appear as thin bands
(1mm thick) which produce small offsets in the order of a few mm to a few cm (Antonellini et al.,
1994). The extent, distribution and type of deformation band which occurs depends on tectonic
regime, burial depth, porosity, grain size, grain sorting, grain shape, mineralogy, cementation and
lithification (Ballas et al., 2015; Exner et al., 2013; Gambino et al., 2019). Deformation bands can
be classified either by kinematics or by deformation mechanism. In the kinematic classification
there are three types of deformation bands, 1) dilation bands, 2) shear bands, 3) compaction bands,
and hybrids of all three types of bands can also occur (Gambino et al., 2019). Dilation bands can
develop from localised low confining pressure and can occur as fully cemented or loosely cemented
(Lommatzsch et al., 2015). The cementation in dilation bands strongly contributes to porosity
reduction (Lommatzsch et al., 2015). Shear bands form as a result of grain crushing, grain cracking
and fracturing processes and can often exhibit dilation and compaction features (Gambino et al.,
2019; Charalampidou et al., 2011). Compaction bands develop from grain breakage and porosity
reduction, and are also associated with reduced permeability (Charalampidou et al., 2011). The
reduction in porosity occurs as a result of pore collapse due to grain breakage and the movement of
grain fragments into the pore space (Charalampidou et al., 2011). In the deformation mechanism
classification there are four types of deformation bands; 1) disaggregation bands, 2) cataclastic
bands, 3) phyllosilicate bands, and, 4) solution and cementation bands (Fig. 2.7) (Gambino et al.,
2019; Fossen et al., 2007). Disaggregation bands occur as a result of shear-related displacement
activities such as grain rolling, grain boundary sliding and granular flow due to stress concentrations
at grain contacts from shear and compression (Philit et al., 2017; Fossen et al., 2007). Disaggregation
bands can be recognised crossing/offsetting laminae (Fossen et al., 2007) and formation is promoted
by a high clay content and poor mechanical compaction/low packing density (Ballas et al., 2015).
Cataclastic bands form from mechanical grain fracturing and the degree of deformation is dependent
on the degree of grain fracturing (Chentnik, 2012). They are characterised by poorly sorted angular
grains and typically occur within coarse grained, well sorted and angular deposits (Fossen et al.,
2007; Ballas et al., 2015). They can have a strong impact on the pore network as they can inhibit
pore space and compact and destroy any remaining open pores (Fossen et al., 2007; Ballas et al.,
2015). Additionally, cataclastic bands also promote grain rearrangement and grain interlocking
which limits pore space (Ballas et al., 2015; Fossen et al., 2007). Furthermore, they can also result in
preferential fluid pathways and can increase flow tortuosity (Ballas et al., 2015). Phyllosilicate bands
are recognised as a type of disaggregation band but require a lower content ( 5-10 %) of platy minerals
to occur (Fossen et al., 2007). Platy mineral content can lead to an increased chance of frictional
grain boundary sliding and a higher content of platy minerals results in a higher chance that this
type of deformation will occur (Fossen et al., 2007; Chentnik, 2012; Ballas et al., 2015). Phyllosilicate
bands are commonly characterised by a band of finer material which aligns to form a localised fabric
within the band (Fossen et al., 2007). This type of deformation band is detrimental to porosity in
the pore network as they fill the surrounding pores (Fossen et al., 2007). Additionally, if the clay
content is high enough the band may develop into a clay smear, which further reduces porosity and
permeability (Fossen et al., 2007). Solution bands occur as a result of chemical compaction and/or
pressure and formation is promoted by clay minerals at grain boundaries (Fossen et al., 2007).
Solution bands can be recognised by tightly packed grains which are finer than the matrix (Fossen
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et al., 2007). Cementation bands develop from fresh, reactive surfaces produced by grain crushing
or grain boundary sliding (Fossen et al., 2007). In this type of deformation band porosity is reduced
by the precipitation of cement within the band which can lead to fluid flow compartmentalisation
from the pore to reservoir scale (Exner et al., 2013). Deformation bands maintain or increase
cohesion and are not typically associated with an increase in porosity and permeability (Fossen
et al., 2007; Ballas et al., 2015) but with a reduction in fluid storage capacity which decreases
with decreasing pore size and pore throat size (Ogilvie et al., 2001). Pore size and pore throat
size are reduced during mechanical deformation during the formation of deformation bands as a
result of compacted grains which are more densely packed (Ogilvie et al., 2001). Consequently,
porosity and permeability will decrease with increasing deformation (Ballas et al., 2015). Porosity
and permeability in deformation bands and the transitional areas typically have lower porosity and
permeability than the host reservoir rock (Chentnik, 2012; Ballas et al., 2015) and permeability
can reduce by as much as six orders of magnitude (Liu et al., 2020a), which can create porosity
and permeability contrasts (Ogilvie et al., 2001). Additionally, porosity and permeability across
deformation bands and the transitional area are variable at the pore scale, which is caused by
variation in mechanical deformation (Chentnik, 2012; Ogilvie et al., 2001). On the other hand, some
deformation bands may act as fluid flow conduits or preferential pathways as a result of changes in
the rock microstructure from grain rearrangement (Liu et al., 2020a). This is especially evident in
deformation bands which are associated dilatancy or evolve into fractures (Liu et al., 2020a).

2.4 Fluid Flow Behaviour in the Pore Network

Fluid in the pore network can occur as a single phase or in multiple phases and fluid flow can
be laminar or turbulent and in some circumstances reactive, however, this is determined by the
composition of the fluid and the mineralogy of the pore network. The geometry of the pore network
is commonly regarded as a primary controlling factor in fluid flow behaviour and the distribution
of fluid within the pore network, as the geometry controls physical parameters such as imbibition
and drainage (Endres et al., 1991). The geometry and fabric of pore networks in sandstones are
complex and often irregular which can both enhance and/or hinder fluid flow, and a heterogeneous
pore structure can result in heterogeneous fluid flow (Sufian et al., 2015; Bernabé et al., 2010; Datta
et al., 2013; Al-Khulaifi et al., 2017).

2.4.1 Fluid Phase

Single phase flow is when a single fluid occurs within a pore network and is often used in microfluidic
experiments and simulations to simplify fluid flow behaviour to allow focus on specific areas of interest
such as solute transport or dissolution rates. Furthermore, single phase simulations can be used as
an alternative to two-phase flow simulations as they have shown good comparison with results from
two-phase flow models and have a shorter computational time (Martinelli et al., 2011; Zha et al.,
2018).

Multiphase flow is a flow of two or more phases, two of which can be distinguished as the wetting
and non-wetting fluid. The wetting fluid is the fluid which saturates the pore network whereas the
non-wetting fluid does not. Non-wetting fluids can reduce permeability and connectivity in the pore
network as non-wetting fluids can trap/isolate the wetting fluid, especially when the non-wetting and
wetting fluid have differing buoyancies (Parmigiani et al., 2011). Typically the non-wetting fluid will
occupy larger pores, unlike the wetting fluid which occupies smaller pores (Reynolds et al., 2017).
At low flow rates both the wetting and non-wetting fluid can flow throughout the pore network in
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Figure 2.7: Types of deformation bands based on the type of deformation mechanism (Edited from
Fossen et al. (2007)).
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separate, stable fluid pathways (Reynolds et al., 2017). The behaviour of multiphase fluid flow is
strongly associated with capillary pressure and relative permeability (Andrew et al., 2014; Singh
et al., 2017), which are controlled by wettability, pore geometry, interfacial tension and the contact
angle (Shojai Kaveh et al., 2016; Andrew et al., 2014). Multiphase fluids can also be associated with
reactive processes, as the presence of multiphase flow can cause reactions at the fluid-fluid interface
and/or the fluid-solid interface (Parmigiani et al., 2011). Reactions can influence the development
of displacement within multiphase fluids, for example, dissolution rates have a strong control over
the evolution of capillary fingers (Parmigiani et al., 2011).

2.4.2 Fluid Flow Regime

The type of fluid flow regime can be divided into three main regimes; 1) laminar flow, 2) turbulent
flow, and, 3) the transitional regime between the laminar and turbulent flow regimes. The type of
fluid flow regime is quantified by the Reynold’s number, Re,

Re =
ρV L

µ
, (2.1)

where ρ is the fluid density, µ is the dynamics dynamic viscosity, V is the velocity and L is a
characteristic length scale. The characteristic length scale varies in the literature and the length of
pore diameter is often used. The Brinkman length may also used which is defined as

√
KD, where

KD is the Darcy permeability (Muljadi et al., 2016). A Reynold’s number greater than one typically
indicates a transition into the turbulent flow regime (Blunt, 2017), however, the exact number
where transition into the turbulent regime occurs is currently not well defined (Kumar et al., 2011).
Furthermore, the Re is also related to fluid velocity where larger Re is expected to correspond to a
greater fluid velocity (Kumar et al., 2011). High Re also suggests a deviation from Newtonian fluid
behaviour (e.g. non-Newtonian fluid behaviour) as a result of greater variation in shear rates which
increase with increasing velocity (Fayed et al., 2016). Typical Newtonian fluid behaviour presents a
linear relationship between viscous stresses and the local strain rate, whereas non-Newtonian fluid
behaviour does not.

The laminar flow regime is observed when fluid flows in parallel layers with no disruption. Laminar
flow is also typically associated with low flow velocities and is expected to occur in the main body of
a reservoir. This regime is desirable in oil recovery as layers of fluid provide continuity and prevent
trapping (Blunt, 2017). This regime is dominated by viscous forces and inertial effects are negligible
(Lage and Antohe, 2000; Macini et al., 2011). Additionally, the type of flow which occurs in this
regime is associated with a degree of hydrodynamic stability and has low Re (Humphry et al., 2009).
Two types of flow can occur during the laminar flow regime - Darcy flow and creeping flow (also
known as Stokes flow). Darcy’s law occurs towards the upper range of laminar Reynolds numbers
and is given by

Q =
KDA

µL
∆P, (2.2)

where Q is the volumetric flow rate, µ is the dynamic viscosity, L is a length over which there is a
pressure drop ∆P and A is the cross-sectional area. The (Darcy) permeability, KD, is a fundamental
property of the porous media. At the lowest Reynolds numbers, creeping flow can be described by
the Navier-Stokes equations

µ∇2u−∇p + f = 0 (2.3)
∇.u = 0, (2.4)
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where ∇p is the pressure gradient, u is the fluid velocity and f is an external body force (Wu
et al., 2019). Both Darcy and creeping flow exhibit a linear relationship between fluid flow rate and
pressure difference (Orgéas et al., 2006; Rivière, 2008).

The turbulent flow regime is seen when fluid flow undergoes constant irregular fluctuations in velocity,
magnitude, pressure and direction. This flow regime is dominated by inertial forces and can also
be referred to as non-Darcy flow or Forchheimer flow as there is a non-linear relationship between
fluid flow rate and pressure difference (Berawala and Andersen, 2020; Chaudhary et al., 2013a).
The turbulent flow regime is associated with high (Re > 1) and is governed by the Forchheimer
quadratic term (Eq. 2.5) which accounts for significant inertial effects and non-linearity in Darcy’s
law when Re >> 1 (Blunt, 2017; Chaudhary et al., 2013a; Berawala and Andersen, 2020). The
onset of the turbulent flow regime can be estimated by using the non-Darcy flow coefficient, β in the
Forchheimer term, which can be identified from the slope of the Forchheimer graph (Fig. 2.8) when
the reciprocal of apparent permeability is plotted against Re (Macini et al., 2011; Muljadi et al.,
2016). Additionally, when Re >> 1 viscous eddies can grow due to the increased fluid flow velocity
which can result in reduced permeability (Chaudhary et al., 2013a).

The Forcheimer permeability is given by

KF =

(
µQL

∇PA

)
+ βρ|Q|2η (2.5)

where µ is the dynamic viscosity, Q is the flow rate, L is the length, ∇P is the pressure difference, A
is the area, β is the non-Darcy coefficient, ρ is the fluid density, η is the unit vector in the direction
of the pressure difference

The transitional regime separates the laminar and turbulent flow regimes and displays features of
both regimes. Currently, the Reynolds numbers at which the transitional regime begins and ends is
not well defined (Berawala and Andersen, 2020; Kumar et al., 2011) and is varies with the geometry
of the pore network (Lage and Antohe, 2000).

Fluid flow can also be further described as either reactive flow or non-reactive flow. Reactive flow
is capable of altering the pore network by increasing pore volume, porosity and permeability as
a consequence of geochemical reactions at the fluid-solid interface in both liquid and solid phases
which can cause mineral dissolution (Kim and Lindquist, 2013; De Boever et al., 2012; Raoof et al.,
2013). Additionally, sufficient breakdown of minerals by reactive flow in the pore network can also
contribute to the formation of new fluid pathways (Kim and Lindquist, 2013). The effects of reactive
flow may not be uniform as a consequence of variable flow velocity, dispersion, pressure, mineralogy,
extent of fluid saturation, pore network geometry, fluid flow pathways, fluid acidity and reaction
rates (Kim and Lindquist, 2013; Raoof et al., 2013; De Boever et al., 2012). For example, low fluid
velocity in an area with low reactive mineral content will show minimal mineral dissolution, whereas
high fluid velocity in an area with high reactive mineral content will show a greater rate of mineral
dissolution (Kim and Lindquist, 2013; De Boever et al., 2012). This is a result of prolonged reaction
times which is due to the circulation of fresh reactive fluid. Furthermore, rates of dissolution can
also vary between pore cavities and pore throats, which may lead to or enhance ink bottle shaped
pores which have a large pore throat/cavity ratio. A large pore throat-cavity ratio is detrimental to
fluid flow in the pore network as it limits fluid movement and displacement (Hall et al., 2016).

The flow in the pore network can be also be classified as reactive or non-reactive, and is quantified
by the Peclet number, Pe,

Pe =
〈u〉l0
D

, (2.6)
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Figure 2.8: A Forchheimer graph showing the slope used to identify the beta factor (Edited from
Muljadi et al. (2016).

where 〈u〉 is the mean velocity, l0 is the pore length and D is the diffusion coefficient and the
Damkohler number, Da,

Da = KCn−1
0 τ, (2.7)

where K is the kinetic reaction rate constant, C0 is the initial concentration, n is the reaction order
and τ is a time scale.

The Pe is the ratio of the advective transport rate to the diffusive transport rate (Rastegar and
Gu, 2017; Dentz et al., 2018). At low Pe diffusion dominates (Kalashnikova et al., 2011; Kirby,
2012) whereas at high Pe (>1) advection is dominant and diffusion is negligible (Dentz et al., 2018;
Kirby, 2012). Additionally, high Pe is associated with slow reaction rates and heterogeneous invasion
fronts with regions of low solute concentration next to regions of high solute concentration (Boccardo
et al., 2018; Dentz et al., 2018). The Da is defined as the ratio of the net rate of reaction to the
rate of advective transport (Fredd and Scott Fogler, 1998; Brondolo, 2019; Yu and Hunt, 2017). A
large Da (»1) is associated with rapid chemical reactions whereas a small Da («1) corresponds to
slow chemical reactions and rapid diffusion (Brondolo, 2019; Sanchez-Vila et al., 2007; Gervais and
Jensen, 2006). Additionally, when Da » 1 the reactive transport system is close to local equilibrium
at all points (Sanchez-Vila et al., 2007). The Da is inversely proportional to the injection rate and
is capable of influencing dissolution patterns such as wormholes (Fredd and Scott Fogler, 1998).
For example, wormholing typically occurs when the Da is high and a decreasing Da changes the
wormhole structure from a conical shaped channel with large diameter to a highly ramified channel
(Kang et al., 2014; Chen et al., 2014; Fredd and Scott Fogler, 1998). Decreasing Da can also be
associated with an increase in permeability as a result of uniform or channelised dissolution (Fredd
and Scott Fogler, 1998; Chen et al., 2014).
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2.4.3 Fluid Flow Pathways

Fluid flow pathways, also referred to as flow paths, critical pathways and preferential flow channels,
are recognised as the main routes for fluid flow through the pore network and transmit the greatest
flow via the shortest route (van der Linden et al., 2019; Sufian et al., 2019; Ju et al., 2018). It is
important to study fluid flow pathways as they can largely influence predictions and measurements
of permeability and increase fluid flow in the pore network (Hall et al., 2016; Vo et al., 2013). Fluid
flow pathways can be described as either major or minor, where the major pathways distribute
the majority of the flow in the pore network and the minor pathways connect the major pathways
and provide alternative flow routes (van der Linden et al., 2019). Some fluid flow pathways may
only occur periodically whereas some can be fixed, however, this only occurs within multiphase
systems. Fixed fluid flow pathways usually occur in pores which are occupied by the non-wetting
fluid, however, some connections to other pathways may periodically open and close (Reynolds et al.,
2017). Fluid flow pathways can be influenced by many factors within the pore network, including
pore size, pore throat size, connectivity, tortuosity, flow rate, fluid phase, wettability, flow stability,
fluid temperature and fluid density (Reynolds et al., 2017; Parmigiani et al., 2011; van der Linden
et al., 2019; David, 1993; Ju et al., 2018). The size of pores is recognised as a key controlling factor
in the occurrence of fluid flow pathways, and larger pores are expected to increase the occurrence
of fluid flow pathways (van der Linden et al., 2019). Additionally, pore size is also expected to
have a greater influence than pore throat size, and a large pore size can offset the effect of small
pore throats (van der Linden et al., 2019). Tortuosity in the pore network also impacts fluid flow
pathways and the geometry of fluid flow pathways is determined by tortuosity, pore space geometry
and connectivity (David, 1993).

2.4.4 Pore Filling and Fluid Trapping in the Pore Network

Pore filling and fluid trapping in the pore network can occur as a result of multiple processes and is
strongly related to the pore network geometry. Local capillary pressure controls the velocity of fluid
displacement, the order of pore filling, the sequence of pore filling and trapping of fluid (Blunt, 2017).
Understanding the sequence that pores and pore throats are filled, and the fluid configuration within
pores and pore throats can aid in understanding how much fluid is recoverable and how the fluids
move (Blunt, 2017). Pore filling in multiphase systems can result in the wetting phase displacing
the non-wetting phase, often by piston-like advance, unless it is trapped by snap-off (Singh et al.,
2017; Blunt, 2017).

Pore filling in the pore network is a linked process, where the filling of one single pore will impact
any adjoining pores (Blunt, 2017). Different types of pore filling mechanisms may occur in the pore
network including piston-like advance and cooperative pore filling, (Blunt, 2017; Ruspini et al., 2017;
Bultreys et al., 2016). Piston-like advance is where an invading wetting phase displaces the non-
wetting phase and when a pore is filled the adjoining pore throats are also likely to be filled (Ruspini
et al., 2017; Blunt, 2017). Piston like advance is a function of pore space geometry and size (Singh
et al., 2017) and the invading wetting phase preferentially fills the narrowest regions of the pore
(Ruspini et al., 2017; Krevor et al., 2015). The capillary pressure required for piston like advance
to occur is higher than that required for snap-off to occur (Singh et al., 2017). Cooperative pore
filling occurs when an invading wetting phase displaces the non-wetting phase from the pore cavity
when multiple pore throats are filled with the non-wetting phase (Ruspini et al., 2017; Bultreys
et al., 2016). Cooperative pore filling can also be recognised as a temporary drainage event during
imbibition (Helland et al., 2017).
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Fluid trapping in the pore network can occur as a result of pore filling events and can be advantageous
in some applications such as CO2 storage, however, it can also be disadvantageous in applications
such as oil recovery (Singh et al., 2017). Capillary pressure is strongly linked to the trapping of
fluid, and it is often regarded as capillary trapping (Tanino and Blunt, 2012). Capillary trapping is
governed by the pore geometry, pore cavity - pore throat ratio, flow rate, wettability, surface tension
and non-wetting phase saturation (Ruspini et al., 2017; Tanino and Blunt, 2012; Singh et al., 2017;
Krevor et al., 2015; Deng et al., 2015). Furthermore, the capillary number, Ca, which describes
the relationship between viscous and capillary forces, is also associated with the extent of capillary
trapping which occurs. For example, a small Ca in water-wet systems can result in a constant
amount of trapping in the non-wetting phase (Ruspini et al., 2017). Capillary trapping can be
further described by processes such as snap-off and roof snap-off.

Snap-off is where the pore throat becomes invaded by a non-wetting phase and blocked by the wetting
phase (Singh et al., 2017; Ruspini et al., 2017; Blunt, 2017). If all pore throats which surround the
pore become blocked then the non-wetting phase becomes trapped inside the wider region of the
pore and cannot be displaced (Blunt, 2017). Snap-off occurs as a result of capillary instability
(Tanino and Blunt, 2012; Deng et al., 2015) where the non-wetting phase pressure remains constant
but capillary pressure increases, which consequently results in a rapid decrease in the wetting phase
pressure (Blunt, 2017; Singh et al., 2017). This results in the wetting phase filling and blocking the
pore throat and the narrower areas of the adjoining pores and a further increase in local capillary
pressure (Rossen, 2003; Blunt, 2017).

Roof snap-off can be observed during drainage when the non-wetting phase invades a pore throat
and rapidly fills the adjoining pore which generates a drop in local capillary pressure (Blunt, 2017;
Rossen, 2003). The local capillary pressure is higher in the pore throat than in the pore cavity,
which results in the wetting phase occupying the narrowest regions of the pore closest to the pore
walls, also referred corners of the pore, to swell and eventually snap-off when the capillary pressure
has been sufficiently reduced (Deng et al., 2014), which leads to trapped ganglion in pores (Blunt,
2017). Snap-off and roof snap-off are strongly influenced by the pore geometry and less snap-off
is expected to occur in pores which have a large contact angle or in pore throats with a contact
angle close or at 90°(Blunt, 2017). Additionally, both types of snap-off favour round pores and pore
throats with large pore cavity - pore throat ratios (Blunt, 2017; Tanino and Blunt, 2012; Rossen,
2003). When snap-off and roof snap-off are seen extensively across the pore network it is extremely
detrimental to effective porosity and permeability and restricts fluid displacement (Blunt, 2017).

2.4.5 Fluid Displacement in the Pore Network

Fluid displacement at the pore scale is influenced by permeability, fluid viscosity, wettability, buoy-
ancy, solubility, the flow rate of the invading fluid, capillary pressure, the capillary number, the vis-
cosity ratio (the ratio between the viscosity of the invading non-wetting phase to the viscosity of the
defending wetting phase) and the geometry of the pore network (Lee and Karpyn, 2012; Bakhshian
et al., 2019; Zhang et al., 2011a; Tsuji et al., 2016). Additionally, fluid displacement in the pore net-
work occur is determined by whether the fluids are miscible or immiscible. In miscible displacement
no interface exists between the miscible fluids, whereas in immiscible fluids displacement, an inter-
face separates the immiscible fluids. Furthermore, at constant temperature and pressure separate
miscible fluids can merge into one single phase fluid, wheres immiscibile fluids cannot (Danesh, 2003;
Donaldson et al., 1985). Miscible fluids can also become partially soluble and produce a mixture
of separate fluids, for example, two miscible fluids can generate a mixture of two separate miscible
fluids with different fluid composition to the original miscibile fluids (Donaldson et al., 1985). If the
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altered miscible fluids are mainly composed the original miscible fluid and only a small amount of
the other original miscible fluid then the altered miscible fluid will be single phase (Donaldson et al.,
1985). However, if the altered miscible fluids are composed of equal amounts of the original miscible
fluids then the altered miscible fluids will become separate phases (Donaldson et al., 1985).

Miscible fluid displacement occurs from imbibition and unstable displacement mechanisms such as
viscous fingering and capillary fingering (Wang et al., 2013). Imbibition is recognised by an increase
in the wetting phase saturation and occurs during fluid displacement when the advancing phase
has a contact angle <90°(Wang and Sheng, 2018; Blunt, 2017) and is strongly influenced by the
capillary number and capillary pressure (Li et al., 2017b). During imbibition fluid displacement is
determined by snap-off and cooperative pore filling process (Blunt, 2017). The rate of imbibition
is determined by permeability, pore network geometry, capillary pressure, initial water saturation,
boundary conditions, viscosity, interfacial tensions and wettability (Alyafei and Blunt, 2018; Shi
et al., 2018). Imbibition processes include primary imbibition, spontaneous imbibition and forced
imbibition (Wang and Sheng, 2018; Blunt, 2017; Palakurthi et al., 2018). Primary imbibition occurs
when the direction of saturation is reversed, and the wetting phase is imbibed into the pore network
by displacing the non-wetting phase (Palakurthi et al., 2018). Spontaneous imbibition is the invasion
of the wetting phase due to capillary forces, and only occurs in water-wet and mixed-wet systems
(Alyafei and Blunt, 2018; Wang and Sheng, 2018). When additional external forces are included
in this process it is recognised as forced imbibition (Wang and Sheng, 2018). Spontaneous imbibi-
tion is characterised by snap-off and piston-like advance pore filling and the non-wetting phase can
become trapped by the pore filling wetting phase (Blunt, 2017). Spontaneous imbibition has two
macroscopic fronts, one which leads into narrow pores and one which lags into wider pores (Ashraf
et al., 2018). Spontaneous imbibition can be divided into two types; counter-current and co-current
spontaneous imbibition (Wang and Sheng, 2018; Alyafei and Blunt, 2018). Counter-current sponta-
neous imbibition occurs when the flow directions of the wetting and non-wetting phases are opposite
(Wang and Sheng, 2018; Alyafei and Blunt, 2018). Co-current spontaneous imbibition occurs when
the flow directions of both phases are the same (Wang and Sheng, 2018; Alyafei and Blunt, 2018).
Fluid displacement of miscible fluids can also occur via viscous and capillary fingering occur during
unstable conditions. Viscous fingers occur due to instability in viscosity between the first and sec-
ond phase fluids, where the less dense, less viscous fluid penetrates the denser, more viscous fluid
(Torrealba et al., 2016; Parmigiani et al., 2011; Yuan and Azaiez, 2014; Tsakiroglou et al., 2003).
This type of instability is often characterised by narrow, progressing flow paths shaped like fingers
(Wang et al., 2013; Yuan and Azaiez, 2014; Medici and Allen, 2009). Capillary fingering occurs due
to instability in capillary forces, where capillary forces dominate and cause the wetting phase to
creep along the pore wall and the non-wetting phase to occupy the centre of the pore (Torrealba
et al., 2016). Capillary fingering can also be recognised by the formation of finger shaped flow paths
which vary in size (Medici and Allen, 2009). Fingering patterns can be problematic in enhanced oil
recovery as pockets of the defending phase can become trapped and unable to remobilise due to the
lack of fluid continuity (Holtzman, 2016).

The displacement of immiscible fluids occurs via drainage which occurs due to decreasing saturation
of the wetting fluid (Mahabadi et al., 2020). Drainage processes include primary drainage, secondary
drainage, tertiary drainage and stable displacement (Hammond and Unsal, 2012; Wang et al., 2013;
Blunt, 2017). Primary drainage is where the wetting phase is displaced by the non-wetting phase
(Wang et al., 2013; Blunt, 2017). Invasion of the non-wetting phase is restricted by ingress through
pore throats and displacement occurs via a piston-like advance (Blunt, 2017). Displacement can
occur as a result of increased pressure in the non-wetting phase or from injection of a non-wetting
phase (Palakurthi et al., 2018). Secondary drainage occurs when the wetting phase is displaced or
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trapped due to an invading non-wetting phase (Blunt, 2017). The wetting phase can become trapped
on the pore wall surface in thick films, in pore constrictions or in the middle of the pore body and pore
throats (Yadali Jamaloei et al., 2010). Tertiary drainage can also occur as a result of the trapped
wetting phase becoming mobilised (Yadali Jamaloei et al., 2010). Stable displacement happens
when both viscous and capillary forces are in equilibrium, resulting in primary fluid being swept
away rapidly by the secondary fluid (Torrealba et al., 2016). Stable displacement is characterised
by uniform fluid permeation and the retainment of the interface shape as the front moves (Medici
and Allen, 2009), however, this can be influenced by significant surface tension which can result in
non-circular shapes (Kim et al., 2015).

2.5 Controls on Fluid Flow Behaviour in the Pore Network

Fluid behaviour in the pore network is influenced by wettability, fluid composition, viscosity, flow
rate, fluid saturation, water pressure, capillary pressure and threshold pressure, (Blunt, 2017; Andrew
et al., 2014; Singh et al., 2017; Basniev et al., 2012; Reynolds et al., 2017).

2.5.1 Wettability

Wettability is a key contributing factor in how fluid in the pore network is distributed (Rabbani
et al., 2018; Yadali Jamaloei et al., 2011; Rücker et al., 2020). Wettability is defined by the contact
angle between a fluid and a surface and can be recognised when a droplet of fluid preferentially
spreads along the surface of a pore (Donaldson and Alam, 2008; Rabbani et al., 2018; Arshadi
et al., 2020; Abdallah et al., 2007). Wettability of reservoirs can be described as water-wet, oil-wet,
mixed wettability, and fractional wettability (Donaldson and Alam, 2008; Yadali Jamaloei et al.,
2011; McDougall et al., 1997; Abdallah et al., 2007). When a pore network is water-wet 50 %
of its surfaces are wet by water and water occurs as a film in larger pores whereas oil occurs as
droplets or in irregular streaks (Donaldson and Alam, 2008; Abdallah et al., 2007; Yadali Jamaloei
et al., 2011). Water is identified as the continuous, mobile wetting phase and oil is identified as the
non-wetting phase which is susceptible to trapping (Abdallah et al., 2007; Donaldson and Alam,
2008; Yadali Jamaloei et al., 2011). In an oil-wet pore network 50% of surfaces are wet by oil
and oil occurs as a film whereas water occurs in droplets (Abdallah et al., 2007; Donaldson and
Alam, 2008). As opposed to a water-wet pore network, oil is the wetting phase and water is the
non-wetting phase (Donaldson and Alam, 2008). The displacement phase and conditions will differ
between water-wet and oil-wet systems, for example, in a water-wet system, oil droplets are more
diverse and heterogenous whereas in an oil-wet system, oil droplets are wider (Yadali Jamaloei
et al., 2011). Mixed wettability occurs when smaller pores are water-wet and saturated with water
and larger pores are oil-wet and saturated with oil (McDougall et al., 1997; Donaldson and Alam,
2008; Tiab and Donaldson, 2012). Mixed wettability can also be regarded as ‘neutral wettability’
or ‘intermediate wettability’ (Donaldson and Alam, 2008; Tiab and Donaldson, 2012). Fractional
wettability is observed when the wetting of the pore surfaces is heterogeneous and preferential
wetting is randomly distributed (McDougall et al., 1997; Donaldson and Alam, 2008; Tiab and
Donaldson, 2012). Furthermore, wettability in pore networks can also be described as strongly
water-wet, strongly oil-wet, weakly water-wet, weakly oil-wet or partially-wet (Tiab and Donaldson,
2012; Rabbani et al., 2018). Wettability in the pore network is controlled by the size and distribution
of the contact angles in the pore network, pore geometry, mineralogy and fluid composition (Tiab and
Donaldson, 2012; Blunt, 2017; Yadali Jamaloei et al., 2011; Qiao et al., 2020; Bultreys et al., 2016;
Heydari et al., 2019). In reservoirs the size of the contact angle can determine wetting conditions
(Fig. 2.9), for example, if the contact angle is < 90°then the system will be water-wet whereas if the
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Figure 2.9: The contact angles for various wetting conditions: a) drops of water in oil on a plane,
b) drops of oil on a plane, c) water and oil in a capillary tube (Edited from Donaldson and Alam
(2008)).

contact angle is > 90°then the system will be oil-wet (Tiab and Donaldson, 2012). When the contact
angle is zero the system is neutrally wet (Tiab and Donaldson, 2012). The mineralogy of a pore
network will also influence wettability. For example, quartz and feldspars are hydrophilic minerals
and exhibit similar wettability under the same temperature and pressure conditions (Qiao et al.,
2020), and minerals such as calcite and dolomite are naturally water-wet (Bultreys et al., 2016).
On the other hand, graphite, talc and some clay minerals are hydrophobic (Rücker et al., 2020;
Javaheri et al., 2018). Wettability in the pore network can be altered and the degree of alteration is
determined by the mineralogy of the pore network, surface roughness, fluid composition and capillary
pressure during drainage (Al-Futaisi and Patzek, 2004; Blunt, 2001). Some polar compounds which
occur in non-aqueous phase liquids (e.g. oil) can alter the wettability (Kallel et al., 2017; Bultreys
et al., 2016; Blunt, 2001; Abdallah et al., 2007), for example, when compounds such as carboxylates
adsorb onto carbonate minerals the surface can become oil-wet (Heydari et al., 2019). Furthermore,
the wettability of quartz can be altered towards less water-wet when exposed to supercritical CO2

(Mutailipu et al., 2019; Saraji et al., 2013). Wettability is important to consider as it can influence
capillary pressure, relative permeability and the distribution of the phases in the pore network which
controls fluid displacement and the storage capability of the pore network (Javaheri et al., 2018; Qiao
et al., 2020).

