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Abstract

Low salinity waterflooding is a promising enhanced oil recovery technique that has been ob-

served to increase recovery by up to 14% in experiments over a range of scales. However, results

vary dramatically and there is currently no way of predicting which systems will respond well

to low salinity waterflooding. This is partly due to an absence of mechanistic explanations

linking fluid-solid interactions at the microscopic scale to oil recovery at core and field scales.

Pore scale observations of low salinity flooding are crucial to bridging this gap in understanding

and improving predictive capabilities. In this work, we utilise X-ray micro-CT imaging and

advances in image analysis techniques to make comprehensive pore scale observations of low

salinity waterflooding experiments across four sandstone samples of varied pore structures.

We first analyse the impact of initial wetting state on recovery during low salinity flooding by

comparing observations in two Berea sandstone cores of different initial wetting states. The

wetting state of one core is altered with exposure to crude oil. The second core is not altered so

that it is initially water-wet. We characterise the wetting state of both samples using imagery of

fluid-solid fractional wetting and pore occupancy analysis. In the unaltered rock, oil saturation,

fractional mineral surface area covered by oil and size distribution of oil filled pores remain

constant between high salinity flooding and subsequent low salinity floods. In contrast, in the

altered sample, we observe a shift in the mineral surface area covered by oil after low salinity

flooding towards decreasing coverage, consistent with a change to a less oil-wetting state. This

change is also reflected in the observed variation in fluid pore occupancy. The wetting alteration

results in the redistribution of 22% of oil within the rock, but an additional recovery of just

three percentage points. We hypothesise that the success of low salinity water flooding depends

on both a wetting alteration and a pore structure which facilitates the production of mobilised

oil.

We investigate the impact of pore structure on recovery during low salinity flooding by com-

paring the pore scale observations in the aforementioned altered Berea sandstone sample with

observations in altered Bunter sandstone and Castlegate sandstone samples. This comprises the

first systematic comparison of the pore scale response to low salinity flooding across multiple
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sandstone samples. We observe fluid saturations and characterise the wetting state of samples

using imagery of fluid-solid fractional wetting and pore occupancy analysis. In the Berea sam-

ple, we observed an additional oil production of 3 percentage points during low salinity water

flooding, with large volumes of oil displaced from small pores but also re-trapping of mobilised

oil in large pores. In the Bunter sandstone, we observe four percentage points of additional

recovery with significant displacement of oil from small pores and no significant retrapping of

oil in large pores. In the Castlegate sample, we observed just 1 percentage point of additional

recovery and relatively small volumes of oil mobilisation. We observe a significant wettabil-

ity alteration towards more water-wet conditions in the Berea and Bunter sandstones, but no

significant alteration in the Castlegate sample. We show evidence that the pore structure,

specifically the connectivity of the largest pores in each sample, affected recovery. This work

gives the first pore scale insights into the role of pore geometry and topology on the mobilisation

and retrapping of oil during low salinity waterflooding.

We assess the role of mineralogy on low salinity response. The presence of clay minerals is

generally accepted to be a necessary condition for favourable response to low salinity flooding

in sandstones. However, there have been no in situ pore scale observations of oil detachment

from clay minerals during low salinity water flooding. Furthermore, there is a growing body of

evidence that suggests that significant oil detachment can occur on quartz and feldspar mineral

surfaces during low salinity flooding. We further analyse the dataset described above to make

the first pore scale in situ observations of clay behaviour during low salinity flooding in oil-

wetting sandstone samples. We find that clay minerals are initially significantly more oil-wetting

than other mineral groups in all samples. We observe significant wettability alteration for clay

minerals and non-clay minerals in both the Berea and Bunter samples. No significant wettability

alteration is observed in either mineral group in the Castlegate sample. We observe pore

occupancy changes consistent with wettability alteration towards more water-wetting conditions

in clay-poor pores in all samples. In all samples, clay-poor pores contribute significantly more

to total oil production during low salinity waterflooding than clay-rich pores. Clay-rich pores

are found to account for only 15%, 5% and 3% of total additional recovery in the Berea, Bunter,

and Castlegate samples respectively. We see no evidence that clays dominate the response to
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low salinity flooding in any of the samples. This work adds to the growing body of evidence

that questions the presence of clays as a necessary condition for a favourable response to low

salinity flooding in sandstones.

This work gives unique insights into low salinity water flooding through a more systematic

and controlled set of pore-network scale observations and analyses. We have shown that initial

wetting state strongly controls behaviour during low salinity waterflooding, with more oil mo-

bilisation and production associated with more oil-wetting initial conditions. Pore structure is

also shown to impact oil mobilisation, with well connected large pores associated with lower

volumes of mobilised oil during low salinity flooding. Lastly, we show that clay-poor pores

contribute more to additional recovery during low salinity flooding than clay-rich pores.
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Chapter 1

Introduction

1.1 Scientific Background and Motivation

Fifteen percent of global energy-related greenhouse gas emissions come from the production

of oil and gas resources. Increasing the efficiency of oil production has been cited as a key

way to minimise the carbon intensity of these core operations (IEA, 2015a). Enhanced Oil

Recovery (EOR) techniques are thought to be an important suite of technologies for increasing

this efficiency. Techniques including polymer flooding, miscible gas injection, chemical flooding,

water alternating gas injection, and surfactant flooding, have long been developed and deployed

to increase recovery factors from mature reservoirs above the typical range of 20% to 40% (Lake

et al., 2014; Muggeridge et al., 2014).

Another and particularly promising, EOR technique is low salinity water flooding. In low

salinity waterflooding, oil recovery is improved through the reduction or modification of the

ionic content of injected brines (Bartels et al., 2019; Jackson et al., 2016a; Loahardjo et al.,

2007; Mahani et al., 2015a,b). The technique has been shown to have the potential to improve

oil recovery by up to 14% in laboratory experiments across scales and in field scale pilot projects

(Abdulla et al., 2013; Lager et al., 2008a,b; Lake et al., 2014; Ligthelm et al., 2009; Rivet et al.,

2010; Seccombe et al., 2010; Tang and Morrow , 2002; Vledder et al., 2010; Yousef et al., 2010,

2011). Due largely to its simplicity, it can also be combined with other EOR techniques, with

2
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promising results. For example, it is thought to be able to increase both oil recovery and CO2

storage capacity during water alternating gas (WAG) injection (AlQuraishi et al., 2017; Dang

et al., 2016; Naderi and Simjoo, 2019; Teklu et al., 2017), and has the potential to significantly

improve the efficiency of polymer flooding projects (Unsal et al., 2018; Vermolen et al., 2014;

Zhao et al., 2021). However, commercial deployment of the technology is inhibited by a lack

of reliable reservoir characterisation criteria capable of predicting which systems will respond

favourably to the technique.