2.5.2 Fluid Chemistry

The chemical composition of fluids in the pore network can influence the type of fluid flow in the
pore network and it is capable of altering properties in the pore network which influence fluid
flow behaviour, such as wettability, porosity and permeability. The properties of fluids which can
influence fluid flow behaviour and the properties in the pore network include salinity and acidity.
Saline fluid can occur naturally in the pore network as a result of interactions between fresh water
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or brackish water and saline minerals such as halite and gypsum or from formation fluids originating
from seawater and saline depositional environments (e.g. playa lakes, sabkhas) (Regenspurg et al.,
2016). Furthermore, saline fluid can also be injected into petroleum reservoirs to increase oil recovery
(Hassenkam et al., 2011; Ding and Rahman, 2017). Low salinity fluids (200 – 8000 ppm) impact on oil
recovery as they can reduce adhesion and interfacial tension between the fluid and grain surfaces and
alter the wettability (Hassenkam et al., 2011). Wettability can also be altered due to the interactions
between clay minerals and low salinity fluids (Aminian and ZareNezhad, 2019; Hassenkam et al.,
2011), and can occur due to a change in concentration of divalent cations which stimulates the
release of organic polar components from clay surfaces (Hassenkam et al., 2011). Saline fluids can
also create issues in CO2 storage, especially when dry CO2 is injected. Continuous injection of dry
CO2 can result in water evaporation which can lead to the increase of aqueous sodium chloride and
precipitation of salt (Cui et al., 2018).The precipitation of salt is detrimental to fluid flow as it can
block pore space and reduce porosity and permeability (Cui et al., 2018; Rathnaweera et al., 2016).
Furthermore, the solubility of CO2 can be influenced by the salinity, where solubility increases with
decreasing salinity (Abbaszadeh and Shariatipour, 2018).

The pH of fluids in the pore network can also impact fluid flow behaviour and pore network prop-
erties. Low pH, acidic fluids can occur in the pore network naturally from hydrocarbon source
rocks and can also occur as a result of injection (Dawson et al., 2015). Injected CO2 rich fluids
can develop into carbonic acid after reacting with resident brines which can lead to dissolution and
precipitation of minerals in pore networks (Al-Khulaifi et al., 2017; Menke et al., 2014; Singh et al.,
2018). The chemical reactions between fluids and minerals in the pore network, which can result
in dissolution or precipitation, are dependent on mineralogy, pore network geometry, flow velocity,
fluid pH, temperature and rate of renewal of fresh reactive fluid (Al-Khulaifi et al., 2017; Noiriel and
Daval, 2017; Yuan et al., 2017; Menke et al., 2014; Singh et al., 2018). Carbonic acid can react with
multiple minerals including calcite, dolomite, feldspars and clay minerals (Rathnaweera et al., 2016;
Jalilavi et al., 2014). The extent of dissolution depends largely on the uniformity of mineralogy
or the lack of heterogeneity in mineralogy. Heterogeneity in the mineralogy can lead to inconsis-
tent dissolution and dissolution patterns such as wormholing (Fig. 2.5) (Noiriel and Daval, 2017;
Menke et al., 2014), which can lead to heterogeneous porosity and permeability values throughout
the pore network (Tang et al., 2016). The type of dissolution pattern is determined by the flow
conditions of the acidic fluid, the properties of the pore network, temperature and pressure (Menke
et al., 2014). Dissolution can occur in multiple phases, for example, the first phase of dissolution
primarily leads to a uniform growth of fluid pathways, whereas the second phase of dissolution may
only affect the growth of a single flow pathway (Al-Khulaifi et al., 2017). Dissolution can generate
secondary porosity yet it may also reduce porosity (Ma et al., 2017). For example, the dissolution of
feldspars by CO2 rich brine can produce secondary minerals such as illite, albite, authigenic quartz
and kaolinite which can fill pores, block pore throats, therefore redistributing and reducing porosity
and permeability (Ma et al., 2017; Tang et al., 2016; Steinwinder and Beckingham, 2019). However,
the secondary minerals can also be transported out of pores, but this is largely dependent on the
geometry of the pore network, flow rate and permeability (Tang et al., 2016; Ma et al., 2017). Fur-
thermore, the injection of CO2 also provides a source of carbon for carbonate mineral precipitation
(Jalilavi et al., 2014). In solution carbonate ions readily react with divalent calcium and magne-
sium ions to precipitate carbonate minerals (Jalilavi et al., 2014). Mineral precipitation can occur
uniformly or non-uniformly, and is determined by pore size, grain size and mineralogy (Steinwinder
and Beckingham, 2019).
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2.5.3 Fluid Viscosity

Viscosity describes the resistance of a fluid to flow and strongly influences how fluid flow behaves
(Guo et al., 2008; Bear, 1972). Higher viscosity results in more stable fluid displacement and in
some applications, such as oil recovery, the viscosity can be altered by surfactants and polymers to
enhance oil displacement (Lopez et al., 2003). Viscosity can also determine convective heat transfer
and the pressure drop in laminar fluid flow (Mishra et al., 2014) and can vary locally (Hoang and
Galliero, 2012). Viscosity is governed by cohesion and the rate of transfer of molecular momentum,
which generates inertial forces, and both are heavily influenced by temperature (Shaughnessy et al.,
2005; Granger, 1995; Bear, 1972). Increasing temperature results in decreasing strength of cohesive
forces and overall viscosity decreases (Shaughnessy et al., 2005; Bear, 1972). Pressure is also a
contributing factor however it is marginal until very high pressures, where viscosity increases with
increasing pressure and constant temperature (Bear, 1972). Viscosity can be classified as dynamic
viscosity or kinematic viscosity where dynamic viscosity is the measure of resistance between adjacent
layers of fluid and kinematic viscosity is the ratio of the dynamic viscosity to density (Granger, 1995).
Viscosity can also be described as shear viscosity and bulk viscosity (Shaughnessy et al., 2005). Shear
viscosity is a resistance to shear forces and is predominantly controlled by temperature (Shaughnessy
et al., 2005). Bulk viscosity occurs when fluids which have a complex molecular structure compress
or expand and exhibit a secondary viscosity which can vary from the initial viscosity of the fluid
(Shaughnessy et al., 2005). The viscosity ratio between fluid phases can also determine how fluid flow
behaves and controls the relative permeability (Blunt, 2017). The viscosity ratio is the ratio between
the viscosity of the invading phase and the viscosity of the displaced phase (Blunt, 2017; Wang et al.,
2013; Zhang et al., 2011a). The viscosity ratio is unfavourable for fluid displacement when the value
is > 1 as this causes instability (Tzimas et al., 1997; Blunt, 2017; Zhang et al., 2011a; Holtzman,
2016). For example, when a less viscous fluid displaces a fluid with higher viscosity instabilities
such as viscous fingering can develop (Blunt, 2017; Wang et al., 2013; Tzimas et al., 1997; Wang
et al., 2019a). Furthermore, the effects of viscosity are variable and depend on whether the fluid
is Newtonian or non-Newtonian. The viscosity of Newtonian fluids (e.g. water) is not affected
by shear rate whereas the viscosity of non-Newtonian fluids is (Fayed et al., 2016; Chang et al.,
1995; Petrak and Rauh, 2009), however, at higher shear rates viscosity can change and fluid flow
can display non-Newtonian behaviour (Fayed et al., 2016). Non-Newtonian fluids have a non-linear
relationship between viscosity and shear rate and can also be described as inelastic, shear thinning
and shear thickening (Tsakiroglou, 2002; Chang et al., 1995; Fayed et al., 2016; Galindo-Rosales
et al., 2011). Shear thinning fluids present a decrease in viscosity when shear rate is increased, and
have high viscosity and are stable at low injection velocities (Rodríguez de Castro et al., 2019).
Shear thickening fluids display a linear relationship between viscosity and shear, where viscosity
increases with increasing shear rate after a critical value is reached (Galindo-Rosales et al., 2011).
Shear behaviour in fluids is strongly influenced by the interactions between the fluid and geometry
of the pore network (Rodríguez de Castro et al., 2019), and the relationship between the shear rate
and viscosity is expected to be non-linear (Rodríguez de Castro et al., 2019).

2.5.4 Pressure in the Pore Network

Fluids can exert different types of pressure; normal and tangential. Normal pressure is exerted by
a fluid on surfaces when fluid is stationary or moving, whereas tangential pressure is only exerted
by a fluid when the fluid is moving (Shaughnessy et al., 2005). Pressure in a stationary fluid can
also be referred to as hydrostatic pressure, which is strongly related to the weight of the column of
fluid (Shaughnessy et al., 2005). In subsurface conditions fluid can exceed the hydrostatic pressure
and reach the lithostatic pressure and cause the rock to break. The pressure in a fluid can cause a
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fluid to flow, and the pressure will differ at different positions within the flow (Shaughnessy et al.,
2005). Pressure is a local property and it must be defined at each point of the flow field (Granger,
1995). Pressure controls fluid displacement processes in the pore network and is further classified as
capillary pressure and viscous forces (Blunt, 2017; Parmigiani et al., 2011; Singh et al., 2017; Andrew
et al., 2014; Tanino and Blunt, 2012; Torrealba et al., 2016). In two phase flow capillary pressure
is the difference in pressure between two phases (Adegbule and Kibbey, 2020; Abbasi et al., 2018)
and is dominant at low capillary numbers (the relationship between viscous and capillary forces)
(Ca < 10 to 5) (Suh et al., 2017). Capillary pressure is not expected to be consistent throughout
the pore network and is a function of saturation (Blunt, 2017; Gu and Bazant, 2019; Rücker et al.,
2020; Abbasi et al., 2018). Furthermore, capillary pressure is controlled by the properties of the
pore network (e.g. pore and pore throat size) and the properties of the fluids within the pore
network (Tsypkin and Shargatov, 2018; O’Carroll et al., 2010; Suh et al., 2017). Capillary pressure,
Pc influences fluid displacement mechanisms such as imbibition and determines the position of the
meniscus (Alyafei and Blunt, 2018; Blunt, 2017; Abbasi et al., 2018; Cueto-Felgueroso and Juanes,
2016). The Young-Laplace equation,

Pc = σ

(
∇A
∇V

)
(2.8)

where σ is the interfacial surface tension, ∇A is the change in surface area and ∇V is the change in
volume,

is commonly used to calculate capillary pressure (Blunt, 2017). When viscous forces are dominant
pressure distributions become non-uniform and can force the non-wetting phase into smaller pore
throats (Zhang et al., 2011a; Cottin et al., 2010). Furthermore, when viscous forces are dominant in
the pore network fluid displacement processes such as viscous fingering can occur (Sivanesapillai and
Steeb, 2018). Viscous forces typically dominate when Re < 1 (Kuwata and Suga, 2015; Chaudhary
et al., 2011). Additional flow characteristics such as viscous eddies and viscous coupling can also
occur during viscous dominated flows (Chaudhary et al., 2013a; Xie et al., 2017). Viscous eddies
can occupy 1/5 of the pore volume and increase in size with increasing Re (Chaudhary et al.,
2011; Muljadi et al., 2016; Linsong et al., 2018). Viscous eddies are influenced by the pore network
geometry and permeability, where a reduction in pore volume and permeability can lead to the
growth of eddies (Chaudhary et al., 2011; Muljadi et al., 2016). Additionally, the frequency and
growth of eddies is also related to tortuosity, where the frequency and growth of eddies increases
with increasing tortuosity (Muljadi et al., 2016). Viscous coupling occurs when one phase impacts
another phase as a result of momentum transfer and can influence fluid velocity distribution and
flow rates (Xie et al., 2017; Li et al., 2005; Qiao et al., 2018). Viscous coupling is controlled by fluid
saturation, capillary number, wettability and the viscosity ratio (Li et al., 2005). Viscous forces
control properties including capillarity, porosity and permeability (Reynolds et al., 2014).

2.6 Computational Modelling of Fluid Flow in the Pore Network

An accurate representation of fluid flow behaviour within pore networks is important in order to
understand microstructure and flow properties, which is key in petroleum engineering, oil recovery,
CO2 storage and hydrogeology (Song et al., 2016; Wang et al., 2015; Qin et al., 2019). Many
models have been proposed and the key objective is to readily display the connectivity of the pore
space which controls fluid flow (Blunt, 2017). Generally, all models simulate and quantify fluid
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displacement in a porous medium to understand multi-phase flow at pore scale (Song et al., 2016;
Blunt, 2017). Pore network modelling is based on three key components:

1. the description of the pore network geometry and structure

2. the definitions and solution of the governing equations

3. a selection of macroscopic properties (Martínez-Mendoza et al., 2019)

Fluid flow in the pore network is typically modelled using one of two computational methods; 1) pore
network models (PNM) and 2) direct numerical simulation (DNS) methods (Mehmani and Tchelepi,
2018; Wang et al., 2015; Wu et al., 2019; Kohanpur et al., 2020; Blunt, 2017).

PNMs aim to relate pore structures to fluid flow properties and use a simplified, approximated version
of the pore space geometry (Mehmani and Tchelepi, 2018; Wang et al., 2015; Wu et al., 2019). PNMs
can use many approaches and can often adopt parameters used in DNS, such as the permeability of
pore throats (Mehmani and Tchelepi, 2018; Blunt, 2017). They are capable of simulating transient
behaviour of flow with time for various capillary numbers and viscosity ratios (Joekar-Niasar and
Majid Hassanizadeh, 2011). Some PNMs will develop specialised algorithms to target the governing
physics within pore networks (Mehmani and Tchelepi, 2018; Joekar-Niasar et al., 2009). The PNM
was first described by Fatt (1956), where he assigned radii to the two-dimensional regular lattice
(Song et al., 2016; Wu et al., 2019). Fatt used the Young-Laplace equation (Eq. 2.8) to fill pores
and pore throats and produce qualitative forms of capillary pressure and relative permeability curves
(Li et al., 2017b). Subsequently PNMs have become more realistic and have been used to predict
pore-scale displacement processes, capillary pressure saturation and relative permeability of drainage
and address the topology and pore and pore throat distribution (Wu et al., 2019; Blunt, 2017; Song
et al., 2016; Joekar-Niasar et al., 2009). PNMs typically use Poiseuille’s law (Eq. 2.9) to govern
fluid flow behaviour and imaging technology (e.g. SEM, µCT, laser confocal microscopy) to capture
images which are used for information on pore network topology (Song et al., 2016; Joekar-Niasar
et al., 2009). This approach can display the pore network well where pores and pore throats are
represented by nodes and bonds (Wu et al., 2019; De Boever et al., 2012). PNMs are unable
to provide or control the estimates of prediction error, however, they are more computationally
efficient than DNS (Mehmani and Tchelepi, 2018; Qin et al., 2019). Additionally, they involve
assumptions and approximations of the pore network, such as the size of pores and pore throats
(Kohanpur et al., 2020). PNMs typically adopt one of three main techniques, such as statistical
methods, process based methods and image based methods (Sharqawy, 2016). Furthermore, PNMs
can be classified as either quasi-static or dynamic (Wang et al., 2015; Li et al., 2017b). Quasi-static
displacement systems assume that pore-scale fluid configuration and displacement are dependent on
capillary pressure and ignore the dynamic effect created by viscous forces (Wang et al., 2015; Li
et al., 2017b). Dynamic drive systems are governed by the rationale of volume conservation and
non-linear Poiseuille’s law (Wang et al., 2015).

Q =
π∇Pr4

8µL
(2.9)

where Q is the fluid velocity, ∇P is the pressure difference, r is the radius, µ = dynamic viscosity
and L is length.

DNS are governed by partial differential equations (PDEs) which are solved from using a detailed
representation of the pore space geometry, such as µ-CT images (Mehmani and Tchelepi, 2018). This
approach solves the governing equations of mass and momentum balances at a sub-particle/sub-pore
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scale which gives detailed and accurate information on fluid flow behaviour such as flow conditions
and fluid velocity distribution (Wu et al., 2019). Furthermore, capillary and viscous forces can
also be accounted for in this type of model (Raeini et al., 2015). The DNS approach is commonly
regarded as more accurate as it can preserve pore structures in porous media well (Qin et al.,
2019). Additionally, DNS are also computationally efficient and can easily incorporate a variety of
scales (Oostrom et al., 2016; Kohanpur et al., 2020). However, this method is also computationally
expensive and is not always representative of the whole porous medium (Mehmani and Tchelepi, 2018;
Wu et al., 2019; Rodríguez de Castro et al., 2020). The representation of the porous medium can vary
and is determined by the quality and size of the input image, image processing and segmentation,
which leads to user-dependent results (Rodríguez de Castro et al., 2020; Raeini et al., 2015). DNS can
also be referred to as dynamic numerical simulations and use computational fluid dynamics (CFD)
techniques such as lattice Boltzmann, level set method, volume of fluid, finite element, smoothed
particle hydrodynamics and immersed boundary method (Wang et al., 2015; Wu et al., 2019; Sadeghi
et al., 2020; Kohanpur et al., 2020; Zhao et al., 2020).

2.7 Pore-Scale Experiments

Experimental work at the pore scale is increasing with the development of new technologies, such as
µ-CT. Experimental work at the pore scale is important as it can reveal the fundamental behaviour
of fluid flow, as this is where fluid navigates through the porous medium (Song et al., 2016; Blunt,
2017).

Experimental studies described in the literature present a variety of methods and samples (Table 2.1).
The experimental work can be divided into three categories which are based on specific measurable
factors; 1) fluid flow visualisation 2) measuring overall pressure and fluid velocity and, 3) fluid flow
visualisation and measuring the pressure drop over a sample.

Experimental studies can further be characterised by the type of samples which are used and based on
the literature six types of samples can be identified; 1) 2D bead packs, 2) 3D bead packs, 3) encased
plates with etched 2D pore network patterns, 4) natural rock samples, 5) microfluidic channels, and,
6) flow cells. The type of sample used in experiments is dependent on the experimental system
available and the desired outcome, for example, encased plates containing etched 2D pore networks
patterns, often also referred to as micromodels (Zhang et al., 2010; Buchgraber et al., 2012; Perrin
et al., 2006) are popularly used in 2D fluid flow visualisation as they are cost effective, especially
when using materials such as polydimethylsiloxane (PDMS), and can be designed specifically to
meet the experimental objectives and requirements (Zhang et al., 2013; Dawe et al., 2011). For
example, pore structures and sizes can be controlled and varied to create a network as homogenous
or heterogeneous as required (Zhang et al., 2013). Core samples can also be used in fluid flow
experiments as they have genuine pore network properties which can provide more accurate results.
Microfluidic channels and flow cells are useful to use in pore scale flow experiments as they allow
visualisation of the processes which occur at the pore scale (Carroll et al., 2014; Imhoff et al., 1996)
and assist with additional applications such as particle tracking velocimetry (PTV), fluorescence
photobleaching (Carroll et al., 2014). The type of sample used in pore scale experiments is further
discussed in chapter 4.

Experimental methodologies can also be categorised by their methods of degassing or lack thereof.
Most methodologies include a technique for degassing the system to prevent the occurrence of
trapped gas bubbles, which can erroneously influence pressure readings. The experimental method-
ologies which degas their systems prior to experiments use the following techniques; vacuum cham-
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bers/pump, CO2 injection, system/sample saturation, and, flooding/flushing. Some methodologies
use more than one technique to ensure that the system/sample is fully vacuum saturated (Buch-
graber et al., 2012; Singh et al., 2017; Krummel et al., 2013; Perrin et al., 2006; Kim et al., 2012;
Datta et al., 2013; Imhoff et al., 1996; Chomsurin and Werth, 2003). The types of experimental
methodology used to degas pore scale experiments is further discussed in Chapter 4.
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Table 2.1: Experimental studies at the pore scale.
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Chapter 3

Materials and Methodology

This chapter details the materials and experimental and computational techniques used in this
study. Reservoir sandstone samples and synthetic 3D bead packs were used in the experiments and
computational work, and the 3D synthetic bead packs were designed on properties identified during
sandstone sample characterisation. A combination of experimental and computational analysis has
been undertaken at the pore-scale to observe fluid flow properties and behaviour in the Darcy flow
regime and to predict fluid flow properties and behaviour in the Forchheimer flow regime.

3.1 Core Characterisation

Four reservoir sandstone samples were taken from the Permian Rotliegend Group and the Triassic
Sherwood Sandstone Group (Fig. 3.1). The Permian Rotliegend Group samples (samples 1 - 3)
originate from wells in the southern North Sea, at 7732, 88149 and 9423 ft, from the Valiant North,
Vanguard and Vulcan fields. The Triassic Sherwood Sandstone Group sample (sample 4) originates
from the University of Nottingham’s GeoEnergy Test Bed facility and has been sampled at 211 ft.
Four samples were analysed macroscopically at the core scale and microscopically by thin section
petrography.

3.1.1 Core and Thin Section Sample Analysis

Each sample has been analysed at the core scale to identify grain size, grain sorting, mineralogy
and sedimentary structures. Core samples have been analysed and a thin section sample was taken
from each core. Four polished, 30 mm thin section samples were taken and impregnated with blue
resin to highlight the pore space (Fig. 3.2). The thin section samples were analysed using a Zeiss
petrographic microscope and grain size, grain sorting, mineralogy and sedimentary structures were
recorded. The properties of the thin section samples were observed from grain to grain contact points
along three transects taken along the y axis (the longest axis of the thin section sample). Images of
the thin section sample were taken at each contact point and used for porosity calculation using the
ImageJ software. Prior to porosity calculation the images are processed in the software. First of all
the images are converted to RGB colour, which changes the image from colour to black and white,
and then the ‘split channels’ option was selected. This provides three images of the sample and each
image represents a different channel. The channel which showed the greatest contrast between the
grains, which are represented by lighter colours, and the pore space, which is represented by darker
colours, was selected. This contrast was enhanced by using the thresholding tool which further
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Figure 3.1: Core samples taken from the Rotliegend Group (1-3) and the Sherwood Sandstone Group
(4).

Figure 3.2: Thin section image from core sample 3.

segments the image. The image was then analysed using the ‘Analyse particles’ tool which gives the
area of the pore space. This process was repeated three times on each image of every contact point
and averaged. The results from all of the images for each sample were also averaged at the end of
porosity calculation to give an average porosity value for each thin section sample.

3.1.2 Powder X-ray Diffraction (PXRD)

PXRD was used to determine the bulk and clay mineralogy of each sample. Four samples (6x3cm)
were taken from each core sample and crushed using a Retsch jaw crusher and pulverised into a
fine powder using a Tema disc mill. The crusher and disc mill were cleaned with an air gun before
and after each sample to eliminate any contamination between samples. The powdered samples
were placed into the sample holder for PXRD until a level surface was created and inserted into
the instrument (Hilton Brooks PW1050). The sample holder was cleaned before and after each use
with industrial methylated spirit (IMS) to avoid contamination. The instrument was set at 40 kV
and 20mA and the settings for the scans are detailed in Table 3.1. After scanning the data was
analysed in the Diffrac.Eva software, which displays the results of PXRD and allows identification
of minerals. Each mineral presents a different diffraction pattern which enables identification, for
example, quartz displays peaks at 26.6 2θ. For clay mineral analysis, the denser grains in the
sample were separated from the finer grains (< 2 µm). 5 g of each sample was added to a solution of
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Table 3.1: A table showing the scan settings for PXRD.

θ Speed (°2θ/second) Step Size
10-70 1 0.05

deionised water (25 ml), hydrogen peroxide (5 ml) and sodium hexa meta phosphate (0.2 g). These
chemicals are added to remove organics and sulphates out of the sample. This solution was then
placed in an ultra-sonic water bath for 2 hours. The samples were subsequently transferred from
a beaker into centrifuge tubes and placed into a centrifuge for 25 minutes at 4500 RPM. The top
fluid from the samples was drained and deionised water was added. This process is used to clean
the sample powder with deionised water and to remove the initial solution and separates the fluid
from the solid. The samples were again placed into a centrifuge for 25 minutes at 4500 RPM. The
top fluid from the samples was again drained and deionised water was added. The samples were
placed into the centrifuge for 2 minutes at 1000 RPM. This separates the clay-size particles from
the silt and sand size particles, which are pushed to the bottom of the sample tube by centrifugal
forces. 500 µl of fluid was extracted from the sample tube and deposited onto a glass slide. 300 µl
of acetone was added to the slide to prevent the thin clay layer from curling during drying. The
samples were then left to air dry. The remaining sample solution was used in further clay mineral
analysis. To remove chlorite the sample solution (1ml) was added to HCl (417 µl) and Milli-Q water
(3583 µl). The samples were then heated on a Teflon heater at 100°c for 2 hours, where a reaction
will occur between the clay and HCl. Once cooled, the samples were transferred to centrifuge tubes
and centrifuged for 25 minutes at 4500 RPM. The samples were subsequently rinsed and added back
to the centrifuge for 25 minutes at 4500 RPM. Next, the samples were drained and 1ml of deionised
water was added. The samples were then extracted and deposited onto a glass slide to air dry. The
samples were then scanned using the X-ray diffractometer.

3.1.3 Mercury Intrusion Porosimetry (MIP)

MIP was used to calculate the average porosity, pore size and pore diameter for each sample. A
small core sample (2 × 3 cm) was placed inside the penetrometer and weighed. The weight of the
penetrometer was inputted into the instrument software and then the penetrometer was placed into
the instrument. During MIP mercury is forced into the sample by pressure and the amount of
pressure required is controlled by the size of the pores. For example, larger pores require lower
pressure than smaller pores. The volume of mercury which intrudes the sample is measured by the
penetrometer. The volume of mercury intruded into the sample corresponds to the volume of pore
space in the sample.

3.2 Synthetic 3D Bead Pack Design and Analysis

Ten synthetic 3D bead packs have been designed and constructed for the work in this study. The
3D bead packs have been designed to emulate properties which have been identified in the reservoir
sandstone samples, such as grain size and mineralogy. The design of each bead pack differs due to
different experimental objectives, for example, experiments which include reactive fluid flow require
samples which include reactive minerals, such as dolomite and kaolinite. The details of sample
composition are recorded in Table 3.2 and a schematic of each sample is shown in Fig. 3.3.
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Figure 3.3: Schematic of the bead pack samples used in this study. Samples 5 and 6 are meshes used
in the CFD simulations in Chapter 5 so the bead pack samples were not numbered consecutively
as to avoid confusion. Sample 12 is composed of crushed rock from core sample 3. *Please note:
schematic is not to scale, sample dimensions are 1× 1× 33 mm.
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Table 3.2: A table showing the composition of the samples used in the pore scale permeability
experiments.

Sample Composition
1 75 µm acid washed glass beads
2 75 - 180 µm acid washed glass beads
3 75 - 180 µm acid washed glass beads
4 150 - 180 µm acid washed glass beads
7 75 µm acid washed glass beads
8 75 µm acid washed glass beads, 2mg dolomite
9 75 µm acid washed glass beads, 2mg kaolinite
10 75 µm acid washed glass beads, 2mg dolomite, 2mg kaolinite
11 75 - 180 µm acid washed glass beads, 2mg dolomite, 2mg kaolinite
12 75 - 180 µm rock powder (core sample 3)

3.2.1 Synthetic 3D Bead Pack Construction

The samples are created by first adding quartz or stainless steel wool to the bottom of a 1x1x33mm
quartz capillary tube, which acts as a vessel for the sample. The type of wool used varies between
samples due to the sample composition (Table 3.2, Fig. 3.3) and whether the sample was sintered or
not. Quartz wool was used if the sample was sintered and stainless steel wool was used if the sample
was not sintered. The sample contents (e.g. glass acid washed beads, mineral powders, rock powder)
was inserted into the quartz capillary tube and either quartz or stainless steel wool was added to
the top of the tube. The packing density of the sample was enhanced by tapping the tube several
times during filling and the amount of tapping was consistent for every sample. The samples which
were sintered were placed into a furnace for 6 minutes at 720°C and afterwards the quartz wool was
removed. The sintering process emulates the lithification process which occurs in sedimentary rocks.
The samples which contain minerals and have stainless steel wool were not sintered and the wool was
not removed. The samples which contain minerals were not sintered to prevent any mineralogical
reactions or alteration from occurring. The stainless steel wool which was used was extra fine so it
did not impact fluid flow but prevented the sample from moving. The samples were then attached
to 1/16” PTFE tubing using a small amount of superglue. The connection between the tubing and
the sample was reinforced by heat shrink tubing.

3.2.2 Synthetic 3D Bead Pack Analysis

The porosity and permeability of each 3D bead pack sample was analysed using images acquired
from X-ray computed tomography (XRCT). Each synthetic sample was scanned using XRCT from
the z axis with a resolution of 2µm at intervals of 8µm. The samples were scanned from the z axis
as during the pore-scale experiments fluid flows along the z axis. The image stack of each scan was
divided into five smaller image stacks to increase accuracy during analysis. Each image stack was
imported into the ImageJ software, smoothed and converted into 32-bit image type. The contrast
and brightness settings for each image stack was enhanced and the image stack was then thresholded
to increase the contrast between the beads and pore space and to separate the beads and pore space
into different binary categories (beads = 0, pore space = 1). The Analyse particles tool was then
used to analyse the area of pore space. This process was repeated three times for each image stack
to ensure the results were reliable. The porosity results were then inputted into the Kozeny-Carman
equation (Eq. 3.1) to calculate permeability. The Kozeny-Carman equation was used to compare
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the reliability of the permeability results from the pore scale permeability experiments.

KKC
=

(
φ3

(Sv)2K(1− φ)2

)
(3.1)

where φ = porosity, Sv = 6/DP (where DP = particle diameter), K = the Kozeny-Carman constant
(which is 5 for spherical beads)

3.3 Pore-Scale Permeability Experiments

The pore-scale permeability experiments were conducted using a closed system consisting of a New
Era NE-1000 syringe pump, 20ml syringe, Bronkhorst mini cori-flow™ series ML120 flow metre, 2
Bronkhorst IQ+ Flow® pressure metres, synthetic sample and a 12ml syringe (Figs. 3.4 and 3.5).
The instruments and sample were connected by 1/16” PEEK PTFE tubing and 1/16” air tight zero
dead volume (ZDV) unions, tees and Luer fittings. The unions/tees were also fitted with ferrules to
prevent leakage. The fluid drained into a 12ml syringe at the end of the system which regulated back
pressure and stabilised pressure throughout the system. The o-ring in both syringes were coated
with vacuum grease to ensure the system was air tight. The syringe pump provided continuous,
horizontal fluid flow at the following rates; 0.010, 0.015, 0.02, 0.025, 0.03 ml/min. The flow metre
and pressure metres provided accurate readings of flow rate (±0.2%) and input/output pressure
(±0.5%). The flow rate was limited to 0.05 mm/s and the pressure metres were limited to 300 kPa.
Prior to each experiment the system was evacuated using a diaphragm vacuum pump for 20 minutes
to prevent trapped bubbles of air. Trapped bubbles of air can result in erroneously high pressure
values. The vacuum pump was attached to the system with a tee union with a Luer fitting and
a valve. The valve allowed the syringe to be closed off from the system during evacuation, and
the vacuum pump to be closed off during flooding/experiments. After the system was evacuated
the system was flooded with deionised water at the desired flow rate. Once saturated, flow rate,
inlet pressure and outlet pressure were measured by the Bronkhurst mini cori-flow™ series ML120
flow metre and the 2 Bronkhurst IQ+ Flow® pressure metres. The instruments were connected
to a Bronkhorst control box, which communicated with the FlowWare software which recorded the
data from the experiments. Two experiments were conducted for each flow rate and the data from
the experiments was used to calculate Darcy permeability (Eq. 2.2) and Re (Eq. 2.1). The fluid
used in the experiments varied depending on the sample and the experimental objective. For the
non-reactive fluid flow experiments, using synthetic samples 1-4, deionised water was used. For
the reactive fluid flow experiments, using synthetic samples 8-11, both deionised water and HCl
were used. Deionised water was initially used in experiments to collect data on the samples prior
to reactive fluid flow. The samples were then flooded with HCl (pH 3.1) at a constant flow rate,
0.03 ml/min, for three hours. Afterwards the sample and experimental system were flushed with
deionised water at a constant flow rate, 0.03 ml/min, for one hour to ensure all acidic fluid was
removed and any mineralogical reactions were stopped. Deionised water was then used again in
experiments to collect data on each sample (8-11) after reactive fluid flow.