The uncertainty surrounding low salinity response is partly due to a poor understanding of

how microscopic chemical and displacement processes within individual pores of rocks relate

to oil production at the larger scales of core flood tests and reservoirs (Bartels et al., 2019).

Most experimental observations of low salinity flooding can be split into two length scales,

the first focused on the sub-pore scale (Alotaibi et al., 2011; Basu and Sharma, 1996; Berg

et al., 2010; Buckley et al., 1997; Sheng , 2014), and the second on the core-scale, where samples

typically range from a few to tens of centimetres (see summary by Jackson et al. (2016a)).

There are few observations of low salinity water flooding across the scale of networks of pores

- typically millimetres in rocks with permeability of order 10−14m2. At this scale the impact

on oil distribution may be heterogeneous due to, e.g., mineralogy and stagnant regions of

high salinity brine, and oil may be observed to release and be trapped again (Aziz et al.,

2019; Sohrabi et al., 2017). As a result of this lack of pore scale observations, there are gaps in

mechanistic explanations linking chemical processes at the microscopic scale to oil redistribution

and recovery at core and field scales.

Recently, X-ray micro-CT imaging has been used to bridge this gap in length scales, with

observations at micron resolution across millimetre scale domains (Bartels et al., 2019). Obser-

vations have been made of the preferential release of oil from clays (Shabaninejad et al., 2015),

the dynamics of fluid pore occupancy changes at the pore-network scale (using fast-synchrotron

X-ray micro-CT imaging (Bartels et al., 2017a)), potential osmosis events (Sandengen et al.,

2016), and the expansion of water layers during low salinity water flooding (Chen et al., 2020).

However, more analysis is needed to link sub-pore scale processes to fluid distribution and oil

production over core and field scales. In particular, a deeper understanding of the role of wetting
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state, pore structure, and mineralogy is required to take a step closer to building a predictive

model capable of identifying systems that are responsive to low salinity water flooding.

1.2 Research Objectives

There is currently a poor understanding of how wettability alteration at the microscopic scale

impacts oil redistribution and recovery at core and field scales (Bartels et al., 2019). A lack

of pore scale observations of low salinity water flooding has been identified as a leading factor

behind this shortcoming. In this work, we make use of advances in X-ray micro-CT imaging

and image analysis techniques to observe pore scale behaviour during low salinity flooding of

various sandstone samples. We specifically focus on the role of wetting state, pore structure

and mineralogy in the response to low salinity water flooding.

Wettability is known to be a leading control on displacement mechanisms and fluid distribution

during flow in porous media, and is therefore extremely important to consider in the context

of low salinity waterflooding experiments. However, thus far there has been no consistency in

the initial wetting state of sandstone samples used for pore scale observations of low salinity

water flooding. Experiments have been carried out using sandstones with initial wetting states

ranging from oil-wet (Bartels et al., 2017a; Khishvand et al., 2017) to weakly water-wet (Chen

et al., 2020; Shabaninejad et al., 2018), with little consideration of how this will impact results.

In this work, we aim to carry out the first systematic comparison of pore scale response to

low salinity water flooding in samples of different initial wetting states, comparing observations

in an oil-wet and water-wet Berea sample. Furthermore, in low salinity waterflooding studies,

pore scale observations of wetting state have been limited to automatic and manual geomet-

ric contact angle measurements. This is a noisy measure of wetting state that is reliant on

the accurate identification of the three phase contact line and is, therefore, very sensitive to

segmentation workflow. More robust measures of wetting state have been developed but are

yet to be implemented to observe wetting state during low salinity flooding in sandstones. We

aim to make use of a combination of pore occupancy and fluid coated area fraction analysis
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(developed by Garfi et al. (2020a)) to make robust measurements of wetting state in the two

Berea samples.

Pore structure is known to have a strong control on displacement mechanisms, flow regimes

and fluid distribution (An et al., 2016; Blunt , 2017; Holtzman, 2016; Shams et al., 2021; Singh

et al., 2019, 2022; Tanino and Blunt , 2012; Xu et al., 2014). However, very little research has

addressed the impact of pore structure on the efficacy of low salinity waterflooding. This is

partly due to the fact that pore scale observations of low salinity flooding in sandstones have

been limited to Berea sandstone. To better understand the effect of pore structure, observations

are required over a range of samples with a diverse range of pore geometry and topologies. In

this work we aim to make pore scale observations of low salinity water flooding in Berea, Bunter

and Castlegate sandstone samples which have varied pore structure.

There is general agreement that clays are necessary for favourable recovery during low salinity

water flooding in sandstones. This view is based largely on core scale experiments (Loahardjo

et al., 2007, 2010; Morrow et al., 2011, 1998; Tang and Morrow , 2002; Zhang and Morrow , 2006;

Zhang et al., 2007), and sub-pore scale observations of oil detachment from clays on artificial

surfaces within flow cells (Berg et al., 2010; Cense et al., 2011; Mahani et al., 2015b; Nasralla

et al., 2013). Despite the long held belief that clays are crucial for low salinity flooding there

have not yet been any in-situ pore scale observations of oil detachment from clay. In this work

we aim to make use of recent advances in mineral specific wettability characterisation to observe

the behaviour of clays at the pore scale during low salinity water flooding.

1.3 Thesis Outline

Chapter 2: Literature Review and Outlook reviews the scientific background of low

salinity waterflooding research. The chapter discusses observations across scales and explores

the relative lack of pore scale observations. Recent advances in X-ray micro-CT technology and

their importance in the context of low salinity flooding research are investigated. Lastly, the

chapter highlights three areas of research that could significantly improve our understanding of
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low salinity waterflooding.

Chapter 3: Materials and Methods presents the rock lithologies, and the composition and

properties of fluids used in this work. Experimental workflows and image analysis techniques

for each experiment used in this work are also described.

Chapter 4: The Impact of Wetting Sate on Low Salinity Water Flooding investigates

the impact of initial wetting state on the response to low salinity water flooding. Results from

tertiary low salinity flooding experiments using two separate Berea sandstone rock samples

having different wetting states are presented.

Chapter 5: The Impact of Pore Structure on Low Salinity Water flooding presents

the first systematic comparison of low salinity waterflooding in Berea, Bunter and Castlegate

sandstone samples using pore scale imaging. The chapter identifies the leading role of pore

structure on recovery during low salinity waterflooding, paving the way for a more complete

set of screening criteria and better predictive capabilities.

Chapter 6: The Impact of Sandstone Mineralogy on Low Salinity Water flooding

investigates the role of mineralogy on the low salinity response. We quantify the role of clays in

the response to low salinity water flooding across the sandstone samples introduced in Chapter

5. This represents the first pore scale in situ observations of clay behaviour during low salinity

flooding in oil-wet samples.

Chapter 7: Conclusions and outlook summarises the research and its potential applica-

tions, as well as suggests next steps and areas for development.
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Literature Review

2.1 Low Salinity Flooding - Disparities in Experimental

Results

Waterflooding, where brine is pumped into a reservoir, has been widely used to improve oil

recovery for almost a century (Bass Jr et al., 1956; Dykstra and Parsons , 1950; Uren and

Fahmy , 1927). Naturally, great interest in the optimisation of the process followed its initial

use. The impact of injected brine’s composition became an area of focus by the late 1950s

(Martin et al., 1959). Despite this, it was not until the 1990s, when Morrow and co-workers

released several landmark papers (Jadhunandan et al., 1995; Morrow et al., 1998; Tang and

Morrow , 2002; Tang et al., 1997; Tang and Morrow , 1999), that low salinity water flooding

became an area of interest.

A range of studies have since shown that low salinity flooding can increase oil recovery from

centimetre scale laboratory cylindrical rock (core) samples and in the field where displacements

occur over several hundred metres to kilometres (Lager et al., 2008a,b; Ligthelm et al., 2009;

Rivet et al., 2010; Tang and Morrow , 2002; Vledder et al., 2010; Yousef et al., 2010, 2011).

Recovery is typically improved by 5-14% of the oil initially in place in systems responsive to low

salinity flooding. However, many other works have shown little or no incremental oil recovery

7
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Figure 2.1: Frequency of a) tertiary recovery factors b) incremental secondary recovery factors,
compiled from publications. From Wang and Fu (2018).

during low salinity water flooding (Cissokho et al., 2010a; Nasralla et al., 2014; RezaeiDoust

et al., 2010; Shaker Shiran et al., 2012; Soraya et al., 2009). These disparities in experimental

results (best summarised by Fig 2.1 from Wang and Fu (2018)) have sparked a continuing drive

to build a predictive model capable of identifying systems that will respond favourably to low

salinity water flooding. However, this is yet to be achieved and so there remains significant

uncertainty around how a given crude oil-brine-rock (COBR) system will respond to low salinity

water flooding.

2.2 Necessary Conditions and Predictive Capabilities

The push to build predictive models capable of identifying COBR systems that are responsive to

low salinity flooding has led to the development of a widely accepted list of necessary conditions

for low salinity flooding to significantly improve oil recovery in sandstones (Jackson et al., 2016a;

Morrow et al., 2011; Tang and Morrow , 1999):

1. The presence of formation water

2. An exposure to oil containing polar components

3. The presence of multivalent ions in the connate water
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4. A significant clay fraction

This list of necessary conditions appears to be a significant step forward in predicting which

COBR systems will respond favourably to low salinity water flooding. However, there have

been many recorded cases where these conditions were met but no additional production was

observed. This suggests that the above is not an exhaustive list of necessary conditions (Jackson

et al., 2016a). There is, therefore, currently no way of predicting responses to low salinity water

flooding in a given COBR system. Developing predictive capabilities remains the single most

important pursuit in low salinity water flooding research. A robust workflow to accurately

predict the response of COBR systems based upon simple properties and measures of the

system would be valuable; that way, low salinity flooding could be used in a targeted manner

to offer efficient, reliable enhanced recovery in suitable reservoirs. To this end, there have been a

number of studies that have compared results from a large number of core flooding experiments

in an attempt to isolate parameters and build an exhaustive list of necessary conditions for

additional recovery during low salinity waterflooding.

Suijkerbuijk et al. (2012) carried out a series of spontaneous imbibition experiments on Berea

sandstone and reservoir rock samples. The group found that initial wettability, controlled partly

by the concentration of divalent cations in formation water, had a significant influence on the

response to low salinity waterflooding. The highest oil production during low salinity flooding

was observed when the formation water was high in divalent cations and initial wetting state

was more oil-wetting. However, no exhaustive list of necessary conditions was found.

Aladasani et al. (2014) analysed results from 411 low salinity core flooding experiments in the

literature. They used a multivariate statistical analysis to link properties of COBR systems

to recovery values. A number of parameters were analysed including divalent cation content,

salinity, permeability, porosity, ionic strength, interfacial tension, mineralogy (specifically clay

content), initial water saturation, ageing time, total acid number, and total base number.

The group found a weak correlation of 65% between predicted residual oil saturations and

experimental observations (Fig 2.2), but no clear favourable rock and fluid properties were

identified.
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Figure 2.2: Results of a residual oil saturation prediction model from Aladasani et al. (2014).
Results were computed by multivariate statistics on sandstones. A weak correlation of 65%
between predicted Sor values and experimental results. Results are presented for 411 separate
experiments (each represented by a black dot). The red line represents the regression curve.

Wang and Fu (2018) extracted data from 202 tertiary low salinity core flooding experiments

in the literature. They assessed the impact of various initial experimental conditions on low

salinity recovery, and found that no single condition was necessary or sufficient for incremental

oil recovery. Combinations of initial conditions showed better correlation with extent of incre-

mental oil recovery, but no single combination was found to be sufficient for a favourable low

salinity response.

As is explained in detail in Bartels et al. (2019), works which focus on inferring necessary

conditions for favourable low salinity response from core scale experimental results are solving

an inverse problem. This inversion is typically based on limited data such as pressure drops

and injection and production fluid volumes and chemistry. Crucially, this approach is unable to

uncover the physical processes that occur within the core. There may, therefore, be significant

changes in fluid distribution and surface properties that are not recorded. As a result, the

method is typically robust when explaining favourable responses to low salinity flooding, but

is often unable to explain the absence of a response. This shortcoming has driven a growing
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body of work which focuses on identifying the underlying mechanisms of low salinity flooding.