3.4 Inductively Coupled Plasma - Optical Emission Spectrometry
(ICP-OES)

The flow output from each reactive fluid flow experiment was analysed using ICP-OES. ICP-OES
assesses the chemical composition of the fluid, which determines which minerals have been affected
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Figure 3.4: Experimental set up for the pore-scale permeability experiments: 1) syringe pump, 2)
flow metre, 3) inlet pressure metre, 4) synthetic sample, 5) outlet pressure metre, 6) drain syringe,
7) control box, and, 8) diaphragm vacuum pump.

Figure 3.5: A schematic of the experimental set up for the pore-scale permeability experiments: 1)
syringe pump, 2) flow metre, 3) inlet pressure metre, 4) synthetic sample, 5) outlet pressure metre,
6) drain syringe, 7) control box, and, 8) diaphragm vacuum pump. The blue line represents the
route which fluid takes through the experimental system. The green line represents the direction of
air when the system is being degassed. The grey line represents electrical connections.
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by reactive fluid flow induced dissolution. ICP-OES is a multi-elemental analysis technique which
uses inductively coupled plasma to produce atoms and ions that emit electromagnetic radiation at
wavelengths. For analysis, flow outputs were injected into a radio frequency – induced argon plasma.
After injection, the sample dries and becomes vaporised and energised through collisional excitation
at a high temperature. The emitted wavelength is collected by a lens and imaged. Each element has
a characteristic wavelength and the intensity of the wavelength correlates with the concentration of
the element. The combination of elements identified in the flow output are used to identify minerals.
For example, if the results show high calcium and magnesium concentrations it is likely that dolomite
has been dissolved from the sample. A Perkin Elmer Inductively Coupled Plasma Optical Emission
Spectrometer was used to conduct elemental analysis and the instrument has a detection limit of
0.1 mg/L and analytical uncertainties within the order of ≤ 5%. Calibration standards from 0.1 to
30 mg/L were prepared from 100 mg/L standard solution from Fischer Chemical, for the elements
Si, Al, Ca, and Mg. For the fluid samples measuring Ca and Mg, 1/2 dilutions are made with 2%
HNO3 and measured, along with the full concentration fluids. The fluid samples measuring Si and
Al were not diluted as only low levels of Si and Al were expected in the fluid samples. Duplicate
samples (from duplicate reactive fluid flow experiments) were analysed to ensure reliable results.

3.5 Avizo®Fire Image Processing and Permeability Simulations

The XRCT scanned images of the synthetic samples were inputted into the Avizo®Fire 8.1 software
for image processing and analysis. The image stack was smoothed to remove excessive noise from the
images using a non-local means edge preserving filter before segmentation occurred. Segmentation
into binary images was performed by using the Interactive Thresholding module. Once processed the
image stack was analysed to gain information on porosity and pore diameter. Porosity was measured
using the ASBMR Porosity module which measures the porosity of the image stack slice by slice.
Pore diameter was measured by creating a label field of the image stack. 3D fluid flow simulations
were performed using the Absolute Permeability Experimental Simulation module, which is part of
the Avizo XLab Hydro Pack. The fluid flow simulations calculated absolute permeability for single
phase fluid flow by solving a simplification of the Navier-Stokes equations:

∇.
−→
V = 0 (3.2)

µ∇2−→V −
−→
∇P = 0

where
−→
V is the velocity vector, µ is the dynamic viscosity and P is the pressure. The assumptions

are: a) an incompressible fluid with a constant density, b) a Newtonian fluid with constant dynamic
viscosity, c) a steady state flow, and, d) a laminar flow. After this, Darcy’s Law (Eq. 2.2) is
applied and the permeability is calculated. The boundary conditions for the fluid flow simulations
are specified by: a) a no-slip condition at fluid-solid interfaces and b) one voxel wide plane of solid
phase (with no slip condition) is added on the faces of the images that are not perpendicular to the
main flow direction. Two of the following boundaries can be selected by the user; input pressure,
output pressure, fluid flow rate. The third boundary is estimated from the chosen two. In this
study input pressure and output pressure was selected, leaving fluid flow rate to be estimated by the
software. The pressure values inputted were recorded from the pore-scale permeability experiments
(Appendix B) and the simulations were conducted in the z direction. The advanced settings of
the simulation were also modified and the convergence criterion was set at 1× 10−6 and minimum
iterations was set at 500 and maximum iterations was set at 15000.
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Figure 3.6: The 400 µm3 tetrahedral mesh generated in the Avizo®Fire software for sample 1.

The fluid flow simulations were conducted on five zones throughout the sample to ensure that the
results were representative of the sample. The five zones within each sample correspond to the
five image stacks used in 2D porosity analysis in the ImageJ software. The Avizo®Fire software
was also used to generate 400 µm3 tetrahedral meshes (Fig. 3.6) representative of selected zones in
the synthetic samples. The meshes were made by applying the Generate a Surface module to the
segmented image stack, which was then smoothed and enhanced using the surface editor. After this
the Generate a Tetrahedral Grid module was applied and the mesh was exported into the ANSYS
Fluent software. It was essential for the tetrahedral meshes not to exceed 400 µm3 due to the time
constraints and to maintain high resolution. The bead pack samples present complex geometries and
mesh generation was a time consuming and difficult process which could take between 4 - 48 hours
depending on the complexity of the sample. The more complex samples required more processing
before mesh generation could occur. Additionally, numerous meshes had to be remade after fluid
flow simulations failed in the ANSYS Fluent software and this is interpreted to be a result of the
occurrence of closed pores in the samples which may have blocked fluid flow in the simulations and
resulted in failure. The occurrence of closed pores is random and therefore difficult to predict when
selecting areas of the samples to generate into meshes.

3.6 ANSYS Fluent Simulations

Computational fluid dynamics (CFD) was used to study the impact of variable bead pack sample
properties at the pore-scale and to analyse the impact of changing properties on fluid flow behaviour.
The CFD simulations were performed using the ANSYS Fluent R2 2020 software to calculate the
pressure drop and velocity of fluid and from those the permeability, Re and flow regime and tortuosity
could be deduced. Tetrahedral meshes were generated in the Avizo®Fire software, which can export
meshes directly in ANSYS Fluent format. The flow direction was aligned with the z-axis.

Steady state, laminar simulations were performed using water with a viscosity of 1.00× 10−3 Pa s
and density of 998.2 kg/m3. The static pressure on the inlet plane (at z = 0) was fixed at a particular
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value and was fixed at 0 Pa on the outlet plane. These pressures are effectively gauge pressures, since
it is the pressure gradient which drives the flow. Since the mesh used was only a small portion of
the sample used in the experiments, the approximate pressure drop across the mesh was calculated,
scaled down from the pressure drops seen in the experiments. It was possible to increase the pressure
on the inlet plane beyond the limits of the experimental campaign in order to explore the onset of
non-Darcian flow. The parameters for the simulations for each mesh are recorded in Appendix C.

The simulations were run for 4000 iterations to ensure the results (pressure, velocity) had stabilised
prior to data collection and once completed the area-weighted average pressure on the inlet and
outlet of the sample was computed (to confirm it was close to the values set on the boundaries) and,
most crucially, the mass flow rate through the inlet plane of the sample was calculated. The latter,
combined with the pressure gradient across the mesh, leads directly to the permeability.

In addition, in some case, planes were created at various distances through the meshes, which could
be used to show the transition between of pressure in the streamwise direction, allowing the effects
of changing bead diameter, for example, to be analysed.

Using the results from the simulations permeability was calculated using Darcy’s Law (Eq. 2.2) and
tortuosity, τ , was calculated by

τ =
〈u〉
〈ux〉

(3.3)

where 〈u〉 is the average magnitude of the intrinsic velocity over the entire system volume and 〈ux〉
is the volumetric average of its component along the macroscopic flow directions.

The computer used to conduct the simulations was a Lenovo ThinkStation P330 with an Intel I5-
9500 CPU (3 GHz) with 6 cores. The computer also had a NVIDIA Quadro P2000 GPU which was
required to conduct the Avizo®Fire permeability simulations.



Chapter 4

Design and Development of Pore-Scale
Permeability Experiments

4.1 Introduction

The permeability and controls on permeability in sedimentary reservoir rocks have been extensively
studied using a variety of techniques across a range of scales for applications such as ground water
modelling, enhanced oil recovery and carbon capture and storage (Datta et al., 2013). Permeability
is an important property to understand as it is considered as one of the governing factors on oil and
gas production rates (Bernabé et al., 2016). Despite this, there is little information about permeabil-
ity at the pore scale, and how pore network geometry, permeability and fluid behaviour impacts the
fundamental processes of transport phenomena at the pore scale even though pore scale processes
control larger scale processes (Culligan et al., 2006). Furthermore, many of the controls on reservoir
rock permeability and fluid flow characteristics are typically analysed at the core-reservoir scale al-
though many of the properties which contribute towards permeability occur at the pore-scale (µm),
such as pore size, pore throat size and pore connectivity. Additionally, analysis at the pore-scale
provides more detailed information about porosity, permeability, flow properties and fluid transport
phenomena than analysis at the core or reservoir scale (Algive et al., 2012). Common experimen-
tal methods of studying the permeability of reservoir rocks include core flooding experiments and
pore-scale flooding experiments (Reynolds et al., 2014; Rathnaweera et al., 2015). Core flooding
experiments provide realistic conditions to study permeability and other flow transport properties,
however, core flooding experiments can only provide measurements and analysis of the influences on
permeability at the core scale. Additionally, natural samples cannot be preferentially altered (e.g.
to isolate specific properties) so the results display the effect of a specific combination of properties
on permeability and fluid flow behaviour and the effect of isolated properties cannot be analysed in-
dependently. This limits the breadth of analysis and the applicability of the results as properties can
vary from pore to reservoir scale and therefore the combination of properties contributing towards
permeability and fluid flow behaviour may not be representative of the sample, core or reservoir.
On the other hand, pore-scale permeability experiments can provide measurement and analysis of
permeability at the pore-scale and many experimental studies use synthetic samples. The type of
synthetic sample used varies from 2D samples, such as micromodels or 2D bead packs, flow cells and
3D bead pack samples. Some experimental methodologies can be restricted by the type of sample
used, for example, if 2D samples are used, such as micromodels or 2D bead packs, the results are less
realistic as permeability is impacted by properties which occur in 3D rather than 2D. Furthermore,
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Figure 4.1: Unstable pressure results from the original configuration of the experimental system.
The inlet pressure continuously increases whereas the outlet pressure does not increase. Additionally,
the flow rate also fluctuated consistently.

many experimental methodologies use different techniques to degas the experimental system, which
ensures that pressure is stable during experiments. Different techniques can produce variable results
and less effective techniques may produce erroneous data, which limits the reliability of results from
the experimental system. Often, the technique(s) used for degassing an experimental system is based
on the experimental objective(s), for example, flushing a fluid through the system prior to the ex-
periments is often used for multi-phase experiments. Due to this, this chapter evaluates the existing
methodologies and sample types used in pore-scale permeability experiments and proposes a new
experimental methodology and sample type which have been designed and developed for pore-scale
permeability experiments. The aim of the experimental methodology is to measure and analyse the
effects of different reservoir rock properties, which are often characterised at the core scale (e.g. grain
size, grain sorting, mineralogy), on pore network geometry, permeability and fluid flow transport
properties (e.g. Reynold’s number) in 3D and how these are altered after a reactive fluid flow. The
type of synthetic samples used in the experiments were designed to isolate the effect of different
sedimentary rock properties (e.g. mineralogy, grain size) on pore network geometry, permeability
and fluid flow transport behaviour at the pore scale in 3D. The final developed methodology used
for the pore scale permeability experiments is detailed in Chapter 3.

4.2 Experimental Design and Development

The main requirement for the experimental system is to continuously pump a single phase fluid
through a sample and measure the flow rate and pressure drop over a 3D bead pack sample. The
experimental system was also required to be compatible with fragile and small scale samples which
could be easily changed (1× 1× 33 mm).

The first design for the experimental system included a syringe pump, flow metre, inlet pressure
metre, synthetic sample and an outlet pressure metre. Initial tests using this design produced
unreliable results as pressure continuously increased with time and did not stabilise (Fig. 4.1).
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To stabilise the pressure in the system a number of solutions were employed, which included in-
creasing the duration of sample/system flooding, alteration of flow rates used prior and during the
experiments, syringe pump calibration, alteration of unions and connections between the tubing and
instruments, addition of a syringe at the end of the system, addition of vacuum grease, addition
of a vacuum pump and alteration of the evacuation times prior to experiments. The first solution
trialled to stabilise pressure in the system was increasing the duration of flooding. Experiments were
conducted for up to a period of 7 hours, however, no effect on pressure was recorded and the pressure
continued to increase with time. The next solution trialled was to alter flow rates during flooding.
Flow rate was increased to the highest flow rate used in the experiments (0.030 ml/min) and left
running for up to 7 hours to purge the experimental system of air, however, this method also did
not impact the pressure in the experimental system. To eliminate another potential contributing
factor towards pressure instability the syringe pump used in the experiments was calibrated and
a second syringe pump was also trialled. The syringe pumps were calibrated by the flow metre
and also manually by recording the amount of fluid ejected from the system over a length of time.
Furthermore, all unions, connections and tubing between the instruments were replaced to ensure
no damage had occurred, which could have resulted in blockages and caused a build up in pressure.
Additionally, the replacement unions and connections were changed from PEEK PTFE fittings to
steel Swagelok fittings to ensure the system was airtight. Despite these changes pressure in the
experimental system remained unstable. The next solution trialled was the addition of a syringe at
the end of the system to regulate back pressure and collect fluid from the experiments. This syringe
was also inserted into an additional syringe pump which withdrew air from the system, however,
this also did not impact pressure readings. A vacuum pump was then connected to the system and
used to evacuate the system over different periods of time (10-40 minutes). Vacuum grease was
added to the o-ring of each syringe to ensure the system was airtight. It was found that 20 minutes
of evacuation was a sufficient amount of time to stabilise the system. After evacuation the system
and sample were flooded and the pressure stabilised (Fig. 4.2), but the length of time required for
pressure stabilisation was dependent on the flow rate used in flooding. Higher flow rates resulted in
pressure stabilisation occurring sooner, for example, for the lowest flow rate (0.010 ml/min) stabil-
isation occurred on the second day of the experiment, after approximately 8-10 hours of fluid flow,
whereas at the highest flow rate (0.030 ml/min) stabilisation occurred after approximately 1-2 hours.
Despite this, the experiments were still conducted over the course of 2-3 days to give the system
optimal time to saturate and stabilise even if fluid was not pumping. The flooding flow rate was
kept consistent with the flow rate used in the experiments to minimise disruption in the experiments
and to preserve sample structure. When a higher flow rate was used to flood the system prior to an
experiment with a lower flow rate the system required additional time and fluid to re-stabilise to the
lower flow rate, which resulted in the system filling too quickly for results to be taken. Additionally,
the samples used are fragile and experiments with higher flow rates were conducted last to maintain
the sample integrity and avoid any possible damage from faster fluid flow and higher pressure levels
within the sample.

4.3 System Performance

The system was flooded with deionised water from 2 - 10 hours for each experiment prior to data
collection. Deionised water was used as the glass beads which compose the samples are water wet
so deionised water occurs as the wetting phase. Additionally, using deionised water prevents any
potential alterations of the sample as it is a non-reactive, neutral fluid. Whilst the system was
flooded, and the sample was becoming saturated, the flow rate, inlet pressure and outlet pressure
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Figure 4.2: Stabilised pressure results and minimal fluctuation in flow rate after adjustments to
the experimental system. Some minor fluctuations are expected in flow rate due to the horizontal
movement of the syringe pump.

values were variable. After flooding was completed, and the system and sample were saturated,
pressure stabilised and results were recorded for a minimum period of 30 minutes. The system is
capable of running for as long a period of time as required, as long as there is sufficient fluid to pump,
a sufficient catchment for the fluid to drain into and the pressure limit (300 kPa) and flow rate limit
(3.267 ml/min) are not exceeded. If the syringe which collects the drained fluid becomes filled, the
pressure values begin to increase rapidly. A 20 ml syringe was selected to pump the fluid through the
system. This size was selected as it was the largest syringe which was compatible with the syringe
pump, thus allowing the experiments to run over long periods of time without interruption. A 12 ml
syringe was used to collect the fluid draining from the system and to regulate back pressure. This
size was chosen as it had minimal effect on the pressure values and fluid flow. A larger syringe
(60 ml) was trialled, however, this initially required a much higher pressure to push the syringe
plunger so that the fluid could drain into the syringe, resulting in a back log of fluid flow which
caused the syringe pump to stall. The experiments ran from 8 - 17 hours depending on the flow
rate. The experiments were conducted at five flow rates; 0.010 ml/min, 0.015 ml/min, 0.020 ml/min,
0.025 ml/min and 0.030 ml/min. Multiple flow rates were used in the experiments to analyse and
predict how flow rate influences fluid flow behaviour and patterns. Low flow rates were chosen as
when using a syringe pump lower flow rates are expected to be more consistent and stable than
higher flow rates. Additionally, lower flow rates were also chosen as typical reservoir flow rates are
also very low (< 1 m/day or < 0.7 mm/minute) (Dawe et al., 2011). During the trial experiments
to assess the reliability of the experimental methodology the sample used was a sintered 3D bead
pack (discussed in Chapter 3) composed of 75 µm acid washed glass beads.
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Figure 4.3: Results from the trial pore-scale permeability experiments.

4.4 Results

4.4.1 Results from the Pore-Scale Permeability Experiments

Two sets of experiments were conducted to assess the reliability of the data acquired from the
experimental system. The results from the experimental system include the flow rate and pressure
drop over the sample which were used to calculate permeability and the Reynold’s number (Re).

The results from both sets of experiments show a linear relationship between pressure difference
and flow rate, where pressure difference increases with increasing flow rate (Fig. 4.3). The error
bars shown in Figure 4.3 were calculated from the standard deviation in the results for flow rate
(horizontal error bars) and pressure difference (vertical error bars) after the system had stabilised
for a minimum of 30 minutes. Results were recorded every 0.1 seconds. The R2 value for the linear
trend line between pressure difference and flow rate is high for both experiments; experiment 1 has
a R2 value of 0.98 and experiment 2 has a R2 value of 0.93. The permeability for experiment 1 is
3.06 D and the permeability for experiment 2 is 3.05 D which presents a difference of 0.3%. The Re
is also calculated from each experiment and is calculated using the pore diameter length (9.13 µm).
The Re ranges from 1.52× 10−3 - 4.56× 10−3.

4.4.2 Results of Permeability using the Kozeny-Carman Model

The permeability of the sample was also calculated using the Kozeny-Carman model (Eq. 3.1)
to assess the reliability of the results from the pore-scale permeability experiments. The Kozeny-
Carman model uses the porosity of the sample to calculate permeability. The porosity of the sample
was calculated from XRCT images of the sample in the Avizo®Fire software (see Chapter 3).
Porosity was measured for five zones and the porosity ranges from 16.39 to 21.15% (Fig. 4.4) and
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the average porosity for the sample is 18.72%. The range in porosity may have occurred due to the
sintering process and beads in the lower half of the sample may have been more greatly sintered
than the beads in the upper half of the sample. Due to this, the porosity may be lower in the
lower half of the sample and greater in the upper half of the sample. The permeability of the
sample was also calculated for five zones of the sample and ranges from 2.40 to 4.59 D (Fig. 4.4)
and the average permeability for the sample is 3.20 D. This result corroborates the results from the
pore-scale permeability experiments and there is 4.3-4.7% difference between the experimental and
Kozeny-Carman model results.

4.5 Discussion

4.5.1 Evaluation of the Sample Type and Experimental Methodology

Numerous approaches detailing how to inject steady state fluid flow into a porous sample are de-
scribed in the literature and each approach is tailored to the type of sample used in the experiments
and the user specific objectives for the experiments.

Evaluation of Sample Type

3D synthetic bead pack samples were used in the experiments in this study but other sample types
described in the literature include 2D bead packs, 2D micromodels, microfluidic channels, flow cells
and rock samples. 3D bead pack samples were chosen as they can represent a simplified version
of a sandstone pore network and the properties of the 3D bead pack sample (e.g. particle size,
particle shape, composition, wettability) can be modified to mimic realistic rock properties which
can be easily controlled to focus analysis on different properties and the complexity of the sample
can be gradually increased. Additionally, the wettability of the 3D bead pack sample can also
be determined by controlling the composition and construction of the sample. For example, the
sample was composed of hydrophilic acid washed glass beads to create a water-wet system and the
sintering process of the 3D bead pack sample also creates a water-wet system as any impurities
in the sample are burnt off or oxidised (Dawe et al., 2011). Furthermore, 3D bead pack samples
also allow 3D visualisation of fluid flow through the sample and support additional analysis for the
corroboration of experimental results. For example, the results from the permeability experiments
can be compared and validated with the permeability results calculated from the Kozeny-Carman
model. The Kozeny-Carman model calculates permeability for materials with spherical particles so
this would not be applicable for samples such as 2D micromodels, rock samples and microfluidic
channels. 2D bead packs can also represent a simplified version of a sandstone pore network and
they allow one to design a sample specifically to the experimental objectives, however, 2D bead pack
samples only allow analysis over two dimensions rather than three dimensions.

Micromodels, similarly to 2D bead packs, can also represent a simplified version of a sandstone pore
network yet limit visualisation and analysis to two dimensions. 2D samples are disadvantageous
as fluid will behave differently in two dimensions than in three dimensions and 2D samples can
prevent analysis of some aspects of fluid flow, such as relative permeability (Dawe et al., 2011).
On the other hand, micromodels are advantageous as they are cost effective, especially when using
low cost materials such as polydimethylsiloxane (PDMS), and can be designed specifically for each
experimental objective (Zhang et al., 2013; Dawe et al., 2011). For example, the properties in the pore
network, such as pore size, pore shape and pore throat size, can be specified and micromodels can be
constructed using transparent materials (e.g. glass) to allow visualisation and analysis of fluid flow
in the pore network (Sharifipour et al., 2017). The geometry of the pore network in micromodels can



CHAPTER 4. DESIGN AND DEVELOPMENT OF PORE-SCALE PERMEABILITY EXPERIMENTS50

Figure 4.4: The porosity and Kozeny-Carman permeability throughout the 3D bead pack sample.
In the experiments fluid flows horizontally from zone 1 to zone 5.
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be designed using computer graphics software which can be printed using 3D printers or lithography
machines. The printed geometry can then used as a mask to make templates for etching or used
for moulds which can be filled with resin or PDMS (Buchgraber et al., 2012; Dawe et al., 2011).
Pore network geometry can also be etched onto the chosen material via reactive ion or laser etching
processes and the depth of the pattern can also be controlled (Zhang et al., 2011b; Buchgraber
et al., 2012). PDMS is often a popular choice for micromodels, but materials such as silicon and
glass are also used. PDMS and silicon models are popular to use as they improve the quality of
the micromodel as these materials increase the accuracy and precision during the etching of pore
network patterns and accommodate smaller pore sizes (few µm width) (Buchgraber et al., 2012;
Perrin et al., 2006). Additionally, some micromodels are composed of two materials, for example,
the geometry of the pore network can be designed on one material, such as silicon, and then a glass
slide can be attached over the silicon to seal the model and allow visualisation of fluid flow behaviour
(Grate et al., 2010). Furthermore, alike bead pack samples, the wettability of micromodels can also
be specified prior to experiments and is controlled either by applying hydrophobic/hydrophilic gel
coatings, exposing the micromodel to polymerisation reactions induced by exposure to UV light
patterns or soaking the micromodel in solution, such as dimethyldichlrosilane, and then heating
(Abate et al., 2010; Buchgraber et al., 2012; Dawe et al., 2011). Alternatively, 3D bead packs are
also cost effective and can be designed specifically for each experimental objective, as done in this
study, and allow visualisation and analysis of fluid flow in the pore network across three dimensions
rather than two.

Microfluidic channels are also used in pore scale experiments and are micrometre sized flow channels
which are efficient in visualising fluid flow velocity with minimal interference. Microfluidic channels
can also occur in stacks, consisting of an interface layer, a flow layer and a bottom layer (Gale et al.,
2018). Microfluidic channels are commonly used to support additional applications, such as particle
tracking velocimetry (PTV), as they can easily be attached to microscope slides for microscopic
analysis. Moreover, they can also be cost effective to use as they can be designed from inexpensive
materials such as PDMS. Microfluidic channels are also relatively simple and quick to fabricate and
allow control over layer depths (Gale et al., 2018). However, using microfluidic channels can limit
analysis and experimental objectives as microfluidic channels often present unrealistic and idealised
conditions for fluid flow.

Flow cells are also used in studies which focus on fluid flow across 2D or 3D samples. Flow cells are
similar to bead packs and micromodels as the composition/design of the sample can be specified for
each experiment. However, flow cells are much larger than bead packs and micromodels (cm-m scale)
and the sample used cannot be as easily changed between experiments as they are often encased
between instruments (Imhoff et al., 1996).

Rock samples can also be used in fluid flow experiments and are advantageous as they represent
realistic conditions. Despite this, rock samples can increase complexity during analysis as contribut-
ing factors on fluid flow behaviour, such as wettability or pore size, cannot be controlled. Therefore,
the results from experiments which use rock samples are unique to that particular sample and the
unique set of properties that the sample has. On the other hand, influencing factors on fluid flow
and the pore network geometry, such as particle size, particle shape, composition and wettability,
can be controlled in synthetic samples, such as 3D bead packs, 2D beadpacks and 2D micromodels,
which allows analysis of the direct impact of individual properties on fluid flow behaviour.

Due to the reasons outlined and the aims of this study a 3D bead pack sample was used as this
sample type provides an interchangeable, controlled environment to study pore-scale permeability
and supports pore network and fluid flow visualisation. Using 3D bead pack samples enables analysis
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of the effects of different sedimentary properties found in reservoir rocks, such as particle size, particle
sorting and mineralogy, on permeability at the pore-scale as each sample can be tailored to focus on
different independent properties or different combinations of properties. The effect of the different
sedimentary properties can be isolated when using 3D bead pack samples as other influencing factors
can be controlled. Furthermore, 3D bead pack samples are composed of transparent materials (e.g.
glass beads, quartz capillary tubes) which allow 3D visualisation of fluid flow and the pore network
allowing the effect of pore network geometry on pore-scale permeability to be analysed.

Evaluation of the experimental methodology

The methodology used in this study was designed to measure a single phase flow rate and the pres-
sure drop over a 3D bead pack sample. Single phase fluid flow was used in the experiments to
reduce complexity when analysing the complicated dynamic between heterogeneous sample proper-
ties and fluid flow behaviour. The objective of the experiments was to measure the effect of variable
pore network geometry, as a result of variable sample properties (e.g. particle size, mineralogy),
on permeability at the pore-scale. The methodology used was designed and developed to record
reliable and repeatable results from a flow metre, inlet pressure metre and outlet pressure metre.
Additionally, the experimental system was required to be compatible with small scale samples (mm).
The literature details multiple methodologies to study fluid flow behaviour at the pore-scale, which
can be characterised either by the experimental objectives of the study or the method of degassing
used in the experimental system, recorded in table 2.1 in chapter 2. In water saturated porous
media gas phases (e.g. air) can develop in-situ when the porous media is injected with an aqueous
phase (e.g. water) (Enouy et al., 2011). During the injection process the porous medium becomes
super saturated with the aqueous phase which can lead to the activation of nucleation sites on solid
surfaces and the occurrence of bubbles (Enouy et al., 2011). Increased transport of the aqueous
phase leads to an increase in bubble growth and pressurisation of bubbles which is confined in pores
by local capillary forces (Enouy et al., 2011). Degassing the experimental system and sample is a
vital component of the experimental methodology as it removes the gaseous phase which ensures
that the system remains single phase and removes trapped bubbles of air within the system and
sample which can cause instabilities in flow rate, prolonged disequilibrium in pressure, increase fluid
resistance and interrupt continuous fluid flow. Due to this, a considerable amount of time was spent
on the design and development of the experimental methodology to ensure the pressure was stable
and the system remained single phase.

In this study a vacuum pump was used to evacuate air from the system and afterwards the sys-
tem/sample was flooded with deionised water. The results were recorded once the system/sample
was saturated, which was indicated by the stabilisation of pressure. Previous studies which measure
flow rate and/or pressure drop across a porous sample have used other techniques to degas the
system, such as fluid or gas injection. Additionally, some studies do not use a method to degas
the system and other studies use multiple methods (e.g. vacuum pump and flooding) to degas the
experimental system. The methodologies which do not degas the experimental system and sample
prior to experiments are typically experiments which involve multi-phase fluid flow, where the sys-
tem is initially saturated with the wetting phase which is then displaced by an injected non-wetting
phase (Ferer et al., 2004). Using a vacuum pump, or vacuum chamber, is one method used to
withdraw air residing in the experimental system and sample and vacuum pumps/chambers can also
be used to saturate experimental systems and samples with fluid which also displaces trapped air
bubbles (Perrin et al., 2006). Degassing using a vacuum pump/chamber is effective because of the
phenomenon described by Henry’s law, which states that the amount of dissolved gas is proportional
to its partial pressure above the liquid. Using a vacuum pump/chamber reduces the partial pressure
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and solubility of the gas (e.g. air). Saturation is another method used to degas a system/sample and
it is popular as it is easily incorporated into the experimental apparatus typically used in pore scale
experiments (e.g. syringe pump, fluid reservoir). Saturation occurs as a result of continuous flooding
which displaces any trapped air (Chomsurin and Werth, 2003; Dawe et al., 2011; Meghdadi Isfahani
and Afrand, 2017) and allows the experimental system/sample to reach equilibrium prior to experi-
ments (Sharifipour et al., 2017). Fluid or gas injection can also be used as a degassing technique and
operates similarly to the saturation process as it is dependent on displacement mechanisms. Fluid
or gas is injected into the system/sample and displaces trapped air bubbles (e.g.CO2) (Krummel
et al., 2013; Singh et al., 2017).

Some methodologies may use multiple techniques to degas the experimental system and sample, for
example, some studies use a vacuum pump to evacuate the system and then inject CO2 to further
eliminate the occurrence of trapped air (Datta et al., 2014). Using a combination of techniques to
degas experimental systems/samples is thorough and effective but it can also be costly in terms of
price, time and space, and can be dependent on laboratory facilities and capabilities. The combina-
tion of some techniques used to degas an experimental system/sample are more efficient than others,
for example, when a system/sample is evacuated using a vacuum pump/chamber the solubility of
the gaseous phase is reduced. If the system/sample is then saturated with the aqueous phase after
the solubility of the gaseous phase has been reduced then the gaseous phase is easier to displace.
Using degassing techniques which use different mechanisms to remove gas is advantageous as it in-
creases the efficiency of gas removal. On the other hand, degassing using a combination of fluid/gas
injection and saturation can be less effective as the degassing technique is similar. Using degassing
techniques which use similar mechanisms to remove gas is disadvantageous as the efficiency of gas
removal is limited. Due to the size of the sample and the instruments the experimental system can
be difficult to degas and the trapping of air can occur more readily due to the pressure required
for displacement. Capillary pressure increases with decreasing pore size and displacement processes
will require a higher pressure than the local capillary pressure for displacement to occur (Kim et al.,
2018). This was evident during the development of the experimental methodology, where pressure
was unstable when only flooding was used as a method of degassing. Pressure did not reach equilib-
rium until the system and sample was evacuated with a vacuum pump and the system and sample
were flooded. Due to this, it is recommended that two or more different types (e.g. vacuum and
saturation or flooding) of degassing techniques which use different mechanisms to remove trapped
gas are required when working at the pore scale to ensure reliable results.