2.3 Underlying Mechanisms

Another approach to the development of predictive models is the pursuit of knowledge around

the underlying mechanisms of low salinity flooding. The hope is that understanding the exact

mechanisms by which recovery is improved, a comprehensive list of necessary conditions can be

developed. Here I will briefly describe some of the most widely studied and accepted underlying

mechanisms of low salinity waterflooding. This is to give the reader an idea for the scope of

research and a brief understanding of sub-pore scale surface interactions. However, this is not

intended to be an exhaustive summary of the literature. For a comprehensive summary, see

one of Jackson et al. (2016a); Katende and Sagala (2019).

2.3.1 Double Layer Expansion

Ligthelm et al. (2009) suggested that low salinity brine causes an expansion of the electrical

double layer at mineral-brine interfaces. This expansion is thought to lead to increased elec-

trostatic repulsion between mineral surfaces and adsorbed polar oil components, causing polar

oil components to desorb leaving more water-wetting mineral surfaces (Jackson et al., 2016a;

Ligthelm et al., 2009). There have been a significant number of publications that support

this hypothesis (Hassenkam et al., 2011; Nasralla et al., 2014; Tang and Morrow , 1999; Xie

et al., 2016). However, the theory is inconsistent with many mineral-surface-scale adhesion

tests, which suggest that, at a fixed pH, adhesion of oil increases with a decrease in salinity

(Buckley and Morrow , 1990; Drummond and Israelachvili , 2004; Lebedeva and Fogden, 2010).

Furthermore, a recent molecular study carried out by Mehana et al. (2020) cast doubt on the

mechanism, concluding that during low salinity flooding, little change in the thickness of the

electrical double layer occurs.
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2.3.2 Multiple Ion Exchange

Lager et al. (2008b) suggested that multiple ion exchange occurs between low salinity brine and

clay minerals during low salinity flooding. The theory states that multivalent ions (most likely

Ca2+ and Mg2+) adsorb onto clay surfaces in exchange for polar oil compounds. This releases

oil initially adsorbed onto clay minerals, making the surfaces more water-wet. The theory is

consistent with a number of studies in the context of low salinity waterflooding (Alagic and

Skauge, 2010; Lager et al., 2008a,b; Tang and Morrow , 1999). In a modelling study, Wilmott

et al. (2019) concluded that multiple ion exchange is probably a dominant mechanism during

low salinity flooding, but will vary depending on oil and clay chemistry. Chen et al. (2018)

argued that multiple ion exchange in the presence of basal-charged clays prompts an increase

in pH - which in itself is often cited as an underlying mechanism.

2.3.3 Fines Migration

Another suggested mechanism for low salinity recovery is fines migration, where the presence

of low salinity brine causes the swelling of clays and the detachment of fines from mineral

surfaces (Bernard , 1967; Tang and Morrow , 1999). Zeinijahromi et al. (2015) were able to

history match production data from the Zichebashskoe reservoir by assuming a fines migration

regime. In addition there have been a number of core scale experiments consistent with fines

migration as a production mechanism during low salinity water flooding, where a pressure drop

and the production of fines were associated with additional recovery (Agbalaka et al., 2009;

Bernard , 1967; Loahardjo et al., 2007; Soraya et al., 2009; Tang and Morrow , 1999). However,

a number of experimental results have shown additional production without significant fines

migration (Cissokho et al., 2010b; Lager et al., 2008a,b; RezaeiDoust et al., 2011). Moreover,

fines migration is often associated with a decrease in production due to reduced permeability

and formation damage (Bennion et al., 1998; Blume et al., 2002; Prempeh et al., 2020).
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2.3.4 Other Mechanisms

A number of more poorly understood and more sparsely researched mechanisms have also been

proposed. These mechanisms include osmosis (Sandengen et al., 2016), and increasing oil-brine

interface viscoelasticity (Kar et al., 2022; Mahmoudvand et al., 2021). It is believed that more

viscoelastic oil-brine interfaces makes snap-off less favourable, so that the oil phase is more

continuous and therefore can be more easily produced (Chavez-Miyauchi et al., 2016; Morin

et al., 2016). However, more work is needed to fully understand how and if such mechanisms

improve recovery during low salinity waterflooding.

2.3.5 Summary of Mechanisms

There is still great debate as to the exact underlying mechanisms of low salinity flooding.

However, there is a common theme among all of the most widely accepted mechanisms: they

result in a wettability alteration towards more water-wet conditions. As such, a wettability

alteration can be thought of as the pore scale manifestation of one or a combination of the

underlying mechanisms described above. This concept is summarised nicely in figure 2.3 from

Wang and Fu (2018). In turn, a wettability alteration towards more water-wetting conditions

is thought to be the primary driver for improved recovery during low salinity waterflooding

(Bartels et al., 2019; Jackson et al., 2016a; Sheng , 2014). This point was emphasised by Wang

and Fu (2018), who observed that a wettability alteration towards more water wetting condi-

tions was strongly correlated with incremental oil production when comparing the results of

202 tertiary low salinity waterflooding experimental results from the literature.

2.4 Wettability Alteration - Observations Across Scales

A wettability alteration during low salinity waterflooding has been observed in a range of ex-

periments, with the bulk of work focusing on the sub pore scale. Most commonly, wettability

alteration is quantified by zeta potential measurements (Alhuraishawy et al., 2018; Alotaibi
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Figure 2.3: Overview of sandstone LSWF EOR mechanisms. From Wang and Fu (2018).

et al., 2011; Basu and Sharma, 1996; Jackson et al., 2016b), contact angle measurements on

flat surfaces (Alotaibi et al., 2011; Berg et al., 2010; Buckley et al., 1997; Fogden, 2011; Lebe-

deva and Fogden, 2010; Mahani et al., 2015b; Nasralla et al., 2014; Yang et al., 1999), or

adhesion measurements using Atomic Force Microscopy (Basu and Sharma, 1999; Drummond

and Israelachvili , 2004; Hassenkam et al., 2011, 2012; Hilner et al., 2015; Yesufu-Rufai et al.,

2020).

Wettability alteration has also been observed on the core scale (10s of centimetres) with wetting

state typically characterised using spontaneous imbibition (SI) experiments (Chen et al., 2010;

Sohrabi et al., 2017; Suijkerbuijk et al., 2012; Wickramathilaka et al., 2010), and over field

scale with Vledder et al. (2010) identifying a change in wettability over a field scale during low

salinity water flooding, inferred from a shift in relative permeabilities.

Whilst there is general agreement that wettability alteration is the primary driver for improved

recovery during low salinity waterflooding, exactly how these changes in wetting state lead to

the redistribution and production of oil remains poorly understood. A wettability alteration

by no means inherently results in additional recovery. To fully understand how low salinity

flooding enhances recovery, a full mechanistic explanation linking wettability alteration at the

microscopic scale to oil redistribution and recovery at core and field scales is needed (Bartels

et al., 2019). Features such as pore structure, mineralogy and stagnant regions of high salinity
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Figure 2.4: From Bartels et al. (2019). Diagram summarising the different approaches to low
salinity waterflooding research across scales. The pie charts show the number of publications in
each length scale (as of 2018). There is a relative lack of pore-network observations compared
to sub-pore (mostly driven by academic research) and core/reservoir scale (mostly driven by
industrial research).

brine all impact local oil distribution, leading to heterogeneous impacts across pore-network

scales (Aziz et al., 2018, 2019; Sohrabi et al., 2017). It appears that a wettability alteration

during low salinity waterflooding is necessary but not sufficient for favourable recovery to occur.

The lack of a mechanistic explanation linking wettability alteration at the microscopic scale to

oil recovery at core and field scales in largely due to a relative lack of observations over pore

and pore-network scales - typically millimetres in rocks with permeability of order 10−14m2.

This gap in length scales is summarised in figure 2.4, and described at length by Bartels et al.

(2019). Most experimental observations of low salinity waterflooding are either on the sub-pore

scale (sub-micron resolution across sub-millimetre domains) or the core-scale (where samples
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typically ranging from a few to tens of centimetres). Sub-pore scale observations are typically

made using micromodels and flow cells as well as Atomic Force Microscopy (AFM) observations.

Core scale observations typically consist of pressure drops and injection and production fluid

volumes and chemistry during experiments using samples typically range from a few to tens

of centimetres (see summary by (Jackson et al., 2016a)). Pore scale observations are vital

to better understand how underlying mechanisms translate to oil production over core and

reservoir scales. In recent years, X-ray Micro-CT imaging has been employed to help fill this

gap in understanding.

2.5 Pore Scale Observations

Finally, I will discuss the current state of the art with regards to pore scale observations of

low salinity water flooding. In doing so, I will identify gaps in understanding and suggest

approaches to develop insights into production mechanisms during low salinity waterflooding,

paving the way for better predictive capabilities.

In recent years, X-ray micro-CT imaging has had a tremendous impact on the field of multiphase

flow in porous media. The technology has been utilised for in situ wettability characterisation,

for direct observations of fluid distributions and observations of phenomena such as Haines

Jumps, roof snap off, and intermittency (AlRatrout et al., 2017, 2018; Berg et al., 2013; Blunt

et al., 2021; Bultreys et al., 2018; Spurin et al., 2019, 2021; Sun et al., 2021). There is great

potential for the technology to revolutionise our understanding of low salinity water flooding

at the pore scale.

2.5.1 Sandstones

Already, X-ray micro-CT imaging has provided important insights into the pore scale response

to low salinity flooding. In particular, pore scale observations have given valuable insights into

wettability alteration during low salinity waterflooding, and the effect this can have on fluid
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distributions. Below, I will highlight the major pore scale observations of low salinity flooding

in sandstones.

Khishvand et al. (2017) were the first group to make pore scale observation of in situ wettability

alteration during low salinity water flooding. The group used X-ray micro-CT technology to

image a limited number of in situ contact angles before and after both low salinity and high

salinity secondary waterfloods of miniature Berea cores (Fig. 2.5). No change in contact

angles was observed during high salinity waterflooding, whereas a change from 115◦to 89◦ was

observed after low salinity water flooding. The group also observed a decrease in the average

pore diameter of water-filled pore elements during low salinity waterflooding, indicative of a

wettability alteration towards more water-wet conditions. This was found to correspond to

approximately a 33% increase in recovery compared to high salinity water flooding, as water

displaced oil from previously inaccessible smaller pores.

Bartels et al. (2017a) also observed pore occupancy changes during low salinity waterflooding,

but using synchrotron-based fast X-ray tomography, so that changes in oil distribution on the

order of seconds could be observed. The group observed changes in oil/brine distribution in

the larger pores for a Ketton carbonate sample and smaller pores in a Berea sandstone sample.

These mixed results may have been due to an absence of multivalent cations in both the high

salinity and low salinity brines. The only salt present was potassium iodide (200 g/L for high

salinity, and 27 g/L for low salinity), meaning an absence of multivalent cations in both brines,

hence ruling out any significant multiple ion exchange, and, potentially, any low salinity effect.

Shabaninejad et al. (2018) used X-ray micro-CT technology to image Berea micro-cores before

and after spontaneous imbibition of low salinity brine. Connectivity of residual oil, interfacial

area and mean interfacial curvature were all measured. Decreased connectivity of residual oil

(due to increased blob retreat and snap off events); a decrease in oil/brine interfacial curvature

and increase in brine/grain interfacial area; and a small change in mean oil/brine interfacial

curvature from negative to positive, were all observed after spontaneous imbibition of low

salinity brine. Each of these observations are consistent with a shift towards more water

wet conditions. Direct observations of brine snap-off events, consistent with water-wetting
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Figure 2.5: A two-dimensional view of pore-scale fluid occupancy and manual oil (red) - brine
(blue) contact angle measurements in a Berea sample of altered wettability after a) 0.5 Pore
volumes of low salinity waterflooding b) 5 Pore volumes of low salinity waterflooding and c)
10 Pore volumes of low salinity waterflooding. Image sizes: 0.21 × 0.16 mm. From Khishvand
et al. (2017).

conditions, during low salinity water flooding were also presented (shown in Figure 2.6).