4.5.2 Evaluation of the Results

The results from the pore-scale permeability experiments have been evaluated and compared to the
results from three different methodologies, including other experimental systems in the literature
which measure the permeability of 3D bead pack samples, permeability simulations in the literature
and calculations of permeability using the Kozeny-Carman model from this study and from the
literature. The comparison of results from three different approaches further validates the results
obtained from the experimental system used in this study.

The results for pressure difference and permeability from both experiments are very similar (Fig. 4.3)
suggesting that the experimental procedure is repeatable and reliable. The R2 value for both trend
lines is over 0.93 which indicates minimal variation in the results. The permeability results from the
experiments are further supported by the permeability results from the Kozeny-Carman model. The
Kozeny-Carman permeability results for five zones throughout the sample are consistent and are
very compatible with the results from the experiments as there is less than 5% difference between
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the average permeability values from both experiments and the average permeability value from
the Kozeny-Carman model. Therefore, the experimental system is deemed a reliable and accurate
methodology for permeability studies as it has been supported by repeatable results from duplicate
experiments and additional results from alternative methods (Kozeny-Carman model).

The results from the experiments are also in strong agreement with the results in the literature.
Muljadi et al. (2016) present a permeability of 5.65 D for a lightly sintered 3D bead pack using a
numerical simulation at low velocities (0 - 0.0279 m/s) and a permeability of 6.25 D from the Kozeny-
Carman equation, which is similar to the average permeability results from the experiments, 3.05,
3.06 D, and the average permeability result from the Kozeny-Carman model, 3.20 D in this study.
The slight variation in permeability from each study is due to variation in the methodology used (e.g.
experimental methodology or numerical simulation) and the properties of each bead pack sample.
Each experiment or numerical simulation will have different objectives and conditions so it is to be
expected that results will differ slightly. The bead pack sample used in this study was composed of
beads which have a diameter of 75 µm, whereas the bead pack sample used in Muljadi et al. (2016)
was composed of beads with a diameter of 100 µm. Particle size is expected to contribute largely
to the geometry of the pore network and is associated with pore size, where pore length increases
with increasing particle diameter (Revil et al., 2012). The impact of particle size on permeability is
also evident in the results from the literature. Datta et al. (2014) use a lightly sintered bead pack
sample composed of beads with a smaller diameter 19 µm than the beads used in this study and
in Muljadi et al. (2016) and have a lower experimental permeability (1.64 D) and Kozeny-Carman
permeability (1.56 D). Bijeljic et al. (2013), alike Muljadi et al. (2016), use beads which have a
diameter of 100 µm and have a very similar permeability of 5.70 D. The results from this study
conform with the linear relationship between particle size and permeability (Fig. 4.5) which further
validates the results from the experimental system. In addition to validating the experimental results
from the pore scale permeability experiments, the results from Datta et al. (2014) and Muljadi et al.
(2016) also support the use of the Kozeny-Carman model to validate permeability results. The
results from this study, Datta et al. (2014) and Muljadi et al. (2016) all present permeability results
acquired from the Kozeny-Carman model which are very similar to the permeability results from
numerical simulations or experimental methods (Fig. 4.5), suggesting it is an effective method to use
to compare permeability values in homogeneous bead pack samples which have been lightly sintered.
Overall, the permeability values from the literature and Kozeny-Carman model are agreeable to the
permeability values acquired from the pore-scale permeability experiments used in this study, which
further supports the reliability and credibility of the results gained from the experimental system.

4.5.3 Applicability of the experimental system

This experimental system enables the measurement of flow rate and pressure drop across inter-
changeable 3D bead pack samples and the system is also able to incorporate additional techniques
such as fluid flow visualisation and fluid chemistry analysis (e.g. inductively coupled plasma - optical
emission spectrometry (ICP-OES)). The experimental system is also adaptable to different sample
sizes which supports analysis at different scales (e.g. from µm to cm).

The current set up of the experimental system does not include visualisation, however, this can be
easily incorporated. The tubing used between instruments is flexible and the length of the tubing
between instruments can be varied, however, this would result in longer evacuation and saturation
periods. To visualise fluid flow in the experiments a confocal microscope with imaging capabilities
can be included into the experimental system, where the sample resides underneath the microscopic
lens. Characterisation of the flow field can then be achieved using particle image velocimetry (PIV),



CHAPTER 4. DESIGN AND DEVELOPMENT OF PORE-SCALE PERMEABILITY EXPERIMENTS55

Figure 4.5: A graph showing the relationship between permeability and particle size.



CHAPTER 4. DESIGN AND DEVELOPMENT OF PORE-SCALE PERMEABILITY EXPERIMENTS56

where the fluid flow is seeded with tracer particles prior to the experiment and the velocity field
can be characterised by calculating the displacement of tracer particles between each image slice, as
described by Datta et al. (2013). Visualisation of multi-phase displacement processes can also be
achieved easily using this experimental methodology and sample type with a confocal microscope.
A multi-phase system can be created by flushing either a gas or fluid through the system via the
syringe pump until saturation is achieved after the system has been evacuated. Once the system is
saturated, the second phase can be injected via the syringe pump and analysis can begin. Either
phase can be dyed to allow visualisation of displacement processes (Datta et al., 2014). Analysis of
fluid chemistry is also supported by this experimental system. In the experimental set up the output
fluid drains into a syringe where it accumulates until the experiment is finished. The output fluid
can then be collected for analysis such as ICP-OES, which analyses the chemical composition of the
fluid, which is useful in analysing the effects of reactive flow and for contaminant/pollutant tracing.

The experimental system is also capable of supporting studies which use samples with different
lengths and scales. In this study the samples used were 1x1x33 mm, however, larger samples can
also be used in this experimental system. Larger bead packs, using larger capillary tubes, can be
connected by fitting the correct adapters, which would allow analysis in a range of sample sizes
from 1 - 6mm diameter. Conducting experiments using samples with increasing size is significant in
identifying and validating trends in data and is important for upscaling results, which is typically
performed using numerical simulations based on multiple assumptions.

4.6 Conclusions

Duplicate experiments have been conducted under the same conditions to verify the reliability and
accuracy of the experimental system and the type of sample used.

The experiments which have been conducted confirm that the system complies with the original
requirements; 1) introduction of a variable steady state single-phase fluid flow at the pore scale,
2) measurement of fluid flow rate, inlet pressure and outlet pressure at the pore scale, and, 3)
easy withdrawal/substitution of small scale, fragile samples without damaging or compromising the
integrity of the system.

The experimental methodology enables a user to measure and analyse the pore scale permeability in
3D. Furthermore, the experimental system and type of sample allow a user to measure and analyse
the effects of specific reservoir rock sedimentary properties, and different combinations of properties,
on the pore network geometry and on pore scale permeability. The type of sample used in this study,
a 3D bead pack, also allows the user to isolate the effect of the studied property/properties as other
influencing factors on fluid flow behaviour can be controlled.

During the development of the experimental methodology it was observed that a combination of two
different types of degassing techniques were required to fully stabilise pressure during the pore scale
permeability experiments. The degassing techniques used in this experimental methodology were
successful and allowed pressure to stabilise for each experiment ensuring accurate and reliable data
was produced from the experimental system.

The experiments have produced reliable and repeatable data. The data from the duplicate experi-
ments shows minimal variation and both sets of experimental data present a linear trend line with
a R2 value > 0.93. The permeability difference between each experiment was 0.3% and the ex-
perimental permeability results are further supported by the permeability values calculated using
the Kozeny-Carman model which also show negligible variation from the experimental permeability
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results (0.15%).

The experimental permeability and the permeability calculated using the Kozeny-Carman model are
strongly corroborated by other permeability studies in the literature. Related studies in the literature
show similar permeability results (1.64 - 5.65 D) from experimental and numerical methods and
indicate that the pore-scale permeability in 3D bead pack samples increases with increasing bead
size. Lower permeability (1.64 D) is observed when the bead size is lower (19 µm) and higher
permeability (5.65 D) is observed when the bead size is higher (100 µm). The Kozeny-Carman
permeability values in the literature further support this trend and also present similar permeability
results (1.56 - 6.25 D). This further confirms that the pore-scale permeability experiments are a
reliable method to measure permeability at the pore scale.

The experimental system is also able to incorporate additional techniques such as fluid flow vi-
sualisation and ICP-OES. Additionally, the experimental system can be used for single-phase or
multi-phase studies and can accommodate samples with varying sizes (1 - 6 mm diameter).



Chapter 5

How does grain size heterogeneity impact
pore network transport properties?

5.1 Introduction

Grain size is a sedimentological property in reservoir rocks and the size and distribution of grain
size can vary at a multitude of scales (µm-km). The size and distribution of grains can be variable
as a result of variable conditions during the time of sediment deposition, structural features, such as
faults which may cause displacement of different facies or formations and result in non-uniform grain
size distribution, or due to diagenetic processes such as dissolution and precipitation. Variations in
grain size can be observed as gradational or abrupt depending on the cause of the grain size variation
(e.g. depositional conditions, structural features or diagenetic processes) (Ogbe, 2021). Grain size
and the underlying processes which control grain size and distribution of grains are important to
understand in reservoir rocks as they contribute towards reservoir quality as they are capable of
influencing properties such as packing, porosity, pore system, permeability, hydraulic conductivity,
tortuosity and fluid flow pathways (Tiab and Donaldson, 2012; Weltje and Alberts, 2011; Yusuf and
Padmanabhan, 2019; Revil et al., 2012; Datta et al., 2013; Yang et al., 2020). Different grain packing
types relate to different porosity ranges and porosity also increases with increasing packing density
(Weltje and Alberts, 2011). The size of grains can also influence pore connectivity and tortuosity
where smaller grains are linked to less pore connectivity and greater tortuosity (Kashif et al., 2019;
Yusuf and Padmanabhan, 2019). Furthermore, the size of grains is also associated with the size
of pore throats, which in turn is related to the shear resistance to flow (Sperry and Peirce, 1995).
Additionally, in recent pore scale experimental and numerical studies it has been well established that
grain size influences pore diameter and permeability, where pore diameter and permeability increases
with increasing grain size / particle size (Revil et al., 2012; Muljadi et al., 2016; Datta et al., 2013;
Bijeljic et al., 2013). However, this relationship is only observed in samples with homogeneous
grain size, and it is not well understood how heterogeneous grain size directly impacts porosity,
pore diameter or permeability, and how this in turn impacts fluid transport behaviour despite that
heterogeneous textures in sandstones are expected to play a vital element in transport behaviour of
reservoir fluids and the prediction strategies in petroleum exploration and exploitation (Sun et al.,
2007). Additionally, microtextural properties (e.g.pore lining/filling patterns, grain sorting, grain
shape and packing density) of sandstones are commonly observed to differ between wells in oil fields
so understanding how microtextural properties influence flow properties at the pore scale can aid in
future prediction of how microtextural properties influence flow properties at the core and reservoir
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scale (Sun et al., 2007). Therefore, this chapter analyses and discusses the results from pore scale
permeability experiments and fluid transport simulations performed at the pore - core scale using
samples which have different bead sizes and present bead size contrasts (samples 1 - 4) (Fig. 3.3,
Table 3.2). Sample 1 is composed of 75 µm beads, samples 2 and 3 are both composed of 75 -
180 µm beads and present bead size contrasts, where sample 2 presents a contrast from larger beads
to smaller beads and sample 3 presents a contrast from smaller beads to larger beads, sample 4 is
composed of 150 - 180 µm beads. The bead size contrasts within the synthetic samples were based
off grain size contrasts identified in the natural rock samples at the core and thin section scale.

5.2 Results

The results detailed in this chapter include core characterisation, bead pack characterisation, pore
network geometry, permeability from the pore-scale permeability experiments, the Avizo®Fire ab-
solute permeability simulations and from the ANSYS Fluent simulations, the flow regime, fluid flow
pathways, permeability and tortuosity.

5.2.1 Core Sample Characterisation

The four reservoir sandstone core samples were analysed to identify grain size characteristics. Grain
size characteristics were analysed to ensure that the synthetic 3D bead pack samples presented
realistic grain size properties. Grain size was analysed at the core and thin section scale. Analysis at
the core scale revealed that grain size ranges from 375 µm (lower medium sand sized grains) - 4 cm
(large pebbles). Core sample 1 shows the least variation in grain size, 500 µm, and core sample 4
shows the greatest variation in grain size, 187 µm - 4cm (Table 5.1) and consequently, core sample
1 shows a greater level of grain sorting and core sample 4 shows a lower level of grain sorting. Core
samples 1, 3 and 4 also display features such as cross bedding, laminations and bands of coarser
material, which present grain size contrasts (Fig. 5.1). Core sample 1 (Fig. 5.2) presents 3 bands
of coarser material across 2.5 cm section with varying thickness; the top band is 4 mm thick, the
middle band is 3 mm thick, and the bottom band is 3 mm thick. In this section the bands of coarser
material occur frequently, 8− 10 mm apart. In core sample 3 the laminations of finer material are
thinner and occur less frequently than the bands of coarser material in core sample 1. In core sample
3 across a 16 cm section 6 laminations occur, 5 of which occur in 2 clusters. At the top of the core
section a single lamination occurs which is >1 mm thick, then there is a 7 cm gap until an additional
2 laminations occur, which are only 1 mm apart. After a 8 mm gap a cluster of 3 laminations occur
which are >1 mm apart. Core sample 4 displays one band of coarser material (2−40 mm) which is
30 mm thick across a 7.5 cm core section. Analysis at the thin section scale shows that grain size
ranges from 200 µm - 8mm (Table 5.2). Core sample 4 has the greatest range in grain size, 500 µm -
8mm, and core sample 1 shows the lowest range in grain size, 250 - 500 µm. Correspondingly, core
sample 4 shows the poorest grain sorting and core sample 1 shows the greatest grain sorting. Core
sample 1 shows laminations of coarser grains, 200 - 1000 µm, and core sample 3 shows laminations
of finer grains (clay sized < 68 µm) (Fig. 5.3).

The porosity and median pore diameter of the reservoir sandstone core samples were measured using
mercury intrusion porosimetry (MIP) and the porosity ranges from 15.23 - 25.27% (see Table 5.3).
Core sample 4 has the highest porosity and core sample 3 has the lowest porosity. The median pore
diameter also varies across the four core samples, and ranges from 0.0103− 0.0169 µm. Core sample
1 has the lowest median pore diameter and core sample 4 has the largest median pore diameter.
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Table 5.1: The grain size characteristics of the core samples at the core scale.

Sample Grain Size Grain Sorting Features

1 500 µm Very well sorted Moderate angle cross laminations
2 375 - 750 µm Moderately sorted -
3 500 - 750 µm Very well sorted Clay sized laminations
4 187 µm - 750 µm Poorly sorted Band of coarser material (2−40 mm)

Table 5.2: The grain size characteristics of the core samples at the thin section scale.

Sample Grain Size Grain Sorting Features

1 250 - 500 µm Well sorted Bands of coarser material (200 - 1000 µm)
2 250 - 710 µm Moderately sorted Dolomite concretions
3 500 - 1000 µm Well sorted Clay sized laminations
4 500 µm - 8mm Moderately sorted Clusters of dolomite nodules

Figure 5.1: Laminations of finer grained material in core sample 3.
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Figure 5.2: Coarser bands of material which has created grain size contrasts in core sample 1. The
coarser bands of material are highlighted by the dashed lines.

Figure 5.3: Laminations in core samples 1 and 3 at the thin section scale; A shows the contrast
between the overall grain size and a lamination of coarser grains in core sample 1 and B shows the
contrast between the overall grain size and a lamination of finer grains in core sample 3.
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Table 5.3: The porosity and median pore diameter results from the core samples using MIP.

Sample Porosity Median Pore Diameter
(%) (µm)

Core 1 17.45 0.0103
Core 2 17.50 0.0147
Core 3 15.23 0.0146
Core 4 25.27 0.0169

Figure 5.4: The difference in pore space (blue) between core sample 2 (A) and 4 (B).

The porosity of the core samples was also assessed from thin section images using the ImageJ software
and core sample 4 has the largest average porosity and core sample 2 has the lowest average porosity
and this is demonstrated at the thin section scale by Figure 5.4, where core sample 4 evidently has
more pore space (impregnated with blue resin) than core sample 2. The range of porosity values in
the core samples was also analysed, and core sample 4 shows the biggest range in porosity values
across the thin section sample and core sample 2 shows the smallest range in porosity values across
the thin section sample (Table 5.4). The porosity was also measured in another two sections of the
core samples 1, 2 and 3 as the properties in the samples were variable at the thin section scale due
to the occurrence of a lamination of finer material (Fig. 5.3), and this is reflected by the variability
in porosity results. In core samples 1 and 3 the porosity was assessed before (porosity 1) and after
(porosity 2) a lamination feature and in core sample 2 porosity was assessed in a homogeneous
section (porosity 1) and within a lamination feature (porosity 2). Core sample 2 presents the largest
range in porosity, 14.19% - 24.35% and core sample 1 presents the smallest range in porosity, 22.92%
- 26.48%.

5.2.2 Bead Pack Sample Characterisation

The Avizo® Fire software was used to calculate the range of pore diameter size and the pore
diameter size ranges from 0.005 - 0.253 mm for sample 1, 0.005 - 0.254 mm for sample 2, 0.005 -
0.276 mm for sample 3, and from 0.005 - 0.297 mm for sample 4 (Fig. 5.5, Fig. 5.6, Table 5.5).
Samples 1 and 4 present a bimodal distribution of pore diameter size despite having a unimodal
distribution of bead size. This may be due to the type or degree of contact between the beads and
the capillary tube wall, which may present a different pore diameter size in comparison to the pore
diameter size between sintered, packed beads.
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Table 5.4: The porosity results from the core samples using ImageJ analysis. Porosity 1 corresponds
to the porosity of the homogeneous areas of the sample and porosity 2 corresponds to the porosity of
the heterogeneous areas of the samples (e.g. within lamination features or after lamination features)
Please note: only one porosity value was taken for core sample 4 as it displayed no clear contrasts
in grain size, grain shape or grain sorting at thin section.

Sample Average Porosity (%) Porosity 1 (%) Porosity 2 (%)
Core 1 21.98 26.48 22.92
Core 2 17.10 24.35 14.19
Core 3 18.41 17.19 14.99
Core 4 24.43 - -

Table 5.5: The mean pore diameter results from the bead pack samples.

Sample Mean Pore Diameter (mm)

1 0.070
2 0.072
3 0.078
4 0.108

Sample 4 has the largest range in pore diameter and sample 1 has the smallest range in pore diameter.
The mean pore diameter size for each sample was also measured, and ranges from 0.067 - 0.108 mm.
Sample 4 has the largest mean pore diameter (0.108 mm) and sample 1 has the smallest mean pore
diameter (0.070 mm). The mean pore diameter size was also measured throughout the different
zones of each sample (Fig. 5.6) and sample 3 shows the greatest variation in the mean pore diameter
size across the zones (0.055 mm) and sample 1 shows the smallest difference in mean pore diameter
values across each zone (0.009 mm).

When the samples with bead size contrasts (samples 2 and 3) are compared the mean pore diameter
size is variable in the zones which have the same bead size. Samples 2 and 3 contain the same range
of bead sizes but the arrangement of the bead size is different, as demonstrated in Figure 3.3. This
means that certain zones of the samples have the same bead size but occur in a different section of
the sample. For example, sample 2 zones 1 and 2 will have the same bead size as sample 3 zones 4
and 5. Despite having the same bead size, (75 µm) sample 3 zone 5 has 6% larger mean pore diameter
than sample 2 zone 1. Additionally, sample 3 zone 1 has a 15.45% larger mean pore diameter than
sample 2 zone 5 and both zones have a composition of 150 - 180 µm beads. Furthermore, sample
2 zone 4 has a larger mean pore diameter than sample 3 zone 3 (6.36%) Sample 2 zone 2 shows a
minimal variation with sample 3 zone 4 (0.001%) and this is also observed with sample 2 zone 3 and
sample 3 zone 3 (0.24%).

The porosity of the bead pack samples was measured using the Avizo® Fire software and the ANSYS
Fluent R2 software (see Chapter 3). In the Avizo® Fire software the porosity was measured across
five zones (Fig. 5.6), where zone 1 occurs at the top of the sample and zone 5 occurs at the bottom
of the sample. The porosity of the ten tetrahedral meshes was also measured using the ANSYS
Fluent R2 2020 software and the tetrahedral meshes originate from sample 1 zone 3, sample 2 zones
2-4, sample 3 zones 2-4 and sample 4 zone 3. The porosity of two additional meshes, samples 5 and
6, was also measured in the ANSYS Fluent software and the porosity for sample 5 is 44% and the
porosity for sample 6 is 45%.
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Figure 5.5: The range in pore diameter values for each sample.
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Figure 5.6: A log presenting the pore network properties of the bead pack samples and how they
vary throughout the five zones of the sample. The properties were measured across a 1× 1× 7 mm
scanned section of the bead pack samples and the porosity used in the log is the porosity measured
in the Avizo®Fire software. Fluid flows in the z direction from zone 1 to zone 5.
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Table 5.6: The average porosity results from the bead pack samples and meshes of the bead pack
samples.

Sample Average Avizo®Fire Porosity (%) Average ANSYS Fluent Porosity (%)
1 38.86 43.95
2 35.25 45.53
3 37.59 40.30
4 42.33 44.69

Table 5.7: The comparable porosity results from the bead pack samples and meshes of the bead
pack samples.

Sample Zone Avizo®Fire Porosity (%) ANSYS Fluent Porosity (%)
1 3 39.10 43.95

2 2 35.27 50.32
2 3 33.86 40.05
2 4 35.26 46.21

3 2 37.02 40.30
3 3 37.27 38.78
3 4 37.11 41.81

4 3 41.23 44.69

The different techniques used to measure porosity show some variation (5.29 - 22.57%) in the results
and overall the porosity results from the Avizo®Fire software are lower than the porosity results
from the ANSYS Fluent R2 software. Sample 2 shows the greatest difference in porosity (22.57%)
and sample 4 shows the smallest difference in porosity (5.29%).

The porosity results from both techniques show that porosity varies throughout the samples with
bead size contrasts, especially sample 2, where porosity ranges from 33.86 - 37.58% in the Avizo®Fire
software and ranges from 40.30 - 50.32% in the ANSYS Fluent software. Both techniques show that
sample 3 has more consistent porosity than sample 2, and in the Avizo®fire software porosity ranges
from 37.02 - 39.06% and in the ANSYS Fluent software porosity ranges from 38.78 - 41.81%. The
Avizo®Fire software also shows that there is a lot of variation in the porosity of sample 1 (33.10 -
45.00%).

The packing in the bead pack samples varies and in the samples with homogeneous bead size (samples
1 and 4) the samples present rhombohedral packing (Fig. 5.7). In samples 2 and 3 the packing was
assessed in the transitional zone (zone 3) which showed that the packing was more random (Fig.
5.7). In sample 2 smaller beads were observed to fill the pore space and also wedge between larger
beads (Fig. 5.8). Fewer beads were observed filling the pore space than wedging between the beads,
for example, when smaller beads were observed to wedge in between the larger beads there would
typically be 2-3 beads wedged however when smaller beads were observed to fill the pore space there
would typically only be one bead filling the pore space. In sample 3 the transitional zone displays a
clearer boundary between larger beads and smaller beads and the beads are more well sorted than
the beads in the transitional zone of sample 2 (Fig. 5.9). Smaller beads were observed to fill the
pore space between some larger beads and the amount of smaller beads which filled the pore space
between the larger beads ranged from 1 - 5 (Fig. 5.9).
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Figure 5.7: The central section (zone 3) of the four bead pack samples. The 3D image of each sample
was taken in the Avizo®Fire software and is a 3D render of the image stack from the XCT scan.

Figure 5.8: An example of smaller beads wedged between larger beads (panel on the left) and an
example of a smaller bead infilling the pore space between larger beads (panel on the right).

Figure 5.9: The boundary between larger beads and smaller beads in sample 3 (panel on the left)
and an example of smaller beads infilling the pore space between larger beads in sample 3 (panel on
the right).
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Table 5.8: The experimental permeability results across the four bead pack samples.

Sample Average Permeability (D) Average Permeability (µm2)
1 3.06 3.10
2 3.77 3.82
3 2.77 2.81
4 6.50 6.56

5.2.3 Permeability

The permeability results for the four samples with varying bead sizes were acquired from the pore-
scale permeability experiments, the Kozeny-Carman model, permeability simulations conducted us-
ing the Avizo®Fire and ANSYS Fluent software.

Experimental Permeability

From the pore-scale permeability experiments the permeability was calculated using Darcy’s Law,

KD =
µQL

∆PA
(5.1)

where µ is the dynamic viscosity, Q is the volumetric flow rate, L is a length scale, ∆P is the
pressure difference and A is the cross-sectional area, and the results show that permeability ranges
from 2.33 D (2.30 µm2) to 20.26 D (20.00 µm2). The average permeability values for each sample
ranges from 2.81 D (2.77 µm2) to 6.56 D (6.50 µm2) (Table 5.8). Overall, sample 3 displays the lowest
permeability and sample 4 shows the highest permeability.

The results from the experiments also show that the pressure difference increases linearly with
increasing fluid flow rate across all samples (Fig. 5.10), however, the gradient of this relationship
varies across the sample. The gradient is much steeper for sample 3 and the gradient is much gentler
for sample 4. The error bars shown in Figure 5.10 were calculated from the standard deviation in
the results for flow rate (horizontal error bars) and pressure difference (vertical error bars) after the
system had stabilised for a minimum of 30 minutes. Results were recorded every 0.1 seconds.

Kozeny-Carman Permeability

The Kozeny-Carman permeability,

KKC
=

(
φ3

(Sv)2K(1− φ)2

)
(5.2)

where φ = porosity, Sv = 6/DP (where DP = particle diameter), K = the Kozeny-Carman constant
(which is 5 for spherical beads), was calculated using the porosity from the Avizo®Fire software
(K1) and the ANSYS Fluent R2 software (K2). The Kozeny-Carman model was only applicable to
the bead pack samples with homogeneous bead size (samples 1 and 4) and the zones which have
homogeneous bead size (samples 2 and 3 zones 1,2,4,5).

The permeability results vary when different porosity values are used and permeability is predicted to
be the greatest when the porosity results from ANSYS Fluent R2 (K2) are used and the permeability
is predicted to be the lowest when the porosity results from Avizo®Fire (K1) are used (Fig. 5.6,
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Figure 5.10: The results from the pore-scale permeability experiments for each sample.
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Table 5.9: The average Kozeny-Carman permeability results across the four bead pack samples.
Average K1 corresponds to the K-C permeability using the porosity results from Avizo®Fire and
average K2 corresponds to the K-C permeability using the porosity results from ANSYS Fluent R2.

Sample Average K1 (D) Average K2 (D)
1 4.42 8.48
2 5.93 24.59
3 6.93 10.85
4 9.26 45.56

Table 5.10: The Kozeny-Carman permeability results across the different zones of the four bead
pack samples.

Sample Zone K1 (D) K2 (D)
1 3 5.04 8.48
2 2 3.27 16.14
2 4 15.83 51.58
3 2 19.34 27.78
3 4 4.04 6.74
4 3 30.71 45.56

Table 5.9). The porosity values vary as a result of using different techniques to measure porosity and
due to the different scales that porosity was measured at. When porosity is measured at a smaller
scale (ANSYS Fluent R2 porosity) the sample area is smaller and therefore the value of porosity
may be less representative. Alternatively, when porosity is measured at a larger scale (Avizo®Fire
porosity) the sample area may include areas which present lower or higher than average porosity.
Due to this, multiple zones of the samples were analysed despite having the same bead size to ensure
that the results were representative.

The permeability results from using the two different porosity values indicate that the average
permeability is highest in bead pack sample 4 and lowest in bead pack sample 1. In the samples
which have bead size contrasts the K1 results show that permeability is greater in sample 3 and the
K2 results show that permeability is greater in sample 2.

The permeability results from the Kozeny-Carman model also vary throughout the bead pack samples
and permeability is predicted to vary considerably throughout the zones of bead pack samples 2 and
3. The K1 results show that permeability varies more in sample 3 than in sample 2 and the K2
results show that permeability varies more in sample 2 than in sample 3. The permeability results
also show that there is a large range in permeability values when zones with the same composition
are compared (e.g. sample 2 zone 2 and sample 3 zone 4). The K1 results show that sample 2
zone 2 has 0.77 D (19.05%) lower permeability than sample 3 zone 4. Additionally, sample 2 zone 4
has 3.51 D (18.14%) lower permeability than sample 3. The K2 results show that sample 2 zone 2
has 9.40 D (58.24%) greater permeability than sample 3 zone 4. Furthermore, sample 2 zone 4 has
23.80 D (46.14%) greater permeability than sample 3 zone 2.

The K1 results show minimal variation throughout the zones in the samples with homogeneous bead
size and permeability varies by 0.22 D in sample 1 and by 2.59 D in sample 4.
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Table 5.11: The average absolute permeability results for each bead pack sample.

Sample Absolute Permeability (D) Absolute Permeability (µm2)
1 10.38 10.52
2 18.13 17.90
3 18.02 17.79
4 29.13 28.75

Simulated Permeability

The Absolute Permeability Experimental Simulations were conducted in the Avizo®Fire software
and permeability was simulated for 5 zones of each sample and the zones are labelled 1 - 5, where
zone 1 occurs at the top of the bead pack sample and zone 5 occurs at the bottom of the bead pack
sample (Fig. 5.6). The average absolute permeability across the four samples ranges from 10.80 D
(9.33 µm2) - 36.68 D (36.20 µm2) (Table 5.11).

The averaged permeability for the bead pack samples which have bead size contrasts was also
compared to the transitional zone (zone 3) and the average permeability for sample 2 shows a 3.34 D
difference in comparison to the transitional zone permeability and sample 3 shows a 5.58 D difference.

When permeability from the Absolute Permeability Experimental Simulations is plotted against
porosity all samples show that permeability increases with increasing porosity (Fig. 5.11). The
permeability also increases with increasing mean pore diameter (Fig. 5.11) and the linear relationship
between permeability and mean pore diameter is more significant than the linear relationship between
permeability and porosity. This is also demonstrated in Figure 5.6, which shows that permeability
and mean pore diameter display similar trends throughout the samples, especially in samples 2 and
3. This indicates that porosity is less influential on permeability than pore diameter size and this
is especially demonstrated by the results from sample 1, which show a small range in permeability
yet a large range in porosity. Furthermore, this may also indicate that porosity is not a reliable
property to use to predict permeability.

CFD simulations using ANSYS Fluent R2 2020 were conducted on ten tetrahedral meshes of selected
zones of the bead pack samples. In the samples which have homogeneous bead size (samples 1 and
4) the CFD simulations were performed on one mesh from the central section (zone 3) of the sample.
In samples which have heterogeneous bead size (samples 2 and 3) CFD simulations were performed
on three meshes from three different zones of the samples (zones 2-4) to analyse fluid flow behaviour
in zones which have different bead size or transitional bead size. The CFD simulations were also
conducted on two scaled down homogeneous samples to analyse fluid flow in samples with smaller
bead size (samples 5 and 6). The results from the CFD simulations include permeability, pressure
and volumetric flow rate across the sample, velocity field, tortuosity and streamlines. Additionally,
the CFD simulations were also used to determine the permeability at greater flow rates and pressures.

At the experimental scale (in this study), which is defined by a pressure difference of less than
100 kPa, the permeability varies between each of the samples and also varies across the different
zones of the samples. The permeability is predicted to range from 0.69 D to 53.78 D (Table 5.12).
Sample 2 shows the greatest range in permeability and ranges from 16.71 D - 53.78 D, which is a
37.07 D (68.92%) difference in permeability throughout the sample. Sample 3 also displays a range
in permeability values from 8.94 D to 32.79 D, which is a 23.85 D (72.73%) difference in permeability
throughout the sample. For the samples which present a bead size contrast the average permeability
was also calculated from the zones either side of where the beads mixed (zone 3) and this is compared
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Figure 5.11: The permeability results from the Avizo Fire permeability simulations plotted against
porosity (top panel) and pore diameter (bottom panel) which show that permeability increases with
increasing porosity and mean pore diameter. The results show that mean pore diameter size has
a greater impact on permeability than porosity, and this is especially demonstrated by sample 1,
which shows a small range in permeability despite a large range in porosity. This may indicate that
porosity is not a reliable property to use to predict permeability.
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Table 5.12: The average permeability results from the CFD simulations conducted at the experi-
mental scale in the Darcy flow regime.