Figure 2.6: Iso-surfaces of oil blobs after spontaneous imbibition of high salinity brine (brown)
and spontaneous imbibition of low salinity brine (green), showing (a) close-up of an oil ganglion
in a single pore (0.26 × 0.16 × 0.10 mm), and (b) changes in oil distribution, including snap-off
events, over a larger subvolume (0.50 × 0.46 × 0.16 mm). From Shabaninejad et al. (2018).

Chen et al. (2020) observed increases in water film thickness during tertiary low salinity water

flooding of a Berea sandstone core. This was linked to a wettability alteration towards more

water-wet conditions which was argued to be the primary mechanism for the five percentage

point additional recovery that was observed during low salinity flooding. More recently, Chen

et al. (2021) analysed secondary and tertiary low salinity flooding of oil-wet Berea sandstone

samples. The group used automatic contact angle measurements to observe a shift to more
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water wetting conditions during both secondary and tertiary low salinity flooding. The group

observed significantly higher recovery during secondary low salinity waterflooding, than during

tertiary low salinity waterflooding. This difference was attributed to differences in fluid mor-

phology before low salinity flooding. Oil and water distributions after tertiary low salinity water

flooding were observed to inherit the distribution after the secondary high salinity waterflood-

ing. This finding implies that the generation of preferential flow pathways during secondary

high salinity influenced the flow of low salinity brine and thus limited oil displacement.

2.5.2 Carbonates

Pore scale observations of low salinity waterflooding have also been made in carbonate samples.

The underlying mechanisms of low salinity flooding in carbonates are thought to be distinct

from those in sandstones. Therefore, observations are not directly applicable to sandstones

(which are the focus of this literature review). However, insights into pore scale behaviour can

be useful because in both lithologies production is thought to be associated with a wettability

alteration towards more water-wetting conditions. Qin et al. (2019) presented the most thor-

ough pore scale observations of low salinity water flooding in carbonates to that point. The

group used manual contact angle measurements to show a wettability alteration towards more

water wetting conditions, with results closely matching the aforementioned findings of Khish-

vand et al. (2017) who carried out similar analysis for a Berea sandstone sample. The group

also showed significant changes in pore occupancy during low salinity water flooding, with an

increase in brine saturation in small and medium pores, consistent with a shift to more water

wetting conditions (Fig 2.7) and again consistent with the findings of Khishvand et al. (2017).

Since then, Selem et al. (2021) published an even more comprehensive pore scale study of low

salinity flooding in carbonates. The group implemented thermodynamic contact angle calcu-

lation, interfacial curvature measurements, automatic contact angle measurements and pore

occupancy analysis to investigate pore scale response to secondary low salinity waterflooding

in an oil-wet carbonate sample. Each measure showed a shift to more water-wetting conditions

during secondary low salinity waterflooding. Such a comprehensive pore scale investigation has
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not yet been carried out using sandstone samples.

Figure 2.7: From Qin et al. (2019). Size distributions of brine-filled pore elements at the
end of high salinity waterflooding (HSWF) and low salinity water flooding (LSWF) of oil-wet
carbonate sample. There is a significant increase in brine saturation in small and medium sized
pores during LSWF, indicative of a shift to more water-wetting conditions.

2.6 Areas for Further Research

So far in this section, we have discussed recent advancements in pore scale observations of

low salinity waterflooding, and the valuable insights that these have provided. However, more

detailed pore scale observations are needed to further our understanding of production mech-

anisms during low salinity waterflooding, and potentially provide further screening criteria to

take a step closer to obtaining predictive capabilities. In this section, I will outline three areas

where X-ray micro-CT imaging can be used to advance knowledge and pave the way to building

predictive models of low salinity flooding in sandstones.
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2.6.1 Wettability - Initial Wetting State and Wettability Character-

isation

Initial Wetting State

It has been known for decades that wetting state has a vital control on fluid distribution,

displacement mechanisms and recovery during waterflooding (Blunt , 2017; Donaldson et al.,

1969). This body of work has been carried out with a number of techniques including corefloods

(Akbarabadi and Piri , 2013; El-Maghraby and Blunt , 2012; Krevor et al., 2011), micromodel

experiments (Hu et al., 2017; Wang et al., 2016) and pore network modelling (Blunt et al., 1997;

Bultreys et al., 2015, 2016a; Spiteri et al., 2008). As mentioned previously, Suijkerbuijk et al.

(2012) found that initial wettability had a significant influence on the response to low salinity

flooding in experiments over multiple experiments on Berea and reservoir samples. However,

the controls of initial wetting state on the pore scale response to low salinity waterflooding is

poorly understood.

As described above, Shabaninejad et al. (2018) used micro-CT technology to observe fluid distri-

bution, interfacial area and mean interfacial curvature before and after spontaneous imbibition

of low salinity brine in micro-cores. Observations were consistent with a small shift towards

more water wet conditions. However, the experiments were carried out on initially weakly

water-wet samples. This is unrealistic when compared to reservoir conditions, which are typ-

ically mixed or oil-wet (Blunt , 2017). Similarly, Chen et al. (2020) observed a shift to more

water-wetting conditions, inferred from an increase in water film thickness, during low salinity

waterflooding of Berea sandstone, however, the study was carried out in a sample that did not

undergo an ageing process and was observed to be weakly water-wet. Therefore, similarly to

the study by Shabaninejad et al. (2018) described above, the relevance of these observations

is questionable as the sample did not reflect realistic wetting conditions of reservoir systems

(Blunt , 2017). This is in contrast to results presented by Bartels et al. (2017a); Khishvand et al.

(2017), where the wetting state of the Berea micro-cores used were altered by exposure to crude

oil prior to flow experiments, making them more oil-wetting. The varied initial wetting states
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among the limited number of pore scale low salinity flooding experiments makes comparing re-

sults challenging. A systematic comparison of low salinity waterflooding in similar samples with

identical experimental conditions but different wetting states is required to better understand

the control of initial wetting states on the pore scale response to low salinity flooding.

Wettability Characterisation

As described in the previous section, Khishvand et al. (2017) were the first group to explicitly

observe an in situ wettability alteration during low salinity water flooding at the pore scale.

The study used X-ray micro-CT technology to image a limited number of in situ contact angles

before and after both low salinity and high salinity secondary waterfloods of miniature cores.

Whilst these results are compelling, there is increasing evidence to suggest that contact angle

measurements are a noisy measure of wetting state. Firstly, X-ray micro-CT resolution is not

sufficient to resolve exact contact points, pore geometries, and surface roughness, all of which

are known to have a strong control on effective contact angle (Rabbani et al., 2018; Raeini

et al., 2014; Schmatz et al., 2015). Secondly, since contact angles are measured from three

phase contact lines, measurements are highly sensitive to both segmentation and smoothing of

raw images. Lastly, measured angles do not represent advancing contact angles, rather effective

values at rest on rough surfaces, which generally leads to artificially low angles (Lin et al., 2018).

It is therefore insufficient to infer wettability from contact angle measurements alone. More

robust measures of wetting state should be utilised.

Advanced Measures of Wettability Characterisation

In recent years there have been a number of breakthroughs in measuring wetting state from

pore scale images. A number of methods have been developed which are more robust and less

sensitive to image analysis workflows than traditional geometric contact angle measurements.

However, these have yet to be implemented to observe the pore scale response of to low salinity

waterflooding in sandstones. Below I will briefly describe each method, with a particular focus

on surface coated area coverage. This is not intended to be an exhaustive review of each
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method, but rather a brief introduction. For a more thorough review of state of the art of pore

scale wetting state characterisation, see Garfi (2021).

Thermodynamic contact angle

Blunt et al. (2019) have recently proposed a framework to estimate the contact angle character-

istic of a displacement. To do this, they combine a generalised Young equation with an energy

balance between the states before and after the displacement. The thermodynamic contact

angle θt can be approximated from:

∆a1scosθt = κϕ∆S1 +∆a12 (2.1)

Where ∆a1s and ∆a12 are the changes in fluid-solid and fluid-fluid interfacial areas per unit of

porous medium control volume. ∆S1 is the change in saturation of phase 1, ϕ is the medium

porosity and κ is the mean fluid-fluid interfacial curvature.

A major advantage of this approach is that advances in X-ray micro-CT imaging mean that all

the terms in the expression, apart from θt, can be measured directly. The method is superior to

geometrically measured contact angles for a number of reasons. Firstly, it has been shown to be

more sensitive to changes in wetting state than geometric contact angles. Secondly, in a pore

network modelling study, predicted relative permeabilities using thermodynamic contact angles

as a wetting input were found to match experimental values better than when geometric contact

angles were used (Raeini et al., 2018). However, the approach gives an average wetting state for

a given system, and therefore does not capture spatial variation in wetting state across a given

sample. Recent work by Akai et al. (2020a) explored utilising thermodynamic contact angle

measurements on a pore-by-pore basis, but results were unsatisfying with measurements limited

to displacement events confined to an individual pore region. Another drawback of the measure

is that it assumes that viscous dissipation is negligible. This is a well founded assumption for

imbibition regimes where energy dissipation has been observed to be approximately 10% of

applied work, but it is unclear if this assumption is valid in drainage regimes where more

applied work is dissipated (Akai et al., 2020a; Berg et al., 2013).
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The technique has recently been implemented to observe a wetting alteration during low salinity

waterflooding in a carbonate sample (Selem et al., 2021), but has yet to be implemented to

observe wetting state during low salinity water flooding in sandstone samples.

Topological Determination of Contact Angle

Sun et al. (2020a,b,c, 2021) have developed an approach where a macroscopic contact angle is

produced based on the deficit curvature of the fluid interfaces that are imposed by contacts

with other immiscible phases. This method, developed by using integral geometry coupled to

thermodynamic laws, provides a universal description of wettability on multiscale surfaces. A

macroscopic contact angle, θmacro, can be determined for a ganglion, C, as:

θmacro =
κd

4Nc

(2.2)

Where Nc is the number of contact loops that the ganglion shared with the solid surface, and

κd is the deficit curvature of the ganglion.

The method has been shown to be less sensitive to resolution effects than geometric contact

angle measurements as it does not rely on the accurate extraction of the three phase contact line,

but rather the topological structure of the contact line loops - which can be observed at lower

resolutions. θmacro has been determined for a sessile droplet system, and was found to agree

strongly with experimentally measure angles, showing that in a simple system, θmacro provides

a reliable approximation of intrinsic wettability. However, the method is yet to be tested on

more complex morphologically and mineralogically heterogeneous systems (Sun et al., 2020a).

Fluid Surface Coated Area Fraction

Garfi et al. (2020a) have derived a model from equilibrium thermodynamics relating fluid

coverage of rock surfaces to wettability and fluid saturation, as follows:

Aso(So) =
1

β

σow

(σos − σws)

(
2
∫ So

S′=0
κdS ′ −

∫ So

S′=0

dAow

dS ′ dS ′
)

(2.3)
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Where β is a roughness factor that accounts for the mismatch between the real interfacial

area between each fluid and the solid surface and the one measured by imaging. The ratio of

interfacial tensions, σow

σos−σws
, is equivalent to 1

cosθ
in a single capillary tube. The terms inside the

bracket represent the reversible work of desaturation and the creation of oil-water interfacial

area, respectively. This shows that the area of solid surface coated by a fluid as a function of

fluid saturation Aso(So) is itself a function of wetting state, and so in an indicative measure of

wetting state. By fitting the model to experimental data for a water-wet system, Garfi et al.

(2020a) calculate a geometrical roughness factor of β ≈ 100−103. This value is consistent with

literature roughness factor values which are calculated by comparing Brunauer-Emmett-Teller

surface area measurements with and X-ray micro-CT imaging measuremnets (Lai et al., 2015).

Garfi et al. (2020a) show that by presenting the fraction of a mineral surface coated by a given

fluid phase as a function of the saturation of that phase, wetting state can be inferred. This is

implemented on a subvolume-by-subvolume basis, where an image of a sample can be split into

a number of equally sized subvolumes. For each subvolume, oil saturation So and the fraction

of the solid surface coated by oil Afo is extracted. These values can then be plotted for all

subvolumes to present a clear picture of wetting state throughout the sample. An advantage

of this method is that it can be used to assess mineral specific wetting state (Fig 2.8). The

fraction of the total area of a given mineral group in contact with a fluid (aij) is calculated as

follows:

aij =
Aij∑
i Aij

(2.4)

where Aij is the measured surface area per unit of pore volume shared by fluid i with solid j,

respectively. These values can then be presented as a function of the saturation of fluid i, Si

for each subvolume (Fig 2.8).