Sample Zone Bead Size (µm) Permeability (D) Permeability (µm2)
1 3 75 10.85 10.70
2 2 75 16.71 16.49
2 3 75 - 180 17.53 17.30
2 4 150 - 180 53.78 53.08
3 2 150 - 180 32.79 32.36
3 3 75 - 180 11.98 11.83
3 4 150 - 180 8.94 8.82
4 3 150 - 180 47.01 46.39
5 - 18 0.69 0.68
6 - 40 3.01 2.97

with the predicted permeability from the CFD simulations. The average permeability for sample 2 is
25.50 D and the predicted permeability for the transitional zone is 17.53 D which shows a difference
of 7.97 D (31.25%). The average permeability for sample 3 is 14.05 D and the prediction permeability
for the transitional zone is 11.98 D which is a difference of 2.07 D (14.73%).

At the experimental scale in this study (> 100 kPa) all six samples show a linear relationship between
flow rate and pressure gradient. In samples 2 and 3 the different zones present obvious differences
in the relationship between the flow rate and pressure gradient, for example, sample 2 zone 4 and
sample 3 zone 2 demonstrate that pressure increases more steeply with increasing velocity than in
the other zones. The average permeability was also predicted for the samples which were composed
of two different bead sizes (samples 2 and 3) from the results of zones 2 and 4 and the results for
the average permeability were compared to the permeability results from zone 3. The results for the
predicted average permeability for sample 2 is 25.50 D and the permeability for sample 2 zone 3 is
17.53 D, which is a 7.97 D (31.26%) difference. For sample 3 the predicted average permeability is
14.05 D and the permeability for sample 3 zone 3 is 11.98 D, which is a 2.06 D (14.69%) difference.

In samples 2 and 3 the pressure and mass flow rate were also recorded at nine planes in the z direction
across zone 3 to understand how the pressure and mass flow rate changes across the zones which
have transitional bead size. The results for sample 2 show that when pressure is plotted against the
z coordinate there is a significant change in the gradient of the data points indicating a change in
pressure in sample 2. The results for sample 3 also show an obvious change in gradient in the data
points displaying a change in pressure conditions. The mass flow rate remains constant across the
pore network for sample 2, and remains largely constant across the pore network for sample 3 apart
from at plane 1 (4.03× 10−5 m) where the mass flow rate increases slightly (+ 4.49× 10−8 m/s)
(58.63%) which corresponds to a pressure value which is higher than the previous and following
values (+ 1.54 Pa) (23.18%) for pressure and does not follow the overall trend displayed by the other
data points.

The permeability was also calculated between each of the planes and sample 2 shows that perme-
ability increases throughout the sample and sample 3 shows that permeability decreases and then
stabilises throughout the sample (Fig. 5.13).

The results from the CFD simulations performed at greater flow rates and pressures show that the
relationship between pressure gradient and flow rate is not always linear (Fig. 5.14).
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Figure 5.12: The pressure values across the tetrahedral meshes of the transitional zones in samples
2 and 3.
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Figure 5.13: The permeability across the tetrahedral meshes of the transitional zones in samples 2
and 3.

Across the samples the linear relationship changes gradient and the point at which this gradient
change occurs differs across the samples and sample zones (Fig. 5.14). Sample 1 presents a change
in gradient at the lowest Darcian flow rate (0.02 m/s) and sample 4 presents a change in gradient at
the lowest pressure difference (0.435 kPa). On the other hand, sample 6 shows a change in gradient
at the highest Darcian flow rate (1.82 m/s) and pressure gradient (146.437 Pa). In samples 2 and 3
the gradient change does not occur synchronously across the zones of the same sample, for example,
sample 2 zones 2 and 3 show that the change in gradient occurs at a lower flow rate than in zone 4
(approximately 0.05 m/s or 60.59% lower). This is also observed in sample 3 which shows that the
change in gradient for zones 3 and 4 occurs at a higher flow rate (0.10 -0.14 m/s or 57.02 - 64.16%
greater) and at higher pressure differences (10.883 - 10.963 Pa or 90.15 - 90.22% greater).

The permeability from the four methods for the samples with homogeneous bead size is also plot-
ted against bead size and overall indicates the permeability increases with increasing bead size
(Fig. 5.15). The CFD results and the Kozeny-Carmen permeability using the CFD porosity val-
ues show a quadratic relationship between increasing permeability and increasing bead size whereas
there are too few points from the experimental, Avizo®Fire and Kozeny-Carman permeability using
the Avizo Fire results to draw a conclusion.

5.2.4 Flow Regime and Reynold’s Number

The Reynold’s number,

Re =
ρV L

µ
(5.3)

where ρ is the fluid density, µ is the dynamics dynamic viscosity, v is the velocity and L is the
average pore diameter, calculated from the experimental data is similar across all samples as flow
rate was controlled and consistent during the experiments (Table 5.5). The experimental results
range from 9.58× 10−4− 4.56× 10−3 and higher flow rate results in higher Re.

The CFD results show that the Re ranges from 7.00× 10−4− 211.53 and sample 5 has the smallest
Re at the lowest flow rate and sample 2 zone 4 has the highest Re at the highest flow rate and also
displays the largest range in Re (211.51 ).
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Figure 5.14: The results from the CFD simulations showing a gradient change in the linear trend
line.
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Figure 5.15: The permeability results compared to bead size indicating that permeability increases
with increasing bead size in the samples.
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Table 5.13: The Re at which permeability decreases for each sample.

Sample Zone Bead Size (µm) Re
1 3 75 0.22
2 2 75 0.29
2 3 75 - 180 0.31
2 4 150 - 180 0.08
3 2 150 - 180 0.56
3 3 75 - 180 0.17
3 4 150 - 180 0.13
4 3 150 - 180 37.18
5 - 18 1.87
6 - 40 0.09

When the experimental Re and CFD Re are compared the results show that overall the CFD results
at the experimental scale (< 100 kPa) are higher than the experimental results. However, the results
show that there is some overlap in the results and some of the CFD Re results (1 - 2) occur in the
same order of magnitude at similar flow rates, apart from sample 4, which shows no overlap between
the experimental Re and the CFD Re and there is at least one order of magnitude difference in the
Re results.

When the CFD Re results are plotted against permeability the permeability is stable at the ex-
perimental scale (approximately Re 1.E-03 - 1.E-01). Permeability is observed to decrease in all
samples but the Re at which permeability decreases differs across the samples (Fig. 5.16, Table
5.13). The permeability decrease corresponds to the change in gradient of the linear relationship
between Darcian flow rate and pressure difference (Fig. 5.14). Sample 2 zone 4 shows the lowest
Re where permeability decreases and sample 4 shows the highest Re where permeability decreases.
When the samples with bead size contrasts are compared the permeability decreases at a lower Re
in sample 2 than in sample 3 in zones 2 and 4. In zone 3 sample 2 has a higher Re than sample 3
when permeability decreases. The Re at which permeability begins to decrease at is also compared
against the pore diameter (Fig. 5.17) and the Re increases with increasing mean pore diameter size.

The inverse apparent permeability, 1/KApp, was calculated and plotted as a function of ρU/µ
(Forchheimer graph) (Fig. 5.18) and the slope of the graph reveals the value of the beta factor, β,
also known as the the non-Darcy coefficient, which is proportional to the additional term in the
Forchheimer equation (Muljadi et al., 2016). The results show that β is the highest in sample 5 and
β is lowest in sample 3 zone 2 (Table 5.14) and in the homogeneous samples β increases in samples
with smaller bead size (Fig. 5.19).

5.2.5 Tortuosity and Fluid Flow Pathways

The tortuosity results vary between the samples and also throughout the samples and tortuosity
ranges from 1.07− 4.58 Tortuosity is lowest in sample 2 zone 4 and highest in sample 3 zone 4
(Table 5.15).

In the samples with homogeneous bead size (samples 1, 4, 5, 6) tortuosity increases with increasing
bead size (Fig. 5.20). In the samples with heterogeneous bead size sample 3 shows greater tortuosity
than sample 2 overall (Fig. 5.21) and the range in tortuosity is greater in sample 3, where the
tortuosity varies by 3.21 (+ 55.18%) whereas in sample 2 the tortuosity only varies by 1.44 Sample
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Figure 5.16: Permeability plotted against Re from the CFD simulations
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Figure 5.17: The mean pore diameter size plotted against the Re at which permeability begins to
decrease in the samples. The results show that the permeability begins to decrease at lower Re when
pore diameter is smaller.

Table 5.14: The β for each sample.

Sample Zone Bead Size (µm) β

1 3 75 2.01
2 2 75 1.50
2 3 75 - 180 1.57
2 4 150 - 180 1.23
3 2 150 - 180 0.74
3 3 75 - 180 2.09
3 4 150 - 180 2.41
4 3 150 - 180 1.25
5 - 18 96.70
6 - 40 25.85



CHAPTER 5. GRAIN SIZE HETEROGENEITY 81

Figure 5.18: The Forchheimer graphs for each sample showing the inverse relationship between
1/KApp and ρU/µ.
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Figure 5.19: β compared to bead size showing that β decreases with decreasing bead size.

Table 5.15: The tortuosity results from the samples.

Sample Zone Tortuosity
1 3 1.47
2 2 2.51
2 3 1.73
2 4 1.07
3 2 2.79
3 3 1.37
3 4 4.58
4 2 1.51
5 - 1.54
6 - 1.21
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Figure 5.20: Tortuosity values plotted against the bead size from the samples with homogeneous
bead size showing that the tortuosity value increases with increasing bead size.

2 shows that tortuosity decreases from zone 2 to zone 4 and sample 3 shows that tortuosity decreases
from zone 2 to 3 and then increases from zone 3 to 4.

The flow pathline results display different velocities and flow patterns in the different samples and
across the zones of the different samples (Figs. 5.22 - 5.31). Sample 1 presents the highest velocity
flow, 2.10 m/s, and sample 5 shows the lowest velocity flow, 6.86E-05 m/s (Table 5.16). The
samples which present a bead size contrast (samples 2 and 3) show that the average velocity varies
throughout the samples and the average velocity in sample 2 decreases from zone 2 to zone 3 by
1.89E-03 (61.17%) and increases from zone 3 to zone 4 by 1.49E-03 (55.39%). The average velocity
in sample 3 increases from zone 2 to zone 3 by 4.81E-02 (98.17%) and decreases from zone 3 to zone
4 by 4.59E-02 (93.71%).

Sample 1 shows less flow pathlines than the other five samples and both sample 1 and 6 present the
most uniform flow velocity and flow pattern. Samples 4 and 5 show that flow is mostly uniform but
some areas of high velocity flow occur and this is more significant in sample 4 where the areas of
high velocity flow are larger than in sample 5. Samples 2 and 3 show that the flow velocity and flow
pattern change throughout the sample.

In sample 2 zone 2 fluid flow and velocity is mostly uniform with some pathlines facilitating higher
velocity flow (+ 3.09× 10−3 m/s (50%)). In sample 2 zones 3 and 4 the pathlines facilitating higher
velocity flow increase in frequency and velocity and the velocity in the pathlines increases 2.90E-03
m/s (48.41%) in zone 3 and the velocity increases by 7.41E-03 m/s (55.30%) in zone 4. In sample 2
zone 3 some of the pathlines of high velocity flow form preferential channels across the sample and
in sample 2 zone 4 most of the pathlines of high velocity flow form channels across the sample.

In sample 3 zone 2 multiple pathlines are observed to facilitate higher velocity flow (+ 3.59E-03
m/s (79.98%)) and most of which extend fully across the mesh and a lower number of pathlines are
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Figure 5.21: Tortuosity values from samples 2 and 3 showing that tortuosity differs between the
different zones of the samples with heterogeneous bead size.

also observed to facilitate even higher velocity flow (+ 7.19E-03 m/s (88.89%)). In sample 3 zone
3 the flow velocity and flow pattern is uniform (4.90E-02 m/s). Sample 3 zone 4 displays pathlines
of higher velocity flow (+ 1.54E-03m/s (83.35%)) but none extend fully across the mesh. The high
velocity pathlines in sample 3 zone 2 are 2.64E-03m/s (58.80) higher than the high velocity pathlines
in sample 3 zone 4.

In the zones which correspond to the same bead size (e.g. sample 2 zone 2 and sample 3 zone 4)
the velocity of the pathlines which support high velocity flow differ. For example, the high velocity
pathlines in sample 2 zone 2 are 1.24E-03 m/s (40.13%) greater than the high velocity pathlines
in sample 3 zone 4. Additionally, the high velocity pathlines in sample 2 zone 4 are 8.91E-03 m/s
(66.49%) greater than the high velocity pathlines in sample 3 zone 2.

5.3 Discussion

In this section the results of the sample characterisation, pore scale permeability experiments and
permeability simulations will be discussed.

5.3.1 How does heterogeneous bead size alter the pore network geometry?

The pore network geometry varies between each sample and this is demonstrated by the differing
ranges of pore diameter size and porosity. Pore size in reservoir rocks is important to characterise as
it is one of the key factors to consider when modelling fluid flow and chemical transport and it closely
linked to other rock properties, such as permeability and diffusivity (Rijfkogel et al., 2019; Zhang
et al., 2016). Furthermore, variable sizes of pores in pore networks can also influence thermodynamic
behaviour and areas with small pore diameters can act as a semi-permeable membrane which filters
transported molecules based on their size (Alfi et al., 2019). Additionally, the size of pores in
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Figure 5.22: The pathlines for sample 1. The legend describes the velocity of the pathlines (m/s)
and the size of the mesh is 400 µm3.
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Figure 5.23: The pathlines for sample 2 zone 2. The legend describes the velocity of the pathlines
(m/s) and the size of the mesh is 400 µm3.
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Figure 5.24: The pathlines for sample 2 zone 3. The legend describes the velocity of the pathlines
(m/s) and the size of the mesh is 400 µm3.
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Figure 5.25: The pathlines for sample 2 zone 4. The legend describes the velocity of the pathlines
(m/s) and the size of the mesh is 400 µm3.
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Figure 5.26: The pathlines for sample 3 zone 2. The legend describes the velocity of the pathlines
(m/s) and the size of the mesh is 400 µm3.
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Figure 5.27: The pathlines for sample 3 zone 3. The legend describes the velocity of the pathlines
(m/s) and the size of the mesh is 400 µm3.



CHAPTER 5. GRAIN SIZE HETEROGENEITY 91

Figure 5.28: The pathlines for sample 3 zone 4. The legend describes the velocity of the pathlines
(m/s) and the size of the mesh is 400 µm3.



CHAPTER 5. GRAIN SIZE HETEROGENEITY 92

Figure 5.29: The pathlines for sample 4. The legend describes the velocity of the pathlines (m/s)
and the size of the mesh is 400 µm3.
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Figure 5.30: The pathlines for sample 5. The legend describes the velocity of the pathlines (m/s)
and the size of the mesh is 400 µm3.
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Figure 5.31: The pathlines for sample 6 The legend describes the velocity of the pathlines (m/s)
and the size of the mesh is 400 µm3.
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Table 5.16: The average flow velocity from the pathline results from the different meshes which have
different pressure drops. The different pressure drops are based on the results from the pore-scale
permeability experiments.

Sample Zone Flow Velocity (m/s)
1 3 2.10× 10−3

2 2 3.09× 10−3

2 3 1.20× 10−3

2 4 2.69× 10−3

3 2 8.99× 10−4

3 3 4.90× 10−2

3 4 3.08× 10−3

4 2 2.39× 10−3

5 - 6.86× 10−5

6 - 7.73× 10−1

a reservoir rock can also be associated with reservoir storage and productivity as pore size can
determine the amount of hydrocarbon stored, for example, oil is more likely to be stored in pores
> 20 nm (Zhang et al., 2016; Alfi et al., 2019). From the core and bead pack characterisation results
it is evident that grain/bead size significantly impacts the mean pore diameter and these results
correspond well to other results in the literature, where the pore diameter is expected to roughly
equate to grain size (Revil et al., 2012) and it is expected that the pore size increases with increasing
bead size (Chung and Lin, 2017) and two geometrically similar pore geometries of different scales
will see a scaling of pore size with grain diameter. The pore diameter distribution results from all
four bead pack samples present a bimodal distribution, which is typical of fine grained sandstones
(Zhang et al., 2018b), and the bimodal distribution is more pronounced in the sample with the
largest bead size and less pronounced in the sample with the smallest bead size which implies that
increasing bead size corresponds to increasing polarity in pore diameter size distribution.

The bead pack characterisation results also suggest that the arrangement of bead size (e.g. large
beads to small beads or small beads to large beads) influences pore diameter and mean pore diameter
and the range of mean pore diameter is larger overall when larger beads transition to smaller beads
(Fig. 5.5 and 5.6). Furthermore, the results from the characterisation of the bead pack samples
indicate that the bead size which occurs second in the samples which have two different bead sizes
influences the distribution of pore diameter size more so than the bead size which occurs first in the
sample. For example, samples 1 and 3 show comparable patterns where two distinct narrow peaks
are observed when pore diameter size is plotted against frequency of pore diameter size (Fig. 5.5).
On the other hand, the two peaks observed in samples 2 and 4 are much wider. The difference
in pore diameter results in the samples which have bead size contrasts is a result of the different
packing and bead sorting which creates different pore network geometries and this was demonstrated
in Figures 5.7, 5.8 and 5.9. The packing and bead sorting in the samples is a gravity driven process
and when smaller beads transition to larger beads the larger beads are below the smaller beads
and the smaller beads are able to infill the pore space below when the sample is being made which
subsequently leads to poorer sorting in the transitional zone, and a gradational boundary between
the two bead sizes. This restricts the pore space and results in a smaller mean and range of pore
diameter size and is in agreement with other results in the literature which indicate a mixture of
small and large particle size reduce the size of pore openings (Porubcan and Xu, 2011). When
larger beads transition to smaller beads the larger beads are above the smaller beads and the larger
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beads are too big to infill the pore space below which produces better sorting and a sharp boundary
between the two bead sizes. Due to the above reasons the pore space is less restricted than when
larger beads transition to smaller beads which results in a larger mean and range of pore diameter
size. Although the samples are synthetic this process can also be observed in natural rock samples
at many scales, for example, gradational contacts and graded bedding can be observed due to a
change in depositional conditions, such as increasing/decreasing energy in transport resulting in
increasing/decreasing grain size in sedimentary deposits. Gradational contacts are defined by a
gradual transition in the average size of deposited clasts and graded bedding is defined by vertical
change in grain size (Onoja and Shariatipour, 2018). Graded bedding is observed in the Sherwood
Sandstone Group and the particle size decreases upwards from coarse sandstones (750−1000 µm)
to siltstones (8−63 µm) (Onoja and Shariatipour, 2018). Sharp contacts are commonly observed as
a result of a sudden change in conditions, such as mass flow events (e.g. flash floods) (Rehrmann
et al., 2012).

The porosity results from the homogeneous bead pack samples indicate that porosity increases with
increasing bead size and this is in agreement with the results within the literature which associate
smaller grain size with lower porosity (Kashif et al., 2019; Yusuf and Padmanabhan, 2019; Algive
et al., 2012). The porosity increases with increasing bead size due to the differing packing in the
samples and this is due the relative size of the beads in comparison to the diameter of the capillary
tube. Additionally, the packing differs between the samples which have homogeneous bead size due
to the sintering process which may have had a greater impact on the sample with smaller bead size
as the surface area of the beads is greater therefore enhancing the amount of sintering (Fang et al.,
2016) and result in a greater reduction of porosity. Furthermore, the degree of sintering may also be
enhanced in the sample composed of smaller beads as temperature increases at bead contact points
(Fang et al., 2016) and more of the smaller beads will be in contact than the larger beads. The
sintering process may also alter the shape of the beads and the shape of particles strongly influences
the packing density and the packing of non-spherical particles produces a greater range of porosities
than the packing of spherical particles (Prior et al., 2013).

The porosity results also suggest that heterogeneity in bead size is a governing factor on porosity
and both methods of estimating porosity demonstrate that the samples which present bead size
contrasts have lower porosity than the samples which do not present bead size contrasts, however,
the Avizo®Fire porosity indicates that porosity is lower in sample 2 whereas the ANSYS Fluent
porosity indicates that porosity is lower in sample 3. Although the results from the two methods of
estimating porosity differ, there are only three porosity results from ANSYS Fluent whereas there
are five porosity results from Avizo®Fire. Furthermore, the five zones analysed in the Avizo®Fire
software are much larger than the three tetrahedral meshes analysed in ANSYS Fluent and it is
possible that an above average porous region was sampled when the meshes were created as the
meshes were created from a smaller region of the same image stack which is analysed Avizo®Fire.
Moreover, the porosity result for sample 2 zone 2 suggests that the porosity is the highest in an
area of smaller beads than in an area of larger beads and the porosity results for sample 2 zone 2 is
the highest result measured, which contradicts other results in this study and in the literature. The
ANSYS Fluent porosity results for sample 2 are also higher than the results for sample 3 despite
both samples sharing the same composition. When the ANSYS Fluent porosity results from sample
2 zone 2 are compared to the results from sample 3 zone 4 an 8.51% difference is observed in porosity
despite both of the zones sharing the same bead size. Additionally, the pore diameter results show
that sample 3 has a larger mean pore diameter and a larger range in pore diameter than sample 2
which is due to the different packing and sorting of the beads and this indicates that the pore space
is greater in sample 3 than in sample 2. The sorting of the beads in sample 2 is poorer than the
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sorting of beads in sample 3 as a consequence of smaller beads infilling the pore space between the
larger beads below and poorer sorting is associated with reduced porosity (Al-hasani et al., 2018;
Yusuf and Padmanabhan, 2019), further signifying that the porosity results from ANSYS Fluent
for sample 2 are not representative. Due to this, it is expected that porosity is greater in sample 3
rather than sample 2, which implies that porosity is greater when larger beads transition to smaller
beads than when smaller beads transition to larger beads.

In the core samples the porosity results from both the MIP and ImageJ analysis show that the
porosity is highest in the sample with the largest overall grain size (core sample 4), however, the
sample with the lowest porosity does not have the smallest overall grain size. During the ImageJ
analysis two areas of the thin section sample were selected in samples which displayed contrasting
properties (e.g. contrasting grain size, contrasting grain shape, contrasting mineralogy or cemen-
tation) due to features such as laminations or deformation bands. Core sample 3, which has the
lowest porosity, exhibits clay sized laminations (Figs. 5.1 and 5.3) which provides a large grain size
contrast between the rest of the sample. Clay particles are <62 µm which means that at the least
there is a 438 µm grain size contrast within the laminations which frequent this sample and there
are regular zones of significantly lower porosity in core sample 3. This is also demonstrated by core
sample 2, which features dolomite nodules and concretions. In the areas where dolomite nodules
and concretions occur porosity is 10.16% lower which is expected as typically nodules and areas
of cementation result in porosity reduction (Del Sole and Antonellini, 2019). These zones of lower
porosity contribute to the reduction overall porosity of the sample, however, it is observed that
the porosity is lower overall in core sample 3 due to the occurrence of clay sized laminations, so
porosity is lower in samples which have laminations of finer material rather than in samples which
have coarser material, such as core sample 1, which further supports the interpretation that grain
size controls porosity. It is also important to consider the geometry of the minerals which occur
in the core samples, and clay can occur in clasts, platy shapes, pore filling, sheet like, fibrous (e.g.
illite), or as booklets (e.g. kaolinite) (Griffiths et al., 2019; Han et al., 2015; Gao et al., 2019) and
clasts, pore filling, fibrous and booklet forms can be especially detrimental to porosity (Gao et al.,
2019; Olivarius et al., 2015b), which may also account for the reduction in porosity in core sample
3 in addition to the large particle size contrast.

5.3.2 How does the pore network geometry influence tortuosity and flow path-
ways?

From the tortuosity results it is obvious that the variable pore network geometries, due to the differing
bead sizes and bead size contrasts in the samples, influence the tortuosity of the pore network.
Firstly, in the homogeneous samples it was observed that tortuosity increases with increasing bead
size (Fig. 5.20), which is in agreement with other results in the literature (Ghassemi and Pak, 2011;
Zakirov and Khramchenkov, 2020), and this is interpreted to occur as a result of the increased range
in pore diameter size and porosity resulting in greater disorder and heterogeneity in the pore network
(Zhu et al., 2018; Zakirov and Khramchenkov, 2020; Guo, 2012). A pore network with a greater
range in pore diameter size distribution is expected to be more tortuous as fluid will naturally seek
the easiest route through the medium which would be the route with the largest pores which enable
the fastest fluid flow and in doing this fluid flow will bypass smaller pores which are not capable of
supporting as fast fluid flow resulting in increased tortuosity (Salem, 1993; Nemati et al., 2020). The
results from Nemati et al. (2020) also suggest that it is only pore throat radii which contributes to
tortuosity and pore size does not influence tortuosity, which contradicts the results from this study.
This disagreement could be a result of the different methodologies and samples used, as although
Nemati et al. (2020) use a sample of the Berea sandstone to calculate tortuosity they then use a
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pore network model (PNM) to study the effect of different pore and pore throat distributions. It is
possible that the role of pores in fluid transport have been underestimated by Nemati et al. (2020)
and the pore shape and sizes selected in this PNM are overly simplified, reducing their contribution
to tortuosity. On the other hand, the samples in this study, despite presenting a more simplified
pore network than those found in natural rock samples, have proven that they present a greater
degree of complexity than a standard, homogeneous bead pack.

The results also show that the arrangement of bead size in the samples which have bead size contrasts
influences tortuosity and this is evident in Figure 5.21 and this is expected as variable particle
arrangement can result in variation in tortuosity and flow pathways (Ghanbarian et al., 2013).
When smaller beads transition to larger beads tortuosity gradually declines through the sample
implying that tortuosity decreases with increasing bead size which contradicts the results from the
homogeneous samples which suggest that tortuosity increases with increasing bead size. However,
it is problematic to compare the results from the homogeneous samples to the results from the
heterogeneous samples as the pore network properties (pore diameter, porosity) within the samples
differ greatly due to the different degree of sorting and packing in the samples. The decline in
tortuosity when smaller beads change to larger beads is likely a result of the gradual change from
a more restricted pore network, due to the increased packing density as a result of poor sorting
(Desmond and Weeks, 2014), to a more open pore network and the gradational nature of this change
could prolong the effect that the smaller beads have on fluid flow throughout the sample. This could
be due to the already established fluid flow pattern in the sample and fluid flow is expected to be
controlled and uniform when the bead size is smaller because the mean pore diameter and range of
pore diameter is smaller and porosity is lower so it is less common for pores to be bypassed in favour
of larger pores which facilitate faster flow as expected in the homogeneous sample with the largest
bead size and greatest tortuosity. When the fluid flow reaches zone 4, where the pore space increases
significantly (29.39%), the fluid flow may still influenced by the flow pattern in the previous zones and
fluid may not be able to reach high velocities as the pore space in the previous zone does not enable
this and therefore will not seek larger pores to facilitate faster transport and take a less tortuous
path through the sample. Alternatively, zone 4 may be less tortuous as the pathways from zones
2 and 3 may enter zone 4 and create a confluence of flow through the rest of the sample, reducing
tortuosity by concentrating serveral minor flow pathways into fewer, larger pathways. When larger
beads transition to smaller beads tortuosity decreases from zone 2 to 3 and then increases from zone
3 to 4. The reduction in tortuosity between zone 2 and 3 is expected as the pore space is reduced
and the mean pore diameter is observed to decrease by 0.02 mm (24.8%). The increase in tortuosity
between zones 3 and 4 could be due to increased packing density in the lower half of the sample where
larger beads change to smaller beads. When the sample was created the larger beads were packed
on top of the smaller beads which meant that the smaller beads would become more densely packed
as a result of the weight of the larger beads above. This may have increased the amount of sintering
the smaller beads underwent causing them to compact further which would reduce the pore space
and reduce the connections between the pore space, resulting in a more sintered, heterogeneous pore
space which would increase tortuosity (Nemati et al., 2020; Attia, 2005; Salem, 1993; Muljadi et al.,
2016). The increased effect of sintering is comparable to the effect of cementation in sedimentary
rocks and enhanced cementation can occur as a consequence of overburden pressure (from overlying
sediment which increases with burial depth) which can flatten rounded particles resulting in greater
angularity in particle shape and increasing cementation (Salem, 1993). This is not observed when
smaller beads change to larger beads as the smaller beads do not have the same overburden pressure
as when larger beads change to smaller beads and the pore space in the transitional zone is much
less effected by enhanced sintering as much of the pore space between the larger beads is infilled with
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smaller beads. The difference in the tortuosity results for the samples which have bead size contrasts
can also be associated with the pore diameter size distribution and range of pore diameter size, as
observed in the homogeneous samples, as greater variation in pore size creates more heterogeneous
pore structure (Gao and Li, 2016). There is greater variation in pore diameter size when larger
beads change to smaller bead so it is expected that the pore network will have greater heterogeniety
which will increase tortuosity.

The tortuosity results are in agreement with the results in the literature which indicates that the
bead pack samples created in this study have achieved the goal in increasing the complexity of a
standard bead pack and have reduced the complexity of natural rock samples. In Muljadi et al.
(2016) a homogeneous bead pack composed of 100 µm glass beads has a tortuosity of 1.26, a sample
of the Bentheimer sandstone has a tortuosity of 1.52 and a sample of the Estaillades limestone has
a tortuosity of 1.92. In comparison, the tortuosity of the bead packs in this study range from 1.07 -
4.58 and tortuosity is highest in the sample with the greatest amount of compaction and sintering.
Furthermore, the tortuosity is lowest in the sample where large beads occur in the second half of the
sample and flow is predicted to be able to confluence and form fewer, preferential flow pathways or
flow is restricted by the reduced pore space in the zone with smaller beads and in the transitional
zone. Laudone et al. (2015) report the tortuosity of two different limestone formations to range from
1.20 - 1.49 and a red bed sandstone to have a tortuosity of 1.52 which again signifies that tortuosity
is generally greater in more complex samples. Furthermore, Zecca et al. (2018) show that tortuosity
in three different sandstone formations (Berea, San Saba and Nugget sandstone) also fell within
the range of 1 - 4 and Nemati et al. (2020) estimate tortuosity in a sample of the Berea sandstone
to have a tortuosity of 2.07. Alongside the results from this study, the literature indicates that
tortuosity increases with increasing heterogeneity in the pore network (Zakirov and Khramchenkov,
2020). Tortuosity is also related to porosity and the relationship between tortuosity and porosity
varies depending on the study. For example, Ziarani and Aguilera (2012) and Laudone et al. (2015)
indicate that tortuosity decreases with decreasing porosity, whereas Ghassemi and Pak (2011) and
Zakirov and Khramchenkov (2020) suggest that tortuosity decreases with increasing porosity. In
this study there is no clear relationship between tortuosity and porosity and the results indicate
that other properties are important to consider when analysing tortuosity, such as the uniformity
of pores and particle size and the tortuosity is only expected to be a function of porosity in simple,
isotropic porous media (Guo, 2012).

The fluid flow pathways displayed in Figures 5.22 - 5.31 are consistent with the tortuosity results.
In the homogeneous samples (Figs. 5.22, 5.29, 5.30 and 5.31) the sample with the largest bead size,
and therefore the pore network with the largest mean pore diameter, range in pore diameter and
porosity, displays areas of preferential, high velocity flow which occur sporadically throughout the
sample. This supports the tortuosity results which suggest that samples which have larger bead size
are more tortuous due to the fluid flow bypassing smaller pores to reach larger pores which facilitate
high velocity flow (Salem, 1993; Nemati et al., 2020). The sample with smaller bead size presents
much more uniform flow velocity throughout the sample which again supports the tortuosity results
which indicate that tortuosity is reduced when bead size is smaller due to the limited pore space
available for fluid flow and the limited range in pore diameter size. In the samples which present bead
size contrasts it is evident that the flow pathways are influenced by the arrangement of bead size
(Figs. 5.23 - 5.28). When smaller beads transition to larger beads, the flow pathways transition from
uniform fluid flow to less uniform fluid flow. The flow pathways, to an extent, confirm the tortuosity
results, which suggest that fluid flow became less tortuous downstream due to two reasons:

1. higher velocity tortuous flows were not supported in the pore network as the previous zones
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restricted flow

2. multiple flow pathways merge into fewer, larger, high velocity flow pathways.

It is clear from the results that when smaller beads have changed to larger beads fluid flow becomes
concentrated into fewer, preferential high velocity flow paths as fluid flow favours the wider pores
(Li et al., 2018). When larger beads transition to smaller beads the flow pathways present three
different flow patterns which are also agreeable with the tortuosity results. Tortuosity decreases
from zone 2 to zone 3 due to the reduced pore space and this is displayed by the pathlines which
show a less uniform flow field with preferential high velocity pathways in zone 2 and a very uniform
flow pattern and low velocity flow in zone 3, indicating that zone 3 may act as a baffle to fluid flow
or even a barrier to high velocity flow as it does not have the available pore space (or large enough
pores) to enable high velocity flow. High velocity flow requires larger pores as larger pores have a
greater capacity (Li et al., 2018). In zone 4 tortuosity increases due to increased bead packing and
compaction and this is demonstrated by the flow pathways which show a non-uniform flow pattern
which displays small isolated areas of higher velocity. This pattern is also observed in sample 5,
which has the smallest bead size (18 µm), and suggests that the increased effect of packing and
compaction in the smaller beads in the lower half of this sample has a similar impact on fluid flow
pathways and tortuosity as reduced bead size does.

5.3.3 How does the pore network geometry, tortuosity and fluid flow pathways
control pore scale flow phenomena?

The permeability throughout each of the four bead pack samples varies depending on the technique
used to measure / estimate permeability.

The experimental permeability results present the lowest permeability from the four methods used
to estimate permeability and suggest that permeability increases with increasing average bead size
(Table 5.8). This is supported by the bead pack characterisation, tortuosity and flow pathway results
which indicate that the pore diameter size and range in pore diameter size increases with increasing
bead size which enables a greater amount of fluid flow in the samples with larger bead size. This
corresponds well with results in the literature which also conclude that permeability increases with
increasing particle size (Yoneda et al., 2019; Oliveira and Nicolodi, 2017; Ghassemi and Pak, 2011)
and pore size (Pape et al., 2000) and resistance to flow is expected to increase with decreasing pore
size and smaller pores are also less able to permit high velocity fluid flow (Nemati et al., 2020;
Salem, 1993). The samples which present bead size contrasts indicate that the arrangement of bead
size influences the permeability and suggest that permeability is greater when smaller beads have
changed to larger beads.

The results from the Kozeny-Carman model further indicate that permeability increases with in-
creasing bead size (Table 5.9). This trend is also reflected throughout the different zones of the
samples which have bead size contrasts. It is expected that the Kozeny-Carman permeability in
this study will increase with increasing bead size as porosity also increases with increasing bead size
and the model directly relates porosity to permeability (Zhang et al., 2016; Ghanizadeh et al., 2015;
Wang et al., 2017; Sun et al., 2007; Urumović, 2016; Szabó et al., 2015). Due to this two sets of
porosity values (from the Avizo®Fire and ANSYS Fluent software) were inputted into the model
to assess the reliability of the results. The results from the homogeneous samples show good agree-
ment (Fig. 5.15) and the results from the Avizo®Fire porosity show minimal deviation from the
experimental results, however, in the sample with the largest bead size the permeability is predicted
to be much higher (+ 36.30 D) when using the porosity results from ANSYS Fluent despite the
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average porosity only increasing by 2.36%, suggesting that the model overestimates the influence of
increasing particle size on permeability. The model’s reliance on porosity is well documented in the
literature and if porosity is slightly overestimated then the permeability predicted by the Kozeny-
Carman model will also be overestimated (Urumović, 2016). Similarly, if porosity is underestimated
then the permeability predicted by the Kozeny-Carman model will also be underestimated (Uru-
mović, 2016). On the other hand, some studies in the literature conclude that the Kozeny-Carman
model carries an error of up to one order of magnitude (Szabó et al., 2015), however, in this study
the difference between the overall permeability from the experiments and from the model is much
less. The permeability results for the samples which present bead size contrasts show opposing re-
sults determined by the porosity values used, for example, when the Avizo Fire porosity is used it is
suggested that permeability is greater when smaller beads transition to larger beads also support the
experimental results which show that permeability is greater when smaller beads transition to larger
beads. On the other hand, when the porosity from ANSYS Fluent is used the results indicate that
permeability is greater when larger beads transition to smaller beads, which supports the results
from the pore-scale permeability experiments.

The range of permeability values from the Avizo®Fire software are in agreement with the results
from the pore-scale permeability experiments and the Kozeny-Carman model and the results from
the homogeneous samples indicate that permeability increases with increasing bead size. The average
permeability result for the sample with the smallest beads shows a small difference of 6.78 D when
compared to the results from the experiments and a difference of 1.9-5.96 D when compared to the
Kozeny-Carman results. However, the permeability results for the sample with the largest beads
shows greater variation and the average permeability differs by 22.63 D when compared to the
experimental results and by 16.43−19.87 D when compared to the Kozeny-Carman results. This
suggests that like the Kozeny-Carman model, the Absolute Permeability Experimental Simulations
in the Avizo®Fire software may also overestimate permeability in samples which have larger bead
size. Alternatively, as the results from the Kozeny-Carmen model and Avizo Fire simulations are in
agreement it may suggest that the experimental permeability for the sample with larger bead size is
underestimated. The experimental equipment or experimental procedure could have restricted the
fluid flow during the experiments which in turn could have reduced the permeability. For example,
the size of the bead pack and the connecting pipes could have reduced the amount of fluid flow into
the sample. Additionally, the flow meter may have also reduced fluid flow as fluid flowed from a
pipe with a larger diameter into the flow metre where the pipe diameter was reduced and to exit
the flow metre fluid flowed into a pipe with a larger diameter. The reduction in pipe diameter may
have influenced the pressure gradient in the experimental system and a reduction in pipe diameter
can result in an enhanced pressure gradient due to increased friction inside the pipe which would
decrease permeability (Al-Wahaibi et al., 2014). On the other hand the permeability results from
the Kozeny-Carman model and Avizo®Fire simulations may have been overestimated due to image
processing errors as image segmentation and image filtering varied between the different image stacks
of the samples. Over-processing may increased the porosity and permeability of the pore network
and under-processing may have decreased the porosity and permeability of the pore network. Due
to this, some variation in the results is to be expected due to the differences in then techniques used
to measure and predict permeability and the permeability is still within one order of magnitude and
permeability in soft sediments and reservoir rock can often vary by at least one order of magnitude
due to variable conditions such as petrophysical properties and temperature (Oliveira and Nicolodi,
2017; Cheng and Milsch, 2020). The permeability results from the samples which display bead
size contrasts are in agreement with the results from the experiments and the Kozeny-Carman
model and demonstrate that permeability is greater when smaller beads transition to larger beads.
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Additionally, when the permeability for the samples is averaged the permeability is comparable with
the permeability from the transitional zone for both samples (3 - 6 D).

The CFD simulations conducted in ANSYS Fluent are in accordance with the other permeability
results and the literature. In comparison with the other permeability results the CFD results predict
permeability to be higher and this is especially evident in the zones/sample with larger bead size.
The tetrahedral meshes of the bead pack samples are created in the Avizo®Fire software so any over-
processing which could have influenced the permeability results in the Avizo®Fire simulations may
also influence the permeability results in the CFD simulations. Additionally, the CFD simulations
use a smaller sample area (0.4 mm× 0.4 mm) to increase resolution and reduce computational time
and it is possible that some of the areas which were sampled exhibited above average permeability,
such as sample 2 zone 4. In the samples which present bead size contrasts the CFD results suggest
that permeability is greater when smaller beads transition to larger beads and the CFD results
also provide an insight into how the pressure difference and permeability varies throughout the
transitional zones (Figs. 5.12, 5.13). In both samples the pressure difference displays a distinct
change in gradient where the bead size changes and in sample 2 this shows that the pressure difference
decreases throughout the zone whereas in sample 3 the pressure difference increases throughout the
zone. This is in agreement with the previous analysis on the pore network geometry, tortuosity
and flow pathways which demonstrate that when smaller beads transition to larger beads the pore
diameter size and range in pore diameter sizes increases throughout the sample resulting in a more
open pore network which has greater capacity for fluid flow, which is further demonstrated by the
increase in tortuosity as there are more routes through the sample fluid can take. Additionally, the
experimental results (Fig. 5.10) show that pressure difference is the lowest in the sample with the
largest bead size so it is expected that the pressure difference would decrease when bead size is
increased. This corresponds with the literature which predicts that the effect of capillary pressure
decreases with increasing grain size (Tsai et al., 2018). When larger beads transition to smaller
beads the inverse is observed and the previously discussed results indicate that the pore space
becomes more restricted and heterogeneous and the pressure difference increases when the bead size
is reduced which is expected due to the established relationship between bead size and pressure
difference aforementioned (Tsai et al., 2018). The permeability throughout the transitional zones
presents a less distinct trend but in sample 2, when smaller beads change to larger beads, the overall
permeability increases throughout the sample (Fig. 5.13). This again is to be expected due to the
change in pore network properties, tortuosity, flow pathways and pressure difference as outlined
previously. In sample 3, where larger beads change to smaller beads, the permeability appears to
decrease then stabilise throughout the sample. Again, this is to be expected and reinforces the
pore network geometry, tortuosity, flow pathways and pressure difference results discussed earlier.
The average permeability for the samples also corresponds well to the permeability values from the
transitional zones and shows a 2-8 D difference.

The CFD simulations were also used to analyse the transition from Darcy flow in the samples
and the transition from Darcy flow was observed when permeability begins to decrease (Fig. 5.16).
Additionally, the transition from Darcy flow may also be observed when flow rate is plotted against
pressure difference and the transition is expected when then gradient becomes less than 95% (Comiti
et al., 2000; Muljadi et al., 2016) where inertial forces begin to increase and eventually become
dominant (Li et al., 2017a). The onset of non-Darcy flow is often related with high velocities and is
expected to occur near pumping wells, near or in the wellbore region or in fractured reservoirs (Wen
et al., 2011; Chukwudozie et al., 2012; Li and Engler, 2001). When the critical Re is compared to
mean pore diameter (Fig. 5.17) it suggests that the critical Re increases with increasing mean pore
diameter size, and mean pore diameter size increases with increasing bead size, indicating that the
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critical Re increases with increasing bead size. In this study increasing mean pore diameter size
corresponds to a greater range in pore diameter sizes, higher tortuosity, lower resistance to fluid flow
and high velocity preferential pathways which increases permeability. Due to this, it is interpreted
that the onset on non-Darcy flow occurs at lower Re in the samples with smaller mean pore diameter
as the flow is more restricted by the pore network geometry and due to this the pore networks are not
capable of reaching the higher Re before the transition from non-Darcy flow occurs. This is supported
by the experimental and CFD Re results which show that the samples with the lowest bead size (and
lowest mean pore diameter size) also have the lowest Re under the same conditions and it is also
noted in the literature that Re and critical Re increases with increasing particle diameter size (Li
et al., 2017b) and this is due to larger pores facilitating turbulent flow (Bordier and Zimmer, 2000).
Furthermore, the variation in Re at which the onset of non-Darcy flow occurs is to be expected as
it is well documented that non-Darcy flow characteristics and flow regimes differ throughout porous
media with different structures and this is enhanced at higher Re (Li et al., 2017b; Tosco et al., 2013).
In the samples which have bead size contrasts the onset of non-Darcy flow occurs asynchronously
throughout the sample and this is expected as the transition from laminar flow is gradual and non-
linear (Venkataraman and Rao, 1998).Both samples show that the critical Re decreases throughout
the sample regardless of the bead size in the lower half of the sample which suggests that bead size
is not the only factor which influences the critical Re. When smaller beads change to larger beads
the tortuosity results show that tortuosity also decreases throughout the zones (Fig. 5.21) and this
suggests that tortuosity also plays a key role in influencing the critical Re. On the other hand, when
larger beads change to smaller beads the tortuosity doesn’t decrease throughout the zones which
suggests that tortuosity may not play as vital role in the determining the critical Re. Alternatively,
heterogeneity in the pore space increases downstream in both samples, due to heterogeneous bead
size and enhanced packing and sintering, signifying that increased heterogeneity in the pore space
results in increased heterogeneity in the critical Re. From this analysis it is evident that there is no
single control on the critical Re and many variables must be considered in samples which are more
complex.

The β results from the Forchheimer graphs indicate that, alike the critical Re, β also varies across
the samples. In the homogeneous samples the results indicate that β increases with decreasing bead
size. In the samples which present bead size contrasts β increases when larger beads transition to
smaller beads which further supports the results from the homogeneous samples which indicate that
β is related to bead size. When smaller beads transition to larger beads there is an overall reduction
in β if the transitional zone is discounted. The transitional zone when smaller beads change to larger
beads is more poorly sorted than the transitional zone when larger beads change to smaller beads
and it may be that the beads in the sampled area are predominantly small, which is likely as smaller
beads are able to infill the pore space between the larger beads. Due to this it is accepted that β
increases with decreasing bead size and this is in good agreement with the results from the literature
as it is reported that β is dependent on the properties of porous media (Sidiropoulou et al., 2007;
Venkataraman and Rao, 1998) and Arbhabhirama and Dinoy (1973), Ahmed and Sunada (1969),
Venkataraman and Rao (1998), Bordier and Zimmer (2000) and Sidiropoulou et al. (2007) also
report that β decreases with increasing grain size in glass beads, sands, gravels and crushed rock.
Furthermore, Sidiropoulou et al. (2007) suggest that in glass bead samples β is inversely proportional
to porosity and this is also observed from the results from the homogeneous samples in this study.
In the homogeneous samples permeability increases with increasing bead size and given that β
decreases with increasing bead size it is implied that β decreases with increasing permeability too.
This contradicts with the results from Venkataraman and Rao (1998) who suggest that β increases
with increasing permeability despite also finding that β decreases with increasing grain size. Given



CHAPTER 5. GRAIN SIZE HETEROGENEITY 104

that it is widely considered that permeability increases with increasing bead size (Yoneda et al., 2019;
Oliveira and Nicolodi, 2017) and β decreases with increases with increasing grain size (Arbhabhirama
and Dinoy, 1973; Bordier and Zimmer, 2000; Sidiropoulou et al., 2007) it is accepted that it is more
likely that β decreases with increasing permeability.

In the literature the β values are variable and the β is also referred to as the turbulence factor,
the coefficient of inertial resistance, the velocity coefficient, the non-Darcy flow coefficient, the
Forchheimer coefficient, the inertial coefficient and the non-linear parameter in the literature, and
ranges from 3.00E+00 - 2.09E+06 (Li and Engler, 2001; Chukwudozie et al., 2012; Tosco et al., 2013;
Arbhabhirama and Dinoy, 1973; Venkataraman and Rao, 1998; Muljadi et al., 2016) (Ranganadha
et al., 1970). The large range in the β is expected to occur as a result of the limitations in using
empirical formulas to model flow parameters (Chukwudozie et al., 2012) and computed results which
are validated by experimental data, the root mean square error and normalised objective function
are expected to present more reliable results (Sidiropoulou et al., 2007).

5.4 Conclusions

The results from this chapter confirm the widely held view that bead size and the arrangement of
bead size significantly influences the pore network geometry which in turn controls how fluid flow
moves throughout the pore space and determines the permeability of the sample.

In the homogeneous samples bead size influences mean pore diameter size, the range of pore diameter
size and porosity, and larger bead size corresponds to larger mean pore diameter size, a larger
range in pore diameter size, a less uniform distribution of pore diameter size and greater porosity.
The arrangement of bead size (e.g. when smaller beads transition to larger beads or larger beads
transition to smaller beads) also influences the mean and range of pore diameter size and when
smaller beads transition to larger beads the mean pore diameter and range of pore diameter sizes is
lower but the distribution of pore diameter size is more uniform than when larger beads transition
to smaller beads. This is due to the different packing and sorting which is facilitated by the available
pore space and when smaller beads transition to larger beads the pore space is more restricted as
the degree of sorting is poorer and the beads are more densely packed and this is due to the smaller
beads being able to invade the pore space between the larger beads below, which is not possible
when the bead sizes are arranged the opposite way.

In the homogeneous samples it is observed that larger bead size results in higher tortuosity because
of the reduced uniformity in pore diameter size, range and distribution. Reduced uniformity in pore
diameter size, range and distribution presents a greater resistance to fluid flow as fluid flow will
bypass smaller pores in favour of larger pores which have a greater capacity for high velocity flow
resulting in more tortuous flow paths. In the samples which have bead size contrasts it is evident
that fluid flow is more consistent throughout the pore network (multiple, smaller, low velocity flow
pathways) when smaller beads transition to larger beads than when larger beads transition to smaller
beads and this is due to a more heterogeneous pore network in the lower half of the sample which is
a consequence of increased packing density and compaction due to overburden of the larger beads.

The permeability results from the samples with homogeneous bead size are in agreement with the
literature and show that permeability increases with increasing bead size and this is a consequence of
a large ranging non-uniform pore diameter distribution which encourages high velocity preferential
flow pathways. In the samples with heterogeneous bead size permeability is higher when smaller
beads transition to larger beads as the pore network geometry is more homogeneous due to less
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bead compaction and a lesser amount of sintering in comparison to when larger beads transition to
smaller beads.

The CFD simulations present the highest permeability and the experiments present the lowest
permeability. Some variation is expected due to the different techniques used to measure and predict
permeability and the variation is predicted to have been influenced by some human error during
image processing and the possibility that the pressure difference in the experiments was artificially
increased by experimental instruments with very narrow pipes. Despite this, the permeability results
are still within the same order of magnitude which is comparable as permeability can often vary
over one order of magnitude.

In the samples with homogeneous bead size the onset of non-Darcy flow is determined by the size
of pores and the critical Re is higher when pores are larger as larger pores have the capacity for
high velocity flow and are less resistant to flow in comparison to smaller pores. In the samples
which present bead size contrasts the onset of non-Darcy flow appears to be influenced by different
properties and when smaller beads transition to larger beads the critical Re decreases with decreasing
tortuosity throughout the sample as a result of fluid flow being funneled from multiple smaller pores
into fewer, larger pores which restricts the velocity of the flow and reduces the critical Re. When
larger beads transition to smaller beads the critical Re also decreases throughout the sample due
to increasing heterogeneity and decreasing permeability of the pore space. From the samples with
heterogeneous bead size it is evident that many variables must be considering when assessing the
influence on the critical Re.

In the non-Darcian regime the β results show that β increases with decreasing bead size and this
is displayed by all of the samples. The homogeneous samples further indicate that β increases with
decreasing permeability.



Chapter 6

How does heterogeneity in mineralogy
impact mineral dissolution and transport
properties in the pore network?

6.1 Introduction

The mineralogy in sandstones can vary greatly and the dominant minerals include quartz, feldspars,
clay minerals and carbonate minerals. The mineralogy is dependent on the provenance, transport
mechanisms, weathering, tectonic setting, climate, the environmental conditions at the time of
sediment deposition and diagenetic processes (Wang et al., 2020c; Mahmud et al., 2018). A change
in mineralogy may be gradual or abrupt and this is determined by the type of contact with the
over/underlying facies, the diagenetic history of the rock (e.g. cementation/dissolution patterns)
and any structural features, such as faults or folds. The minerals which occur in sandstones can
influence reservoir quality, for example, clay minerals are associated with reduced intragranular
porosity and pore size (Qiao et al., 2020). Furthermore, the form in which minerals occur also plays
a large role in reservoir quality and pore network geometry. For example, quartz and carbonate
minerals (e.g. calcite, dolomite) can occur as grains, cement or overgrowths and clay minerals can
occur in the form of fibres, booklets, platelets, dendritic shapes and coatings on other grains, which
in some cases is beneficial as it can prevent mineral overgrowths during diagenesis and preserve
original porosity (Olivarius et al., 2015b; Arribas et al., 2012).

The mineralogy of sandstones can also determine wettability and quartz rich sandstones are typically
water wet but when clay minerals occur it changes the wettability to mixed wet or CO2 wet media
(Chaudhary et al., 2013b). The dissolution of minerals is a geochemical process where fluids react
with reactive minerals (e.g. calcite, dolomite, feldspars) which can result in the reactive mineral
partially or fully dissolving or parts of the reactive mineral becoming broken off. Dissolution can
occur due to various reasons, for example, diagenesis, acid injection, CO2 injection, and can result in
secondary porosity or alternatively the dissolution of feldspars can create secondary minerals such as
illite, kaolinite and smectite which can reduce porosity and permeability as clay minerals are often
associated with reducing porosity and blocking pore throats, especially when the occurrence of clay
minerals is significant (>3%) (Wang et al., 2020a; Arribas et al., 2012; Olivarius et al., 2015b; Xiao
et al., 2018) and dissolved carbonate minerals in solution may later precipitate as new carbonate (Liu
et al., 2011). Furthermore, this may lead to spatial differences in porosity and permeability (Sabo
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and Beckingham, 2021) and dissolution may occur close to the injection site and precipitation may
occur further away. The rate of dissolution is determined by mineralogical reaction rates which are
controlled by the surface area of the mineral, heterogeneity in mineralogy, fluid flow rate, reaction
time, fluid chemistry and temperature (Liu et al., 2018).

Currently, it is not well understood how different minerals and the dissolution of different minerals
influences fluid transport phenomena in sandstone pore networks but it is expected that variable
mineralogy may result in varying pore network properties, such as porosity and permeability, which
will influence mineral reactions which may further alter the pore network geometry and transport
phenomena. In order to gain insight into these processes, this chapter analyses and discusses the
results from the pore scale permeability experiments across bead pack samples with different min-
eralogy before and after an acidic fluid flow to assess how different minerals alter pore diameter
distribution, porosity, permeability and reaction rate.

6.2 Results

The results presented and discussed in this chapter include core characterisation, pore network
geometry, permeability from the pore-scale permeability experiments before and after acidic flow,
Avizo®Fire absolute permeability simulations and the amount of mineral dissolution after acidic
flow.

6.2.1 Core Characterisation

The four reservoir sandstone core samples, which were previously analysed for grain size in Chapter
5, were studied to determine the mineralogy of sandstone and how the mineralogy of a sandstone may
vary throughout the cores. The mineralogy was studied at the core scale, thin section scale and using
powdered X-ray diffraction (PXRD). Core scale analysis showed that, as expected, quartz occurred in
abundance in all samples and plagioclase feldspar was also identified. Thin section analysis provided
further insight into the mineralogy of the sandstone samples and showed that plagioclase feldspar
also occurs in core samples 2 (1%) and 3 (1%) and dolomite occurs in all samples and sample 4 has
the greatest dolomite content (10%), where it occurs as pore filling cement (Fig. 6.1), and sample 1
has the lowest dolomite content (3%), where it mostly occurs as isolated, sporadic rhombic crystals.
Muscovite and biotite were also identified in sample 3 (Fig. 6.1).

PXRD was performed twice on the samples, first of all to determine the bulk mineralogy and
secondly to determine the clay mineralogy of each sample (described in Chapter 3). The four bulk
composition diffraction patterns are similar, and indicate quartz, dolomite and clay mineral content
(Fig. 6.2). The diffraction pattern for sample 1 suggests a quartz rich composition, indicated by the
large peak at 26.6 2θ, and lack of other diffraction patterns. Samples 2-4 show slightly more variation
in composition, and indicate quartz and dolomite content. Quartz is identified in the samples by
the large peak at 26.6 2θ, and dolomite is identified by the very small peaks at 30.9 2θ, 41.1 2θ and
50.9 2θ. Sample 4 also suggests the occurrence of chlorite in addition to quartz and dolomite and
chlorite has been recognised by the small peak at 12.4 2θ and 25.2 2θ.

To determine the clay mineralogy of the samples clay minerals were separated from the denser
particles in the sample (e.g. quartz) and this process was described in Chapter 3. Clay minerals
are typically harder to identify in bulk PXRD analysis as different clay minerals can accumulate as
multiple layers (Hubert et al., 2009) which generate ambiguous diffraction patterns. Additionally,
clay particles are very small (< 2 µm) and it is difficult to generate pronounced diffraction patterns
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Figure 6.1: Thin section images under cross polarisation (XPL) showing the mineralogy in the
sandstone samples; A: clusters of pore filling dolomite in sample 4 which are recognisable as the pale
pink and green grains; B: Muscovite in sample 3 which recognisable as the brightly coloured and
sometimes striped grains. The darker grey grains in both images are quartz.

so the clay minerals are separated to produce a well-oriented mount instead of natural, disoriented,
random bulk sample (Sokolova et al., 2017). Once the layers are separated, from different sample
preparation methods, accurate mineral identification can take place. All samples show the occurrence
of illite/micas and kaolinite/chlorite and peaks at 8.5, 18.5 and 26.5 2θ are typical of illite and micas
and peaks at 12.1 and 25.1 2θ are indicative kaolinite and chlorite (Fig. 6.3). Illite and micas show
very similar diffraction patterns and were not able to be distinguished from this analysis alone. The
occurrence of kaolinite/chlorite can be determined from further sample analysis where the sample
was added to a HCl solution and heated which dissolves chlorite. Any peaks remaining during XRD
analysis occur from kaolinite content. Samples 1, 3 and 4 show that kaolinite is present rather than
chlorite (Fig. 6.4). Sample 2 shows that chlorite is present rather than kaolinite (Fig. 6.4).

6.2.2 Bead Pack Characterisation

Four additional bead pack samples were designed and created based on the mineralogy identified in
the core characterisation (Figs. 3.3, 6.5). Sample 7 is a homogeneous bead pack composed of solely
75 µm glass acid-washed beads and the other three samples present mineralogy contrasts, where the
top half of the sample is composed solely of 75 µm glass acid-washed beads and the bottom half also
contains specified minerals (Fig. 6.5). Sample 8 contains 5% of crushed dolomite (63 µm), sample
9 contains 5% kaolinite and sample 10 contains both 5% of crushed dolomite and 5% of kaolinite.
The glass beads are expected to mimic the behaviour of quartz as they are water-wet and will not
undergo chemical alterations unlike dolomite and kaolinite. Furthermore, the bead pack samples
in this chapter were not sintered to ensure the minerals did not undergo any physical or chemical
alterations. Instead the sample is held firmly in place by extra fine steel wool at either end of the
sample.

The bead pack samples discussed in this chapter were each split into five zones, where zone 1 occurs
at the top of the scanned section of the sample and zone 5 occurs at the bottom and fluid flows
from zone 1 to zone 5 in the z direction (Fig. 6.6). The mean pore diameter size was measured in
the Avizo®Fire software and varies from 0.026 mm - 0.081 mm and sample 9 has the smallest mean
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Figure 6.2: PXRD diffraction patterns indicative of quartz, dolomite and chlorite in the sandstone
samples.
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Figure 6.3: PXRD diffraction patterns from the clay minerals which occur in the four samples.
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Figure 6.4: PXRD diffraction patterns from the samples after chlorite was removed.
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Figure 6.5: 2D images of the four bead pack samples discussed in this chapter showing the different
mineralogical compositions. Sample 7 is composed of 75 µm glass acid washed beads, sample 8 is
composed of 75 µm glass acid washed beads and 5% dolomite, sample 9 is composed of 75 µm glass
acid washed beads and 5% kaolinite and sample 10 is composed of 75 µm glass acid washed beads,
5% dolomite and 5% kaolinite. Dolomite is identifiable as the white, angular or acicular grains and
kaolinite is identifiable as the dark grey pore filling material. Note: the resolution differs across the
samples due to the differing particle sizes (dolomite particle size: 63 µm, kaolinite particle size: 0 -
63 µm. The colour of the glass beads also varies due to the varying contrast settings used for each
sample and different contrast settings were used to more easily identify the minerals.
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Table 6.1: The mean pore diameter and porosity of the bead pack samples.

Sample Mean Pore Mean
Diameter (mm) Porosity (%)

7 0.081 19.76
8 0.035 15.98
9 0.026 17.56
10 0.029 16.47

pore diameter size and sample 7 has the largest mean pore diameter size (Table 6.1). The mean pore
diameter size also varies throughout the zones within the different samples and sample 10 shows the
greatest variation (0.03 mm) and sample 7 shows the smallest variation (0.01 mm) (Fig. 6.6). The
porosity varies throughout the four samples and the average porosity is greatest in sample 7 and
lowest in sample 10 (Table 6.1).

The range of pore diameter sizes in the samples varies and sample 7 shows the smallest range in
mean pore diameter (0.13 mm) and sample 9 shows the greatest range in the mean pore diameter
(0.72 mm) (Table 6.2).

6.2.3 Permeability

Experimental Permeability

The results from the pore-scale permeability experiments show that sample 7 has the highest per-
meability (4.08 D) and sample 9 has the lowest permeability (0.49 D) (Table 6.3). The results from
the experiments also show that pressure difference increases linearly with increasing fluid flow rate
across all samples and the increase in pressure difference is greatest in sample 9 and lowest in sample
7 (Fig. 6.7). The R2 value is above 0.9 for all samples and the R2 is 0.99 for sample 7, 0.98 for sample
8, 0.94 for sample 9 and 0.98 for sample 10. The error bars shown in Figure 6.7 were calculated from
the standard deviation in the results for flow rate (horizontal error bars) and pressure difference
(vertical error bars) after the system had stabilised for a minimum of 30 minutes. Results were
recorded every 0.1 seconds.

The linear relationship between pressure difference and fluid flow rate in all samples is typical of
Darcy flow (Fig. 6.7). As in previous chapters, the Reynolds number is

Re =
ρvL

µ
, (6.1)

where ρ is the fluid density, µ is the dynamics dynamic viscosity, v is the velocity (Q/A), and L is
the average pore diameter, with Q and A being the flow rate and cross-sectional area of the sample
respectively. The Re for all samples ranges from 4.34× 10−7 - 4.05× 10−6 (Fig. 6.8).

The results also show that in sample 9 permeability decreases with increasing experiments (Fig. 6.8),
which may suggest that the sample configuration is altered by the experiments. The decrease in
permeability indicates that material is not leaving the sample as if kaolinite was being flushed out
of the sample permeability would increase due to the increased pore space. Despite the sample
being held in place by steel wool there may still be some movement between the glass beads and
kaolinite in sample 9, and the sample may be reconfigured during episodes of purging and fluid
flow. Additionally, the kaolinite particles may become transported with fluid flow until they are no
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Figure 6.6: A log presenting the pore network properties of the bead pack samples discussed in this
chapter and how they vary throughout the five zones of the samples. The properties were measured
across a 1× 1× 7 mm scanned section of the samples. Fluid flows from zone 1 to zone 5.
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Table 6.2: The range of mean pore diameter results across the five zones in the bead pack samples.
There is not much variation between the minimum values and the lowest value measured for samples
7 and 8 is 0.004 963 07 mm and the lowest value measured for samples 9 and 10 is 0.004 962 86 mm.

Sample Zone Range in Pore Diameter Size (mm)

7 1 0.005 - 0.147
2 0.005 - 0.140
3 0.005 - 0.153
4 0.005 - 0.152
5 0.005 - 0.170

8 1 0.005 - 0.439
2 0.005 - 0.435
3 0.005 - 0.439
4 0.005 - 0.437
5 0.005 - 0.472

9 1 0.005 - 0.549
2 0.005 - 0.561
3 0.005 - 0.550
4 0.005 - 0.408
5 0.005 - 0.728

10 1 0.005 - 0.430
2 0.005 - 0.482
3 0.005 - 0.426
4 0.005 - 0.511
5 0.005 - 0.370
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Figure 6.7: Plots of pressure difference against flow rate for the four samples before and after acidic
flow.

longer able to be transported and become deposited in pores and pore throats (Sameni et al., 2015;
Zhang et al., 2020a; Rosenbrand et al., 2012). The more experiments which are performed increases
the amount of kaolinite which can be transported and deposited and may result in accumulations
of kaolinite clogging regions of the sample and reducing permeability. The permeability does not
decrease throughout the experiments in sample 10 which indicates that the kaolinite is perhaps more
restricted and is not as easily transported throughout the sample.

Additional pore-scale permeability experiments were conducted on the samples which contain dolomite
and kaolinite after acidic fluid (pH 3.1) was flushed through at 0.03 ml/min for 3 hours. The per-
meability of the samples was altered after the acidic flow and sample 8 shows that permeability has
decreased by 0.73 D (34.43%), sample 9 shows that permeability has increased by 0.05 D (9.63%)
and sample 10 shows that permeability has decreased by 0.01 D (1.48%). The relationship between
pressure difference and flow rate was also altered after the acidic flow (Fig. 6.7) and for sample 10
the pressure difference increases between 0.1 - 1.9 kPa. In samples 9 and 10 the pressure difference
results are more variable and for sample 9 the pressure difference mostly decreases between 1 -
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Table 6.3: The results from the pore-scale permeability experiments for the bead pack samples.

Sample Permeability (D)

7 4.13
8 2.15
9 0.50
10 1.10

Figure 6.8: The Re results plotted against the experimental permeability results.
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Table 6.4: The averaged permeability results from the Avizo Fire simulations.

Sample Permeability (D)

7 20.29
8 4.34
9 4.41
10 4.20

Table 6.5: The averaged permeability results compared to the permeability results from the transi-
tional zone (zone 3).

Sample Averaged Permeability (D) Zone 3 Permeability (D)

8 4.34 5.63
9 4.41 2.24
10 4.20 3.84

5.3 kPa and for sample 10 mostly decreases between 0.1 - 0.6 kPa. All samples still present a linear
relationship between flow rate and pressure difference indicating Darcy flow. The R2 value is above
0.9 for all samples and is 0.99 for sample 8, 0.97 for sample 9 and 0.96 for sample 10.

Simulated Permeability

Permeability simulations were performed in Avizo Fire across the five zones of each sample before
acidic flow and the averaged permeability is greatest in sample 7 (20.29 D) and the lowest in sample
10 (4.20 D) (Table 6.4). The permeability simulations were used to compare permeability at different
scales and to analyse how permeability may be impacted by a change in mineralogy at a greater
resolution. The permeability in the samples varies across the different zones and sample 8 shows
that permeability decreases by 6.92 D (77.36%) from zone 1 to zone 5. Sample 9 shows greater
variation in permeability throughout the zones and from zone 2 to zone 3 permeability decreases by
9.81 D (81.40%) and overall the permeability decreases throughout the sample in the Z direction.
Sample 10 shows more variation in permeability than sample 8 but less variation than sample 9 and
permeability mostly decreases downstream and permeability decreases by 11.74 D (84.06%) from
zone 2 to zone 5.

The averaged permeability from the permeability simulations was also compared to the permeability
prediction for the transitional zone (zone 3) of the bead pack samples which contain dolomite and
kaolinite. The transitional zone is the centre of the sample where the sample changes from solely
75 µm glass beads to 75 µm glass beads mixed with 5% dolomite (sample 8), 5% kaolinite (sample
9) and 5% dolomite and 5% kaolinite (sample 10). The averaged permeability in samples 8, 9 and
10 is compared to the permeability in zone 3 (Table 6.5) and there is a difference of 1.28 D (22.87%)
between the results in sample 8, a difference of 2.17 D (49.24%) in sample 9 and a difference of 0.36 D
(8.56%) in sample 10.

6.2.4 Fluid Chemistry Analysis

The drained fluid from the acidic flow for each sample (8-10) was collected and analysed using in-
ductively coupled plasma - optical emission spectrometry (ICP-OES). Sample 8 shows that 0.103 mg
(5.15%) of dolomite was dissolved from the sample, sample 9 shows that 0.008 mg (0.44%) of kaolin-
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ite was dissolved and sample 10 shows that 0.113 mg (5.64%) of dolomite was dissolved and 0.04 mg
(2.36%) of kaolinite was dissolved.

The reaction rate for the samples can be calculated, where

R =
Q∆C

SA
(6.2)

where Q = flow rate of acid (L/s), ∆C = change in concentration (mol/L) and SA is the surface
area of the mineral (cm2)

however, the drained fluid from the experiments was sampled at the end of the reactive flow instead
of at regular sampling intervals and this may have resulted in a diluted sample and also it would be
unknown as to whether the reaction rate had reached a steady state. Due to this the reaction rate
was not calculated.

6.3 Discussion

6.3.1 How does heterogeneous mineralogy impact the pore network geometry?

As discussed in the results section the pore network geometry varies between each sample and this
is demonstrated by the different mean pore diameter size and porosity values. The results show that
the occurrence of minerals in the bead pack samples reduces the mean pore diameter and increases
the range in mean pore diameter. This is especially evident as sample 7 has the largest mean pore
diameter (0.081 mm) and smallest range in pore diameter size (0.13 mm) and the samples which
contain dolomite and/or kaolinite have significantly smaller mean pore diameter size (up to 0.046mm
(56%) smaller) and significantly larger ranges in pore diameter size (up to 0.59 mm (81.9%)). Out of
the three samples which contain minerals sample 9 shows the smallest mean pore diameter and the
largest range in mean pore diameter sizes (Table 6.1 and 6.2) and this may be due to the difference
in particle size in this sample which ranges from 15 - 75 µm. Based on the results presented in the
previous chapter and in the literature review it is expected that pore diameter is roughly equal to
grain diameter and therefore pore diameter will decrease with decreasing particle size (Revil et al.,
2012; Chung and Lin, 2017). This is often related to grains which are spherical however the results
from this study suggest that it may also be applicable to non-spherical particles and this is supported
by other studies which observe that pore size increases with decreasing kaolinite surface area (Zhang
et al., 2018a). Moreover, increasing kaolinite content can result in the reduction in the volume of
larger pores (5-50 nm) and an increase in the volume of micropores (Qi et al., 2019). Additionally,
clay minerals are associated with wider pore size distributions (Scott et al., 2019) and this may
be enhanced due to the large size difference between the glass beads and kaolinite and kaolinite is
able to infill the pore space between the beads more easily, as demonstrated in Figure 6.5, which
will further reduce the size of the mean pore diameter and this is commonly associated with clay
minerals (Wang et al., 2020c; Zahid et al., 2019; Qiao et al., 2020; Schmitt et al., 2015a; Wilson et al.,
2014). The shape of the different particles (e.g. glass beads, kaolinite) in the bead pack samples is
also expected to influence the size and range of pore diameter (Sperry and Peirce, 1995; Xu et al.,
2020). Kaolinite platelets have large aspect ratios (ratio of diameter of the planar platelet to the
laminar thickness) which results in high variation in particle dimensions (Vora and Dugan, 2019;
Cheng et al., 2014) and increasing width is expected to have a greater influence on the pore size,
where increasing width corresponds to a reduction in pore size (Björk et al., 2013). Furthermore,
due to the design of the sample the kaolinite in the sample is not uniformly distributed and is
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mostly concentrated in the lower half of the sample which will increase variation in the range of
pore diameter size throughout the sample and this is demonstrated in Figure 6.6 where the mean
pore diameter decreases downstream as the kaolinite content increases downstream. This results
in a greater contrast between particle size upstream and downstream and as demonstrated in the
previous chapter (Chapter 5) the transition between larger particles to smaller particles increases
the range in pore diameter size which increases heterogeneity in the pore network. Sample 10 also
contains kaolinite and also shows a much lower mean pore diameter size and higher range of pore
diameter sizes than the samples which do not contain kaolinite (samples 7 and 8), however, the
mean pore diameter size in sample 10 is 10% greater than the mean pore diameter size in sample 9.
This is due to the dolomite content in the sample and the dolomite grains are observed as angular
(Fig. 6.5) and occur between the glass beads which restricts high concentrations of kaolinite from
infilling pore space and therefore preserves some of the open pore space.

The occurrence of minerals within the bead pack samples also reduces porosity and sample 8 presents
the lowest average porosity value (15.98%). This is due to the size of the dolomite crystals in sample
8, which are much larger than the grains of kaolinite (+ 48 µm or 76.19%) and occupy larger pores
which largely reduces intergranular porosity, demonstrated in Figures 6.5 and 6.1. The grains of
dolomite in the bead pack sample are angular which allows the grains to fit alongside beads as well
as in open pore space (Fig. 6.5) which enhances porosity reduction. The form in which kaolinite
occurs also largely influences porosity and in the bead pack samples the kaolinite is pore filling
which reduces porosity and pore filling kaolinite is associated with micropores (< 10 µm which are
not as favourable for porosity as intergranular macropores (> 10 µm (Lai et al., 2015; Zhou et al.,
2019) and pore filling clays are often regarded as the key contributing factor to porosity reduction
in sandstones (Scott et al., 2019; Lai et al., 2015). Sample 9 which contains kaolinite has the largest
range in porosity out of all the samples (19.22%) and alike the large range in pore diameter size
this could be due to the large range in kaolinite particle size. A greater range in particle size will
enhance the distribution of kaolinite throughout the second half of the sample as the smaller particles
of kaolinite will be able to infill smaller pores as well as larger pores in the sample. The impact
of kaolinite will be greater in smaller pores than in larger pores which results in the wide range of
porosity. Additionally, the occurrence of kaolinite can increase interparticle and interlayer porosity
at the nanoscale (Asaad et al., 2021; Zhou et al., 2019; Cao et al., 2016) which will also contribute
towards the large range in porosity. The wide range in porosity is also likely to influenced by the
design of the sample as the upper half of the sample has a more uniform composition and therefore
the pore space is also expected to be more uniform which contrasts with the lower half of the sample
where kaolinite predominantly occurs. The porosity contrast could have also been enhanced when
the sample was made, as the addition of extra beads in zones 1 - 3 may have encouraged the kaolinite
to migrate into lower zones and accumulate at the bottom of the sample. Although this is possible,
the porosity contrast is very sharp at zone 3 and after zone 3 the porosity results are relatively stable
and only vary by 3% so it is expected that the kaolinite is well distributed throughout zones 3 - 5
and does not solely accumulate in the bottom of the sample. This is also observed in samples 8 and
10 which demonstrate a significant porosity reduction in zone 3 which then stabilises throughout
zones 4 and 5.

6.3.2 How does heterogeneous mineralogy impact mineral dissolution at the
pore scale?

It is evident that the differing mineralogy across the samples influences the amount of mineral
dissolution which occurs within the samples. Dissolution is greatest in sample 10 which is the only
sample which contains two minerals, dolomite and kaolinite, and the amount of dolomite dissolved
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increases by 0.5% and the amount of kaolinite dissolved increases by 1.9%. This could be due to
the pore network geometry and sample 10 has a lower mean pore diameter size than sample 8 and
shows the greatest range in pore diameter size out of all of the samples, which is due to the pore
occupying dolomite grains and pore filling kaolinite. Greater variation in pore diameter size leads to
a less uniform pore network which will result in a higher frequency of flow pathways (David, 1993)
and greater tortuosity in fluid flow (Salem, 1993; Datta et al., 2013; Cai et al., 2019) as the fluid
flow will bypass smaller pores in favour of larger pores (Li et al., 2018) which was demonstrated
in the previous chapter (Chapter 5). Larger pores are capable of facilitating higher velocity flow
(Salem, 1993; Nemati et al., 2020) which may lead to heterogeneous mineral dissolution focused along
preferential flow paths in the pore network and higher flow rate is associated with a more uniform
reactions and lower flow rate is associated with less uniform reactions (Sabo and Beckingham, 2021).
Additionally, tortuosity is largely influenced by the shape of grains/particles in the pore network and
tortuosity is expected to increase with increasing height-to-width ratio (Ghassemi and Pak, 2011).
The dolomite grains in samples 8 and 10 (Fig. 6.5) are angular and have a greater height-to-width
ratio than the glass beads or kaolinite accumulations so it is expected that tortuosity is greater in
samples 8 and 10 than in samples 7 and 9. An increase in tortuosity results in a longer fluid flow
pathway (Habisreuther et al., 2009) and a longer fluid flow pathway is likely to have access to more
reactive minerals which therefore increases the rate of reaction and dissolution of reactive minerals
in samples which have higher tortuosity (samples 8 and 10) (Zhang et al., 2020b; Ma et al., 2019;
Jung and Navarre-Sitchler, 2018).

6.3.3 How does heterogeneous mineralogy impact permeability and transport
phenomena?

The permeability results show that heterogeneous mineralogy impacts permeability and permeability
is reduced when dolomite and kaolinite occur (Fig. 6.6, Table 6.3 and 6.4) which is due to the reduced
pore space in the samples which contain minerals as the additional minerals occupy the pore space
between the glass beads, which reduces the mean pore diameter size and increases the range of mean
pore diameter size, resulting in a more heterogeneous pore network. The permeability results from
the experiments indicate that permeability is lowest in sample 9, which contains kaolinite, whereas
the simulated permeability results show that permeability is the lowest in sample 10, which contains
both kaolinite and dolomite. The simulated average permeability results show very little difference
between the samples which contain minerals (0.07 - 0.21 D or 1.5 - 4.7%) yet the experimental results
show that the samples vary quite significantly (1.03 - 1.38 D or 49.7 - 66.6%). Some variation is
expected between the two different methodologies used to assess permeability and the difference may
be due to the sampled area as the experiments produce results for the entire sample (1×1×12 mm)
whereas the simulations produce results from the central section of the sample (1 × 1 × 7 mm).
In addition to this, the results from the simulations show that permeability consistently decreases
from zone 1 to zone 5 and permeability may continue to decrease throughout the sample which
would reduce the averaged permeability. Overall, both sets of permeability results show that the
occurrence of kaolinite is detrimental to permeability which is agreeable throughout the literature
and clay minerals are typically associated with reduced permeability and porosity as they infill
pores, clog pore throats and increase pore throat heterogeneity (Wang et al., 2020c; Qiao et al.,
2020; Schmitt et al., 2015a; Wilson et al., 2014; Li et al., 2020; Fox et al., 2018).

When the simulated permeability throughout the sample zones is analysed sample 8 (containing
dolomite) shows the smallest range in permeability throughout the sample and permeability decreases
steadily (Fig. 6.6) whereas the sample which contains kaolinite shows a larger range in permeability
( + 4 to 6%). This indicates that although the addition of dolomite to the bead pack sample reduces
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permeability it reduces permeability in a more predictable way and increased dolomite content
results in a steady decrease in permeability 2 - 3 D from zone 1 to zone 5. On the other hand, the
permeability reduction as a result of kaolinite content is more unpredictable and the permeability
initially decreases by 9.8 D and then slightly increases by 0.3 - 0.4 D. This is likely due to the greater
range of mean pore diameter size and porosity in the sample which creates a more heterogeneous
pore network. In the literature clay minerals are associated with a large variation in permeability
and this is interpreted to be a result of clay mineral dimensions and the large aspect ratio of clay
minerals (Vora and Dugan, 2019). Additionally, kaolinite is able to accumulate in pore throats
which reduces the connectivity of the pore network (Wang et al., 2020c; Wilson et al., 2014) and
therefore reduces permeability (Zhou et al., 2016). When dolomite and kaolinite occur together the
permeability results show characteristics of the sample which solely contains dolomite and the sample
which solely contains kaolinite. Permeability steadily decreases throughout the sample, similarly to
the sample which only contains dolomite, and the sample also displays a large range of permeability,
similarly to the sample which only contains kaolinite. The occurrence of both minerals in the same
sample has a lesser effect on permeability than when the minerals occur independently and this
could be due to the average particle size in the sample. The sample which contains glass beads
(75 µm), dolomite (63 µm) and kaolinite (15 µm) will have a larger average particle size than the
sample which only contains kaolinite and a smaller average particle size than the sample which only
contains dolomite and therefore it is expected that the sample will have an average pore size which is
larger than the average pore size in the sample which contains kaolinite and smaller than the average
pore size in the sample which contains dolomite (Revil et al., 2012). In the literature and in the
previous chapter it was noted that permeability increases with increasing bead size (Yoneda et al.,
2019; Oliveira and Nicolodi, 2017; Ghassemi and Pak, 2011) and this is because larger bead size
corresponds to higher porosity and a larger mean pore diameter size which encourages high velocity
preferential fluid pathways. Furthermore, the permeability may be less impacted in the sample
which contains both kaolinite and dolomite than in the sample which solely contains kaolinite as the
distribution of kaolinite may be restricted by the occurrence of dolomite. As mentioned previously
dolomite occupies the larger pores and wedges alongside beads which limits the amount of pore
space where kaolinite can accumulate which may result in a more uniform distribution of kaolinite
and therefore a more uniform distribution of pore sizes.

The permeability of the samples containing dolomite and dolomite and kaolinite was reduced after
acidic flow and the sample containing dolomite only showed the greatest reduction in permeability
(32.54%). The permeability was reduced despite the ICP-OES results showing that dissolution
had occurred (2.36-5.64%). The permeability reduction is greatest in the sample which has the
largest reactive mineral surface (63 µm) and the largest average particle size (sample 8) and it is
interpreted that during the dissolution process smaller fragments (< 63 µm) of the dolomite crystals
became detached and transported with the acidic flow (Ma et al., 2019; Liu et al., 2020b; Israeli
and Emmanuel, 2018; Singurindy and Berkowitz, 2003; Wang et al., 2021). Some of the smaller
fragments of dolomite may then be transported out of the sample, however, other fragments may
become trapped in pores and pore throats and clog fluid pathways and reduce the permeability of the
sample (Ma et al., 2019; Liu et al., 2020a). The impact of this process may have been enhanced by the
average particle size as samples with larger particle size are associated with increased permeability
and high velocity preferential pathways and it would be more detrimental to permeability and fluid
flow in the pore network if a high velocity preferential pathway became blocked. The permeability
may have also been reduced by increased surface roughness on the grains of dolomite during the
acidic flow (Shiraki and Dunn, 2000). The permeability in the sample which contains both dolomite
and kaolinite was less affected by this as it is expected that dolomite and kaolinite in the sample
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were exposed to acidic flow for longer because the pore network in this sample is more restricted by
the smaller pore diameter size (Table 6.1) and larger range in pore diameter size increases tortuosity
in the flow which enables the fluid to access more reactive minerals in the pore network (Nemati
et al., 2020; Salem, 1993; Habisreuther et al., 2009; Zhang et al., 2020b). As a result of this any
fragments which detached from the dolomite grains are expected to be smaller and more able to be
transported out of the sample and less likely to clog pores and pore throats. Additionally, a more
restrictive pore network would limit how far particles could be transported and therefore reduces the
amount of fragments which block pores/pore throats and in the literature it is widely accepted that
the solutes released by dissolution need to be removed from the area of dissolution and that requires
favourable fluid flow conduits (Yuan et al., 2019). The decrease in permeability may have also
been reduced due to the dissolution of kaolinite and the sample which only contains kaolinite shows
that permeability increases (9.6%) as a result of kaolinite dissolution. Additionally, the permeability
before acidic flow in the sample which solely contains kaolinite decreased throughout the experiments
and this is interpreted to have occurred due to migrating particles of kaolinite blocking pores and
pore throats (Sameni et al., 2015; Zhang et al., 2020a; Rosenbrand et al., 2012). Particle migration
is not uncommon in sandstone reservoirs (Zhang et al., 2020a; Rosenbrand et al., 2012) and may
result in localised regions of high reaction rates when accumulations of reactive minerals occur.
Accumulations of kaolinite particles blocking pores and pore throats may result in concentrated
regions of kaolinite accumulations which will further reduce permeability and consequently increase
tortuosity which as mentioned previously, can promotes access to more reactive minerals (Mangane
et al., 2013; Nemati et al., 2020; Salem, 1993; Habisreuther et al., 2009; Zhang et al., 2020b).
Moreover, the size of pores prior to mineral dissolution may impact the effect of mineral dissolution
on permeability and dissolution which occurs in smaller pores may contribute more to permeability
than mineral dissolution in larger pores (Sabo and Beckingham, 2021). The samples which contain
kaolinite have a smaller mean pore diameter than the samples which do not contain kaolinite which
suggests that dissolution in the samples which contain kaolinite will contribute more to permeability
than dissolution in the samples which do not contain kaolinite.

In contrast to the results from this study carbonate cement dissolution in sandstone reservoirs is
associated with increased reservoir quality (porosity and permeability) (Cui et al., 2018; Claes et al.,
2018). However, many studies only record an increase of porosity after dissolution (Cui et al., 2018;
Wei et al., 2015; Yang et al., 2017). There are studies in the literature which present large, abnormal
porosity and permeability contrasts in deeply buried sandstones (> 2000 - 4000 m depending on the
study) however this may be a consequence of grain coating clays preventing cementation, lack of
quartz cement, grain composition, early emplacement (shallow depths) of hydrocarbons or develop-
ment of fluid overpressure at shallow depths rather than a direct consequence of mineral dissolution
(Ehrenberg, 1993; Warren and Pulham, 2002; Freiburg et al., 2016; Li et al., 2020). Furthermore,
the impact of increased porosity as a consequence of dissolution (commonly referred to as secondary
porosity) on reservoir quality isn’t well established and it is not definite that secondary porosity
directly results in a net increase of porosity and permeability (Bloch, 1994; Li et al., 2020; Giles
and de Boer, 1990) and permeability evolution as a result of mineral dissolution is more complex
and more difficult to predict than porosity evolution (Sabo and Beckingham, 2021). Moreover, some
studies also indicate that secondary porosity is a re-distributional process where the porosity in-
crease from mineral dissolution is offset by mineral precipitation, which can occur as a by-product
of mineral dissolution (Bloch, 1994), and some studies suggest that by-products cannot be fully
exported which limits the effect of mineral dissolution (Li et al., 2020). Permeability increases after
acidic flow and mineral dissolution have been recorded and Ma et al. (2020) report that permeabil-
ity significantly increases as a result of dolomite cement dissolution, however, the experiments were
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conducted over 455 hours, in contrast to the 3 hour acidic flow in this study, and under reservoir
conditions. This suggests that the acidic flow experiments conducted in this study may have been
successful at achieving mineral dissolution but unsuccessful in the aim to recreate realistic mineral
dissolution. The difference in permeability and dissolved volume of dolomite may be due to the type
of sample used and the composition of the sample and Ma et al. (2020) use a sandstone sample which
exhibits dolomite cement, rather than grains of dolomite. Alternatively, Ma et al. (2019) also use
a sandstone sample which exhibits dolomite cement and perform flow through reactive experiments
at reservoir conditions and observe an increase in porosity and a decrease in permeability. The
two sandstone samples used in Ma et al. (2020) and Ma et al. (2019) present different porosities
and the sandstone sample used in Ma et al. (2020) has a porosity of 8.76% whereas the sandstone
sample in (Ma et al., 2019) has a porosity of 21.9%, which suggests that the original porosity of the
sandstone samples influences the effect of dolomite dissolution. The samples used in this study also
have greater porosity (+ 7.22 - 8.80%) than the sample used in Ma et al. (2020) which indicates that
samples which have relatively high original porosity to begin with may be less impacted by dolomite
dissolution. This is also supported by the experimental results from Bertier et al. (2006) which
show greater dissolution of carbonates (dolomite, ankerite) in sandstone cores with lower porosity
(13.1%) than in sandstone cores with greater porosity (17.0%). The size of pores may also influence
how permeability is impacted by mineral dissolution and Sabo and Beckingham (2021) suggest that
dissolution in larger pores contributes less to permeability than dissolution in smaller pores. This
is also reflected by the results in this study where permeability increases after mineral dissolution
in the sample which has the lowest mean pore diameter and permeability decreases after mineral
dissolution in the sample which has the largest mean pore diameter. Permeability is also observed
to reduce after CO2 injection and dolomite dissolution in sandstone samples by Wang et al. (2019b),
Sayegh et al. (1990), Shiraki and Dunn (2000) and Mohamed et al. (2012). The effect of acidic
flow and mineral dissolution on permeability may also be influenced by the form in which the reac-
tive minerals occur in. In this study dolomite occurs as unattached grains, however, this is rarely
observed in sandstone reservoir rocks. Loose, unattached dolomite grains enable circumgranular
dissolution which may increase the possibility of clogging during transport. It is unlikely that this
type of dissolution would occur in sandstone reservoir rocks so it is also less likely that clogging
would occur.

6.4 Conclusions

The addition of kaolinite and dolomite into the bead pack samples reduces the mean pore diameter
size and increases the range of mean pore diameter sizes. Kaolinite content reduces the mean pore
diameter size more than dolomite content and increases the range of mean pore diameter sizes more
than dolomite content. This is due to the size and distribution of kaolinite and kaolinite is more
randomly distributed throughout the sample as it is much finer than the dolomite grains.

When both kaolinite and dolomite occur within a sample the effect of kaolinite on the pore diameter
size and range is reduced as dolomite grains occupy larger pores which restricts large accumulations
of kaolinite in the pores and encourages a more uniform distribution of kaolinite throughout the
sample.

The addition of kaolinite and dolomite also reduces the porosity of the bead pack samples and
porosity is reduced the most when only dolomite occurs and this is due to the size and shape of
the dolomite grains. The dolomite grains are large (63-75 µm) and occupy most of the pore space
between the grains and are angular so they are able to fit alongside the glass beads too which
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further enhances porosity reduction. Kaolinite content in the sample increases the range in porosity
throughout the sample and this is due to the different types of porosity kaolinite can provide at
different scales, such as interparticle and interlayer porosity.

The amount of dissolution is the greatest in the sample which contains both kaolinite and dolomite
as this sample has the greatest variation in pore diameter sizes which results in a more tortuous
pore network. Increased tortuosity results in longer fluid flow pathways so more reactive minerals
are exposed to the acidic flow.

The permeability is lower in the samples which contain minerals and the results suggest that per-
meability is lowest in the samples which contain kaolinite and this is due to the reduced pore space
and greater range in pore diameter size which creates a more heterogeneous pore network.

When kaolinite and dolomite occur in the same sample the effect of each mineral on permeability
is reduced and this is due the influence of particle size and distribution on permeability. The
distribution of kaolinite is restricted by the occurrence of dolomite and limits the amount of pores
kaolinite infills which increases uniformity in the pore network and increases the size of accumulations
of kaolinite which increases particle size overall. Permeability increases with increasing particle size
and the average particle size in this sample is greater than the sample which solely contains kaolinite
but lower than the sample which contains solely dolomite. As a result of this the permeability for
the sample which contains both kaolinite and dolomite is greater than in the sample which contains
kaolinite but lesser than the sample which contains dolomite.

Permeability was reduced in all samples after acidic flow despite evidence of mineral dissolution. The
permeability was reduced the most in the sample which contains dolomite and this was interpreted
due to small detached mineral fragments blocking pores and pore throats. The other samples
were less affected and this was due to greater reaction rates and more restrictive pore networks
which limited the size of particles which may become blocked and the distance which they could be
transported.



Chapter 7

How does heterogeneity in grain size and
mineralogy impact pore network reactive
transport properties?

7.1 Introduction

As outlined in the previous chapters variable particle size and mineralogy are strong influences on
how fluid flow behaves in the pore network and heterogeneity in particle size results in a change
in pore network geometry which alters the permeability and alters how the fluid navigates through
the pore network (e.g. preferential fluid pathways or uniformly). Additionally, different mineralogy
also influences the pore network geometry which in turn determines the permeability, reaction rates
and dissolution in the pore network. It is not well studied how the combination of heterogeneous
mineralogy and heterogeneous particle size influences the pore network and it has been observed
in this study that different variations of minerals and particle sizes independently produce different
pore network geometries and fluid flow behaviour. Variable mineralogy, grain shape and grain size is
expected to change the packing density, the degree of sorting and the availability of the pore space
(Adepehin et al., 2019) but it is not yet understood how this will impact the pore network geometry
and reactive fluid flow behaviour. Due to this, this chapter focuses on how fluid flow behaviour is
impacted by heterogeneity in particle size and mineralogy before and after acidic flow. The sample
analysed in this chapter is more complex than the previous samples and the top half of the sample is
composed of 75 µm glass beads and the bottom half of the sample is composed of randomly mixed 75-
180 µm glass beads, 2 mg (5% of sample weight) dolomite and 2 mg (5% of sample weight) kaolinite.
The permeability of the sample will be assessed from the pore-scale permeability experiments, before
and after acidic flow, and in the Avizo®Fire software. The pore network geometry of the sample
will also be analysed in the Avizo®Fire software and the rate of reaction and amount of dissolution
from the acidic flow will be calculated from ICP-OES analysis of the drained acidic fluid.

7.2 Results

The results in this chapter include core characterisation, bead pack characterisation, permeability
from the pore-scale permeability experiments before and after acidic flow, Avizo®Fire absolute
permeability simulations and the amount of mineral dissolution from the acidic flow.
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Figure 7.1: Core sample 3 (left) shows high angle cross laminations of silt which present both a
change in mineralogy and a change in grain size. Core sample 4 (right) shows significant grain size
heterogeneity and shows the addition of detrital clasts which may have contrasting mineralogy and
or provenance.

7.2.1 Core Characterisation

The four reservoir sandstone core samples previously analysed in Chapters 5 and 6 were also studied
to identify areas which showed strong heterogeneity. At the core scale significant heterogeneity in
grain size was identified in cores 3 and 4 (Fig. 7.1) which show the occurrence of silt high angle
cross laminations which present a grain size contrast (250-400 µm) and mineralogy contrast (sudden
increase in clay mineral content) and the addition of large detrital clasts which also show a grain
size contrast (3.6-38.5 mm) and may also present a different mineralogy as a result of different
provenance, however, the mineralogy of the detrital clasts was not studied. At the thin section
scale heterogeneity in the core samples was also observed (Fig. 7.2) and grain size heterogeneity was
observed in samples 1, 3 and 4. In core samples 1 and 3 bands of finer grains and material infill the
pore space between larger grains and in core sample 4 much larger clast occupy large portions of
the sample. Heterogeneous mineralogy was also observed in core sample 3 and dolomite grains and
cement occur sporadically and muscovite occurs within and local to the bands of finer material.

7.2.2 Bead Pack Characterisation

Two bead pack samples were designed and created to incorporate grain size and mineralogical het-
erogeneity (Fig. 7.3 and 7.4). Sample 11, similar to the bead pack samples in the previous chapters,
is composed of 75 µm glass beads in the top half of the sample and 75-180 µm glass beads, 5%
dolomite (2 mg) and 5% kaolinite (2 mg) in the second half of the sample. The second sample in
this chapter, sample 12, is composed of rock powder from core sample 3, which showed significant
heterogeneity at the core and thin section scale, and the top half of the sample is composed of rock
powder which is 0-75 µm, and the bottom half of the sample is composed of rock powder which is
75-180 µm. In sample 11 five consecutive zones (zones 1 - 5; zone 1 occurs at the top and zone 5
occurs at the bottom) (Fig. 7.3) were analysed and in sample 12 three consecutive zones (zone 1:
0-75 µm grains, zone 2: transition zone between zone 1 and 3 0-180 µm grains and zone 3: 75-180 µm
grains) (Fig. 7.4), were analysed in the Avizo®Fire software.

The analysis shows that the mean pore diameter ranges from 0.009-0.083 mm and overall the mean
pore diameter is larger in sample 11 (Table 7.1). In sample 11 the mean pore diameter ranges
from 0.0104-0.0831 mm and generally decreases from zone 1 to zone 5 (Fig. 7.5). In sample 12 the
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Figure 7.2: The thin section images of core samples 1, 3 and 4; core sample 1 shows grain size het-
erogeneity and shows a band of finer material; core sample 3 displays heterogeneity in mineralogy
(XPL) and grain size (PPL) and shows sporadic dolomite grains/cement and muscovite mica occur-
ring in clusters local to the band of finer material which infills the pore space between larger grains;
core sample 4 shows grain size heterogeneity and various areas of pore space which are cemented.
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Figure 7.3: The five zones of sample 11 showing the transition from homogeneous bead size (75 µm)
(zones 1-2) to mixed bead size (75-180 µm), 2 mg of dolomite and 2 mg of kaolinite (zones 3-5). Zone
3 is the transitional zone between the homogeneous bead size and heterogeneous bead size with the
addition of dolomite and kaolinite.
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Figure 7.4: The three zones analysed in sample 12; zone 1 is composed of 75-180 µm grains, zone 2
is composed of 0-180 µm grains and zone 3 is composed of 0-75 µm grains.

mean pore diameter shows a smaller range across the different zones and only differs by 0.0005 mm
(5.80%). The range of mean pore diameter in the different zones of the samples also varies and
sample 12, zone 3 shows the greatest range and sample 11, zone 1 shows the smallest range (Table
7.1). The porosity also differs between the samples and overall sample 11 has higher porosity than
sample 12 (Table 7.1). Overall the porosity decreases from zone 1 to zone 5 in sample 11 and sample
12 shows a significant reduction in porosity in zone 3.

7.2.3 Permeability

Experimental Permeability

The pore-scale permeability experiments were performed on sample 11 before and after acidic flow.
The permeability before acidic flow was 0.47 D and was reduced to 0.11 D after acidic flow which is a
reduction of 0.36 D (76.6%). The results show that pressure difference increases with increasing flow
rate both before and after acidic flow which suggests Darcian flow (Fig. 7.6). The error bars shown
in Figure 7.6 were calculated from the standard deviation in the results for flow rate (horizontal error
bars) and pressure difference (vertical error bars) after the system had stabilised for a minimum of
30 minutes. Results were recorded every 0.1 seconds.

The pore-scale permeability experiments were not conducted on sample 10 as pressure in the system
exceeded the pressure limit (> 3 bar) before the pressure stabilised.

Simulated Permeability

The Absolute Permeability Experimental Simulations were conducted in Avizo®Fire on both sam-
ples and show that overall permeability is greater in sample 11 than in sample 12 (Table 7.2). The
averaged permeability for sample 11 is 4.72 D and the average permeability for sample 12 is 1.42 D.
Overall, the permeability decreases through sample 11 from zone 1 to zone 5 (Fig. 7.5) and both
samples show that permeability is lowest in the transitional zone.
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Table 7.1: The mean pore diameter and porosity results from the samples. The minimum pore
diameter for both samples was 0.004 963 07 mm. The same value for the minimum pore diameter
was also observed in the bead pack samples from the previous chapter (Chapter 6) which contained
kaolinite. This suggests one of two things; 1) the mineralogical composition determines the minimum
pore size in the sample, or, 2) the Avizo Fire software has a limited resolution where pores below
0.004 963 07 mm are not detectable. The limited resolution could be due to how the image stack
was processed and the bead pack samples which contained minerals proved more difficult to convert
into binary images due to the different shades of colour each image contained which was due to the
different minerals. For example, the glass beads and dolomite are white and the kaolinite is dark
grey which makes it difficult to distinguish the kaolinite from the pore space.

Sample Zone Mean Pore Diameter (mm) Range in Pore Diameter (mm) Porosity (%)

11 1 0.082 0.005 - 0.182 37.18
2 0.083 0.005 - 0.207 37.25
3 0.009 0.005 - 0.646 8.49
4 0.013 0.005 - 0.580 9.96
5 0.010 0.005 - 0.602 7.64

12 1 0.0097 0.005 - 0.557 11.04
2 0.0093 0.005 - 0.717 12.43
3 0.0099 0.005 - 0.556 8.43

Table 7.2: The simulated permeability results from the samples.

Sample Zone Permeability (D)

11 1 15.40
2 7.97
3 0.89
4 1.73
5 1.32

12 1 1.54
2 1.00
3 1.32
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Figure 7.5: A log presenting the pore network properties of the bead pack samples discussed in
this chapter and how they vary throughout the different zones of the samples. The properties were
measured across a 1× 1× 7 mm scanned section of the samples. Fluid flows in the z direction from
zones 1 to zone 5 in sample 11 and from zone 1 to zone 3 in sample 12.
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Figure 7.6: The results from the pore-scale permeability experiments before and after acidic flow.

7.2.4 Fluid Chemistry Analysis

Acid was flushed through sample 11 and a replica of sample 11 to demonstrate reliability of the
results and the drained fluid from the acidic flow was collected and analysed using inductively
coupled plasma - optical emission spectrometry (ICP-OES). In sample 11, 0.142 mg (7.10%) of
dolomite was dissolved from the sample and in the replica sample 0.151 mg (7.55%) of dolomite was
dissolved. Further analysis showed that 0.047 mg (2.36%) of kaolinite was dissolved in sample 11
and in the replica sample.

7.3 Discussion

7.3.1 How does heterogeneous grain size and mineralogy influence pore network
geometry?

The results show that mean pore diameter and porosity are smaller in the natural rock sample
(sample 12) in comparison to the bead pack sample (sample 11), however, the results are more
comparable in the lower half of the bead pack sample, where the mean pore diameter size differs
by 4.9 - 10.4%, the range in mean pore diameter size differs by 4.1 - 9.9% and the porosity differs
by 0.8 - 4.8%. This indicates that the lower half of the bead pack sample is a better analogue for
a natural sample. In comparison to the results from the previous chapter (Chapter 6) sample 11
shows that increasing heterogeneity (heterogeneous bead size, addition of dolomite and kaolinite)
results in reduced pore diameter size (31.6 - 65.4%) and porosity (3.7 - 5.7%) and increases the range
in mean pore diameter size (20.3 - 26.0%) and this is likely to be due to the heterogeneous bead
size as the smaller beads are able to infill the pore space between the larger beads, as demonstrated
in Chapter 5, in Figure 5.8 and in the literature (Quasim et al., 2021), as well as kaolinite and
dolomite. Kaolinite is much smaller than the glass beads (ranging from 0 - 63 µm) and can easily
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fit alongside the beads and accumulate in pores and clay minerals can often be observed to narrow
or fill pores in sandstones which reduces pore connectivity (Zhao et al., 2017) and increases small
pore volume (< 0.01 µm) (Jiao et al., 2021; Lei et al., 2020). Dolomite is also slightly smaller than
the glass beads (ranging from 63 - 75 µm) and is observed to occur as angular grains which are able
to occupy the pore space as they have a large height-width ratio which enables the narrower part of
the grain to fit alongside beads and enables a higher frequency of dolomite grains, or kaolinite, to
occupy the pore space. In addition to infilling the pore space this will also result in a more irregular
pore space which results in the wider range in pore diameter sizes and angular grains are often
associated with a wider range of pore size distribution (Chaudhary et al., 2013a). This is enhanced
in the transitional zone of both samples and both samples show that mean pore diameter is lowest in
the transitional zone. The reduction in mean pore diameter size and porosity throughout the bead
pack sample may have also been influenced by how the sample was created as the bottom half of the
sample may have become more densely packed as the top half of the sample was added gradually
creating an overburden stress on the sample. As a result of this it is expected that the packing
density increases from zone 1 to zone 5. This process is also observed in natural rock samples when
sediments become compacted during burial and lithification and this also results in reduced pore
space. However, the packing density is limited in the bottom half of the sample as angular grains
are more resistant to packing than spherical grains (Lehocki and Avseth, 2021) and this may further
account for the greater variation in pore diameter sizes in the lower half of the sample as the packing
will be heterogeneous and this is due to the smaller particles in the sample (e.g. kaolinite) as smaller
grains tend to resist compaction more than larger grains (e.g. glass beads) (Lehocki and Avseth,
2021) as they occupy less of the pore space.

The agreement in the results from the bead pack sample and the sample which contains crushed rock
signifies that the bead pack sample is a good analogue for a natural sample and is able to emulate
realistic conditions found in rock samples which is significant for the applicability of results in this
study and an important finding for future work.

7.3.2 How does heterogeneous mineralogy and grain size control mineral disso-
lution at the pore scale?

The amount of dissolution of dolomite in the sample discussed in this chapter suggest that dis-
solution is increased when particle size is heterogeneous and the amount of dolomite dissolution
increases by 1.5 - 2.4% in comparison to the bead pack with homogeneous bead size which contains
dolomite and kaolinite discussed in the previous chapter (Chapter 6). The amount of dissolution
may increase due to the heterogeneous distribution of pores in the pore network and from the bead
pack characterisation it is evident that the combination of heterogeneous mineralogy and bead size
in the sample results in a greater range of pore diameter sizes. A heterogeneous distribution of pores
in the pore network increases the tortuosity of fluid flow as it increases resistance to fluid flow and
fluid will by-pass smaller pores in favour for larger pores (Nemati et al., 2020; Salem, 1993) and
increasing tortuosity increases the length of the fluid pathway (Habisreuther et al., 2009). Fluid
pathways with greater lengths will have greater access to reactive minerals in the pore network
which may progress reactions (Zhang et al., 2020b; Ma et al., 2019). Fluid pathways within the pore
network will differ and this may affect the contact time between acidic fluid and reactive mineral
and therefore influence the reaction rate (Zhang et al., 2020b; Ma et al., 2019). Due to this, it is
expected that increased heterogeneity in pore network geometry leads to increased tortuosity and
longer fluid pathways which progress geochemical reactions and increase mineral dissolution.
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7.3.3 How does heterogeneous mineralogy and grain size affect permeability
and fluid flow behaviour?

The experimental permeability shows that the combination of minerals and mixed bead size further
reduces permeability when compared to the results from the previous chapter (Chapter 6). The
results show that the addition of dolomite and kaolinite to a bead pack with homogeneous bead
size reduces permeability by 3.2 D (75.7%) and also suggest that when mixed bead size is combined
with dolomite and kaolinite permeability further decreases by 0.5 D (54.8%). The experimental
permeability discussed in this chapter was also compared to the experimental permeability of the two
samples which present bead size contrasts in Chapter 5 and this shows that permeability decreases
by 3.9-4.9 D (89.4-91.4%) when dolomite and kaolinite occur alongside heterogeneous bead size.
Heterogeneous grain size distribution in sandstone reservoirs is predicted to be less favourable for
fluid flow as it is related to variable production rates (Ogbe, 2021) and sandstones with poorly sorted
grain size with clay content are commonly associated with poor reservoir quality (low porosity and
permeability) (He et al., 2019; Al-hasani et al., 2018). The comparisons between the bead pack
samples which were discussed in the previous two chapters (Chapters 5 and 6) indicate that the
addition of dolomite and kaolinite have a stronger influence over permeability than heterogeneous
bead size. Adding dolomite and kaolinite into the bead pack sample introduces particles with
different shapes and also increases the heterogeneity in particle size and the size of particles in the
sample varies from 0-180 µm whereas in the previous samples the particle size has only varied by
0-75 µm or 75-180 µm. Furthermore, the impact of kaolinite on pores may also be heterogeneous and
Matmon and Hayden (2003) record that kaolinite has a greater impact in larger pores than in smaller
pores. The reduction in permeability is a result of the reduced pore space and the increased range
in pore diameter which results in increased heterogeneity in the pore network geometry. Increased
heterogeneity in the pore network geometry results in a heterogeneous distribution of permeability
and the pores with a larger diameter are able to contribute more to permeability (Meng et al., 2021;
Apostolopoulou et al., 2019) whereas the pores with smaller diameter contribute less to permeability,
and higher amounts of pores with smaller diameters result in lower permeability overall due to the
connectivity of smaller pores as the connectivity of smaller pores is expected to be less than the
connectivity of larger pores (Apostolopoulou et al., 2019). Heterogeneous connectivity in the pore
network will also reduce permeability (Sato et al., 2019) and the connectivity of pores is also reduced
by the kaolinite content which narrows and fills pores and this can increase tortuosity in the pore
network (Zhao et al., 2017; Carcione et al., 2019), and clay minerals are typically associated with
blocking pores and pore throats which reduces permeability (Zhao et al., 2017; Neasham, 1977; Qiao
et al., 2020; Schmitt et al., 2015b; Wilson et al., 2014; Li et al., 2020; Fox et al., 2018). Additionally,
the occurrence of smaller pores in the pore network can also influence permeability and zones which
are dominated by smaller pores may create zones of reduced permeability or baffles for fluid flow
(Apostolopoulou et al., 2019). Permeability decreases in the lower half of the sample and the lower
half of the sample may act as a baffle for fluid flow and reduce the permeability of the sample overall,
as observed in Chapter 6, where the addition of dolomite and kaolinite to the samples reduced
permeability up to 87.9% in the experimental results and 79.3% in the simulation results. In the
crushed rock sample permeability shows less variation and the decrease in permeability throughout
the sample is less significant when compared to the permeability in the bead pack sample (Fig. 7.5).
This may suggest that the effect of heterogeneity in sedimentary properties in natural rock samples
is less severe on permeability. Alternatively, this may also be due to the low overall permeability
of the sample to begin with and permeability may not vary as much since permeability is more
restricted by the properties of the sample, such as poor sorting due to mixed grain size and shape,
which reduce the pore space and therefore reduce permeability (Meng et al., 2021; Apostolopoulou
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et al., 2019). In comparison, in the bead pack sample the change in properties is much more severe
and the sample changes from well sorted homogeneous bead size to poorly sorted beads with pore-
filling kaolinite and dolomite which significantly reduces the permeability. When the permeability
of the bead pack sample and the crushed rock sample are compared to permeabilities of samples
of well studied homogeneous, sandstones (e.g. Bentheimer, Berea sandstones) the permeability of
the bead pack and crushed rock sample have lower permeability or sit within the lower permeability
range, which indicates that the samples created in this study have been successful in achieving
the goal of increasing the complexity and heterogeneity of a simple bead pack and homogeneous
sandstone sample. The Bentheimer sandstone is regarded as a well sorted sandstone with a constant
mineralogy (Peksa et al., 2015) and the permeability of a sample of the Bentheimer sandstone ranges
from 0.52-3.54 D (Peksa et al., 2015; Lin et al., 2019; Muljadi et al., 2016; Jacquey et al., 2015). The
Berea sandstone is also described as a well sorted sandstone and a homogeneous, well connected
porous medium (Sato et al., 2019; Peng et al., 2014) and permeability varies much more than the
Bentheimer sandstone and is recorded to range from 0.01 - 1 D (Sato et al., 2019; Peng et al.,
2014; Baizhanov et al., 2019; Kareem et al., 2017) and Kareem et al. (2017) observe four ranges of
permeability within four separate samples ranging from < 0.05 - 1 D. Despite both the Bentheimer
and Berea sandstones commonly being described as homogeneous the literature also records areas
of heterogeneity (e.g. local cements, variable clay content (Baraka-Lokmane et al., 2009; Kareem
et al., 2017)) which accounts for the range in recorded values.

The permeability of the bead pack sample was reduced after acidic flow despite mineral dissolution
(7.1-7.5% dolomite dissolution, 2.4% kaolinite dissolution) occurring and this was also observed in
the experimental results from the previous chapter (Chapter 6). The reduction in permeability
is interpreted to occur as a result of smaller particles breaking off during the dissolution process
and becoming lodged in pores and pore throats, blocking or partially blocking flow pathways and
therefore reducing permeability (Ma et al., 2019; Liu et al., 2020b; Israeli and Emmanuel, 2018; Sin-
gurindy and Berkowitz, 2003; Wang et al., 2021). As well as reducing the permeability the clogging
of pores and pore throats and blocking or partially blocking flow pathways may also result in in-
creasing variation in permeability and increasing tortuosity (Mangane et al., 2013). Additionally, the
reduction in volume and size of the minerals will allow the bead pack sample to become more com-
pacted (Ma et al., 2019) which further reduces the pore space and permeability which will increase
the possibility of smaller particles clogging pores and pore throats. The permeability reduction is
greater in the sample which contains dolomite and kaolinite as well as heterogeneous bead size when
compared to the sample which contains dolomite and kaolinite which has homogeneous bead size
and this indicates that the amount of smaller particles becoming lodged in pores and pore throats
is increased when bead size is heterogeneous. More particles may become lodged in pores and pore
throats when bead size is heterogeneous as heterogeneous bead size increases the range of mean pore
diameter and porosity which is associated with increasing disorder and heterogeneity in the pore
network (Zakirov and Khramchenkov, 2020; Zhu et al., 2018; Guo, 2012) and increased heterogeneity
typically leads to reduced permeability which may restrict particle transport. Additionally, hetero-
geneity in the pore structure may influence carbonate dissolution (She et al., 2016; You and Lee,
2021) as the pore structure can determine acid concentrations, transport limitations and mineral
accessibility (You and Lee, 2021; Molins et al., 2017) and heterogeneity in pore size can influence
the effective solubility of reactive minerals and dissolution (Emmanuel and Berkowitz, 2007). For
example, Steinwinder and Beckingham (2019) show that the effect of mineralogical reactions varies
due to pore size and reactions in smaller pores can increase permeability whereas reactions in larger
pores increases porosity. Additionally, Roded et al. (2020) indicate that the width of flow chan-
nels, which is determined by pore network geometry, and heterogeneous flow fields influence the
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permeability evolution in the pore network after dissolution and narrow fluid pathways increase the
permeability enhancement. Furthermore, You and Lee (2021) state that larger grain size results
in a reduction in cross sectional area of micro-channels and smaller grain size increased the length
of fluid pathways and velocity resistance. Moreover, Liu et al. (2020b) also suggest that smaller
grains have a higher rate of reaction and Saldi et al. (2017) indicate that variation in grain size
influences surface reactivity. From this it is understood that a pore network with heterogeneous
pore diameter and porosity will have heterogeneous permeability and dissolution and heterogeneous
dissolution may lead to a greater contrast between pore sizes which may increase the occurrence of
trapped particles in the pore network as different pores will be able to facilitate a different degree of
transport. This reasoning is supported by the results from the previous chapter (Chapter 5) which
shows that fluid flow is favoured by larger pores (Salem, 1993; Nemati et al., 2020) so acidic fluid
will be preferentially distributed throughout the pore network which may also contribute towards
heterogeneous dissolution. Additionally, larger pores can enable higher velocity flow (Li et al., 2018)
which may result in heterogeneous velocity locally which may also contribute towards heterogeneous
dissolution.

The amount of dolomite dissolution in the bead pack sample discussed in this chapter is greater
than the amount of dolomite dissolution in the bead pack samples discussed in the previous chapter
(Chapter 6) and this is understood to have occurred as a result of increased heterogeneity in the pore
network geometry which increases resistance to flow and tortuosity and lengthened fluid pathways,
which increases access to reactive minerals in the pore network and increases the rate of reactions
(Nemati et al., 2020; Salem, 1993; Habisreuther et al., 2009; Zhang et al., 2020b). In addition to
increased mineral dissolution the bead pack sample analysed in this chapter also shows the greatest
permeability reduction, 72.7%, which is significantly greater than the other 3 samples where perme-
ability reduction ranges from 1.8-35.5%. This could be due to the increased amount of finer particles
released during the acidic flow and also due to the smaller and more heterogeneous pore space in
the sample and pores, pore throats and flow pathways may be more easily blocked than in the other
samples which have a greater content of larger pores and less heterogeneity in pores. Furthermore,
the bead pack sample analysed in this chapter also shows the greatest variation in permeability
throughout the different zones of the sample (Fig. 7.5) and permeability in zone 3 is 48.5% lower
than zone 4, which has 23.6% greater permeability than the following zone (zone 5). It is recorded in
the literature that permeability influences the rate of reactions (Zhang et al., 2020b) and the fluctua-
tions in permeability throughout the sample may correspond to localised fluctuations in reaction rate
and amount of dissolution. The fluctuation in permeability, and potentially reaction rate and disso-
lution throughout the sample may create localised baffles and barriers to fluid flow and also localised
preferential flow pathways and a consecutive sequence of fluid flow barriers/baffles and preferential
flow pathways not only increases heterogeneity but may enhance the effect of barriers/baffles after
acidic flow and dissolution. For example, a zone of greater permeability, greater rates of reaction
and dissolution will be able to transport increased amounts of solutes and finer particles to a zone of
lower permeability, lower reaction rates and dissolution. The zone which has lower permeability will
not only be less able to facilitate fluid flow, solute transport and particle transport but the pores,
pore throats and fluid pathways within the zone will be more easily blocked and this may result in
localised regions of the sample becoming blocked more readily and creating enhanced permeability
contrasts throughout the sample and in some cases blocking flow completely. Localised dissolution
features which alter permeability are more commonly associated with limestone dissolution (Luquot
et al., 2014), rather than dissolution of carbonates in sandstones, and this is due to the increased
heterogeneity typically observed in carbonate rocks in comparison to siliciclastic rocks. However,
analysis of carbonate dissolution in sandstones is often studied in samples with limited heterogeneity
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so this is perhaps why such dissolution features are not commonly observed. Ma et al. (2019) do
not fully describe the properties of the sandstone used in the dissolution experiments conducted in
their research however the permeability before acidic flow was 0.36 D and the porosity was 21.9%,
which is comparable to recorded values of porosity and permeability for the Bentheimer and Berea
sandstones, which are regarded as having good reservoir quality and are relatively homogeneous
below the cm scale (Baraka-Lokmane et al., 2009; Kareem et al., 2017; Peksa et al., 2015; Muljadi
et al., 2016). Additionally, Liu et al. (2018) also use a sandstone sample with porosity (23.8%) and
permeability (0.64 D) values comparable to the Berea and Bentheimer sandstones, Dawson et al.
(2015) use a sample of the Berea sandstone and Weibel et al. (2011) use samples from the Bunter
sandstone and the Skaggerak formation, which are again both regarded as having strong reservoir
quality and the Skaggerak formation is observed to exhibit exceptional reservoir quality in fluvial
channel reservoirs due to the anomalously high porosity and permeability values (Stricker et al.,
2016; Olivarius et al., 2015a).

7.4 Conclusions

Increasing heterogeneity in mineralogy and particle size resulted in a reduction in mean pore diameter
size (31.6-65.4%) and porosity (3.7-5.7%) and an increase in the range of mean pore diameter size
(20.3-26.0%). The lower half of the bead pack sample showed good agreement with the results from
the natural rock sample showing that bead pack samples are capable of presenting realistic pore
network geometries.

Increased heterogeneity in the pore network geometry is expected to result in greater tortuosity and
fluid pathway length which promotes geochemical reactions and increases mineral dissolution.

Permeability is reduced (75.7%) by increased heterogeneity in the pore network geometry and a
higher content of smaller pores. Permeability is further reduced (76.6) by dissolution which occurred
during acidic flow and this is due to small particles becoming removed from the minerals and
becoming lodged in pores and pore throats, blocking fluid pathways and reducing permeability. The
reduction in permeability after acidic flow is increased (44.1%) when bead size is heterogeneous in
comparison to bead pack samples with homogeneous bead size.

Permeability reduction is enhanced by fluctuations in local permeability which is expected to corre-
spond to fluctuations in geochemical reactions and dissolution. Consecutive zones of low permeability
and high permeability produce permeability contrasts which may become enhanced after acidic flow
as the higher permeability regions enable an increased rate of reaction and dissolution and the low
permeability regions are less able to facilitate transport of fluid, solutes and finer particles and the
pore space becomes more readily clogged and permeability is reduced further.



Chapter 8

Conclusions

The aim of this study was to quantify the effect of heterogeneity in grain size and mineralogy on
the pore network geometry and fluid flow behaviour in the pore network before and after reactive
flow. To achieve this the project was divided into two approaches; experimental and computational.
The experimental approach enabled realistic design of the synthetic bead pack samples used in the
experiments which validated the results from the visualisation software and CFD simulations. The
visualisation software and CFD simulations offered a greater insight into the samples with differing
properties and also enabled analysis at greater scales not achievable using the experimental system.
Ten synthetic bead pack samples were designed based on naturally occurring sedimentological het-
erogeneities and four samples were designed to analyse grain size heterogeneity, four samples were
designed to analyse mineralogical heterogeneity and two samples were designed to analyse the combi-
nation of grain size and heterogeneity. The naturally occurring sedimentological heterogenieties were
identified in four reservoir sandstone cores originating from the southern North Sea gas fields through
core scale analysis, thin section analysis and powdered X-ray diffraction analysis. The analysis of
the bead pack samples was approached using experimental methods to determine permeability, 3D
visualisation and analysis software (Avizo®Fire) to determine pore diameter size, porosity and per-
meability and computational modelling techniques (ANSYS Fluent R2) to determine permeability
and study the onset of non-Darcy flow.

The experimental methodology was designed and developed prior to the experiments to enable
reliable and accurate measurement of flow rate and pressure drop over a 3D customised bead pack
sample. During the development of the experimental methodology it was observed that trapped
air bubbles occurred within the bead pack sample which continuously increased pressure within the
system. It was observed that a combination of two different types of degassing techniques were
required to ensure pressure stabilised within the system. The trial experiments produced reliable
and repeatable data and were in agreement with Kozeny-Carman permeability results produced for
the same sample. The methodology was also designed to incorporate additional techniques, such as
fluid flow visualisation and inductively coupled plasma optical emission spectrometry, and is able to
accommodate samples with varying sizes (1- 6 mm diameter).

The results from the analysis of the samples which exhibit different bead sizes and bead size hetero-
geneity confirm the widely held view that bead size and the arrangement of bead size (e.g. smaller
beads transitioning to larger beads) influences the pore network geometry, how fluid flow moves
throughout the pore space and the permeability of the sample. In the homogeneous samples increas-
ing bead size (+ 54.5%) corresponds to larger mean pore diameter size (35.2%), larger range in mean
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pore diameter, less uniform distribution in pore diameter size and greater porosity (0.74-3.47%). A
less uniform distribution in pore diameter size results in higher tortuosity (2.65%) and a greater
resistance to fluid flow as fluid flow will bypass smaller pores in favour of larger pores which have
greater capacity for high velocity flow which encourages high velocity preferential pathways. Due to
this, permeability is greater when bead size is larger (52.2-98.5% across all homogeneous samples and
techniques) and this is in agreement with the literature. In the samples which have heterogeneous
bead size the mean pore diameter size and range of pore diameter size is lower (7.7%) and the dis-
tribution of pore diameter size is more uniform when smaller beads transition to larger beads. This
is due to the reduction in pore space due to a poorer degree of sorting and increased packing density
when smaller beads transition to larger beads as the smaller beads are able to invade the pore space
between the larger beads below. The pore network is more uniform when smaller beads transition
to larger beads and this results in more consistent fluid flow (e.g. multiple, smaller, low velocity flow
pathways). The pore network is less uniform when larger beads transition to smaller beads because
the lower half of the sample has greater packing density and compaction due to the overburden of
the larger beads and this also enhances the effect of sintering. Due to this permeability is greater
(0.60-55.9% across all techniques) in the sample where smaller beads transition to larger beads. The
different techniques of measuring/predicting permeability show some variation, especially between
the experimental and the CFD results. Some variation is expected due to the differing approaches
and human error and the results are within one order of magnitude which is comparable as perme-
ability can often vary over one order of magnitude. The CFD results also suggest that the onset of
non-Darcy flow is determined by pore size and the critical Re is larger when pores are larger as larger
pores have greater capacity for high velocity flow and are less resistant to flow. The samples which
have heterogeneous bead size indicate that the properties which influence the onset of non-Darcy
flow vary depending on the properties of the sample. When smaller beads transition to larger beads
the critical Re decreases with decreasing tortuosity whereas when larger beads transition to smaller
beads the critical Re decreases due to increasing heterogeneity and decreasing permeability. In the
non-Darcian regime the β results show that β increases with decreasing bead size and the results
from the homogeneous samples suggest that β increases with decreasing permeability.

The analysis of the samples which have variable mineralogy show that the addition of kaolinite
and dolomite influence the geometry of the pore network and the addition of kaolinite and dolomite
reduces the mean pore diameter size (56.8-68.0%), the range of mean pore diameter sizes and porosity
(2.2-3.8%). Kaolinite content is observed to result in a greater reduction in mean pore diameter size
(68.0%) and increases the range of mean pore diameter size and this is due to the size and distribution
of the minerals. Kaolinite is more randomly distributed throughout the sample due to the greater
range in particle size (0-63 µm) which allows kaolinite to occur within a greater number of pores.
When kaolinite occurs in addition to dolomite the distribution of kaolinite is limited as dolomite
mostly occupies larger pores (> 63 µm) due to the size of dolomite grains. Dolomite also occurs
alongside beads as well as in the pore cavities due to the angular shape of the grains and as a
result of this dolomite is more destructive to porosity. The pore network geometry is interpreted
to influence the rate of reactions and amount of dissolution and the rate of reaction and amount
of dissolution is greatest in the sample which contains both kaolinite and dolomite, which has the
greatest variation in pore diameter size. A greater variation in pore diameter size corresponds to
a more tortuous pore network which in turn results in longer fluid flow pathways which increases
access to reactive minerals. The results further indicate that the pore network geometry influences
permeability and the permeability is lowest in the samples which contain kaolinite (- 73.4-88.0%) as
kaolinite content corresponds to reduced pore space and a greater range in pore diameter size which
creates a more heterogeneous pore network. The permeability is less affected by kaolinite content
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when kaolinite occurs with dolomite and this is due to the influence of particle size on permeability
and both the literature and the results from the analysis on bead size and bead size heterogeneity
show that permeability increases with increasing particle size. The average particle size in the sample
which contains dolomite and kaolinite is greater than in the sample which only contains kaolinite
and this is again due to dolomite occupying more of the pore space which restricts the distribution
of kaolinite in the sample and in some cases the kaolinite is observed to accumulate in the remaining
available pore space. The permeability of the samples which contain dolomite was reduced after
acidic flow despite evidence of mineral dissolution and this is interpreted to be a result of small
particles becoming detached during the dissolution process and becoming lodged in pores and pore
throats. The permeability of the sample which contains solely kaolinite increased by 9.6% and this
is understood to have occurred due to the influence of pore size in this sample. The sample which
solely contains kaolinite has the lowest mean pore diameter and mineral dissolution in smaller pores
contributes more to permeability than dissolution in larger pores.

The sample which displays both grain size and mineralogical heterogeneity presents a reduced mean
pore diameter (31.6-65.4%) and porosity (3.7-5.7%) and increased range in pore diameter size (20.3-
26.0%) in comparison to the bead pack samples discussed previously and the lower half of the
sample (mixed bead size and mineralogy) showed comparable pore diameter, porosity and perme-
ability results to the crushed rock sample which indicates that bead pack samples are capable of
presenting realistic pore network geometries and are a good analogue for natural samples. Increased
heterogeneity is expected to result in greater tortuosity and fluid pathway length which increases
access to reactive minerals which promotes geochemical reactions and increases mineral dissolution
(1.46-2.40%). As a result of the increased heterogeneity in the pore space and greater volume of
smaller pores the permeability is lower (57.3%) when compared to the previous bead pack samples
and permeability is further reduced after acidic flow (75.1%) and the reduction in permeability is
greater (44.1%) when the bead size is heterogeneous. Permeability is interpreted to be reduced as
a consequence of small detached particles becoming lodged in pores and pore throats which may
partially or completely block fluid pathways. The reduction in permeability may also be enhanced
by the observed local fluctuations in permeability which in turn may result in local fluctuations in
geochemical reactions and dissolution. Local fluctuations in geochemical reactions and dissolution
may enhance the variation in permeability after acidic flow or create a series of permeability con-
trasts where the regions of higher permeability enable an increased rate of reaction and dissolution
and the regions of low permeability are less able to facilitate transport of fluid, solutes and finer
particles and become more readily clogged, reducing permeability further.

The results from this study show that sedimentary heterogeneity identified in sandstone rocks can
be introduced into controlled, simplified samples for the analysis of fluid flow behaviour. This study
has been successful in understanding how complex pore network geometries influence single phase
fluid flow behaviour which provides a foundation for analysis on more complex processes, such as
multiphase flow or fluid flow in the transitional or turbulent flow regime.

8.1 Future Work

Future experimental work of interest includes conducting pore-scale permeability experiments on
the crushed rock sample before and after acidic flow to further assess how the results from the bead
pack samples correspond to natural rock samples. Additional samples, such as small consolidated
cores (1 × 1 × 7 mm), are also of interest and the next step in increasing heterogeneity in samples.
Another area of interest is incorporating particle imaging velocimetry into the experimental system,
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which would allow further comparison between the experimental and computational results. Further
future work could include acidic flow experiments which ran for longer periods of time (10 hours +)
and incorporated multiple sampling intervals to enable accurate calculation of reaction rates which
can be compared to mineral dissolution results.

Future computational work of interest includes analysis of the pore networks from the samples with
variable mineralogy and variable mineralogy and grain size after acidic flow. Analysis could provide
a greater insight into the permeability reduction in some of the samples and also provide an insight
into how mineralogy influences the critical Re and β.
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Table A.1: The data collected from the pore-scale permeability experiments. The values displayed
are the mean values from a sampled time period after the pressure had stabilised and the period
of sampled time differed between the different experiments. Note: Samples 6A, 7A, 8A and 9A
correspond to sample results post acidic flow.
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Table B.1: The inputs for the Avizo Fire Absolute Permeability Experimental Simulations for each
sample. The inputs were based on the results from the pore-scale permeability experiments. The
inputs for sample 12 were based on the results from sample 11 as experiments were not conducted
on sample 12 due to experimental limitations. The inputs from sample 11 were used as it is the
most similar sample in terms of composition.

Sample Inlet Pressure (Pa) Outlet Pressure (Pa) Viscosity (Pa.s)

1 52900 52100 0.001
2 48200 47700 0.001
3 38500 38400 0.001
4 57100 56800 0.001
7 49700 49300 0.001
8 54000 52800 0.001
9 51900 49900 0.001
10 46400 44100 0.001
11 60200 55900 0.001
12 60200 55900 0.001
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Table C.1: The data collected from the CFD simulations.
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