This approach has a number of advantages. Most notably, it is a robust measure as it does

not rely upon the accurate measurement of three phase contact lines (which is required for

geometric contact angle measurements) or interfacial curvatures (which is required for contact
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Figure 2.8: Mineral specific Oil-coated area fractions (aij) computed in one water-wet Berea
sample and one Berea sample of altered wetting state for a) Clay minerals, b) quartz and
feldspar minerals, and c) Calcite minerals. In all cases, the fraction of mineral surface coated
by oil is higher for a given oil saturation in the sample of altered wetting state. This is indicative
of more oil-wetting conditions. This effect is particularly prominent on clay and calcite minerals.
From Garfi et al. (2020a).
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angle determination from thermodynamic or topological principles). The method simply relies

upon fluid saturation and fluid-solid interfacial area measurements. However, there remains

some uncertainty around the utility of the method in systems where sub-resolution water films

are present. In such cases, the true determination of oil coated surface area fraction is difficult.

The subvolume-by-subvolume approach allows for spatial variation in wetting to be assessed.

Furthermore, the measure can be extended to observe wettability on a pore-by-pore basis,

where, for a given fluid, the fluid volume fraction and the fraction of pore surface coated by the

fluid is recorded (Garfi et al., 2022). This has been used to show the heterogeneous distribution

of wetting state in various samples, and highlights the need for measures of wetting state that

are able to capture spatial variability of wetting within a given sample. Lastly, the method

allows for mineral specific wetting state to be observed. This is particularly important in the

context of low salinity flooding research as clay group minerals are thought to behave differently

to other mineral groups. The ability to isolate clay behaviour and assess the pore scale response

of clays during low salinity flooding is a potentially powerful tool to better understand the pore

scale response of sandstones to low salinity flooding.

2.6.2 Pore structure

It is widely known that pore structure can have a dramatic impact on displacement mechanisms

and flow regimes. Pore aspect ratios, pore radii distributions, coordination number, and pore-

scale disorder have all been shown to impact displacement mechanisms and fluid distribution

during both imbibition and drainage in direct in situ observations, micromodel experiments,

and modelling studies (An et al., 2016; Blunt , 2017; Guo et al., 2018; Holtzman, 2016; Shams

et al., 2021; Singh et al., 2019, 2022; Tanino and Blunt , 2012; Xu et al., 2014). Most recently,

Singh et al. (2022) used an X-ray synchrotron facility to constantly image a capillary-controlled

drainage-imbibition experiment on an initially brine-saturated carbonate rock sample. The

group identified a new type of pore snap-off regime and presented correlations for displacement

events as a function of pore-throat geometry. They observed that the throat radius in relation to

the pore radius (captured by aspect ratio) involved in a displacement event is the key criterion
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(Fig 2.3). Although this was an imbibition experiment, and low salinity flooding is a drainage

regime (in a typically oil-wet system), the work gives insight into just how significant the role

of pore structure is in determining displacement mechanisms and flow regimes. Chen et al.

(2021) found that the initial morphology of fluids had a significant impact on oil displacement

and production during low salinity flooding. This was in the context of secondary and tertiary

low salinity waterflooding but could also be interpreted as an argument for the importance of

pore structure. Fluid morphology and dynamics are known to be influenced by pore structure

(Blunt , 2017; Guo et al., 2018) and therefore, pore structure is likely to play an important role

in facilitating additional recovery during low salinity waterflooding. Despite this knowledge,

very little research has addressed the impact of pore structure on the efficacy of low salinity

waterflooding.

In order to effectively assess the control on pore structure low salinity flooding, experiments

across a range of samples with a range of pore geometries and topologies are required. However,

until now, pore scale imaging of low salinity waterflooding of clastic rocks has been restricted

to experiments on Berea sandstone cores only. Berea is an ideal candidate for low salinity

waterflooding experimental studies as it has well documented petrophysical properties, has a

significant clay fraction, and has been shown to respond well to low salinity waterflooding in

several previous experiments over a range of scales (Chavez-Miyauch et al., 2020; Khishvand

et al., 2017; Romero et al., 2013; Shabaninejad et al., 2018). However, the lack of pore scale

observations across different clastic rocks has significantly limited our understanding of the

interaction between pore structure and low salinity flooding. To further our understanding,

pore scale observations are required across a range of samples with varied pore structures.

2.6.3 Mineralogy

As described in Jackson et al. (2016a), the general agreement that clays are a necessary condi-

tion for favourable recovery during low salinity water flooding is based upon some questionable

evidence. General acceptance of the condition emerged after Tang and Morrow (1999) con-

cluded that favourable recovery during low salinity flooding was not observed in clean (clay-
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free) sandstones. This conclusion was based upon a single low salinity core flood reported

in a clean sandstone (which contained an iron oxide coating, that may have altered surface

properties of quartz grains throughout the sample). The general assumption that clays were

vital for improved recovery during low salinity water flooding in sandstones was then held for

subsequent papers published by Morrow and co-workers, and so the overwhelming majority

of experiments were carried out on clay-rich sandstone samples (Loahardjo et al., 2007, 2010;

Morrow et al., 2011, 1998; Tang and Morrow , 2002; Zhang and Morrow , 2006; Zhang et al.,

2007). This view was later strengthened by Lager et al. (2007, 2008a) who showed increased

additional recovery with increased kaolonite content in a small number of samples, all of which

had a significant clay content. The necessary presence of clay minerals for successful low salinity

flooding in sandstones quickly became the accepted view, and so very few low salinity flooding

experiments have since been carried out on clay-poor sandstone samples. Following the initial

core-scale experiments, a number of groups worked to directly observe the behaviour of oil and

clays in the presence of low salinity brine, focusing on the sub pore scale. Berg et al. (2010)

observed a wettability alteration and oil detachment from a clay surface exposed to low salin-

ity brine in a flow cell. Cense et al. (2011); Mahani et al. (2015b) both deposited clays on a

substrate in all possible orientations within a flow-cell, finding that there was less pinning of oil

after exposure to low salinity brine, with a wetting alteration towards more water-wetting state

and eventual detachment of oil from clay surface (Figure 2.9). Nasralla et al. (2013) imaged oil

blobs on mica surfaces, and observed a systematic reduction in contact angles with exposure

to lower brine salinities, indicative of a shift to more water-wet conditions. However, despite

this body of work, there is an increasing number of studies which suggest that clays may not

be essential for additional recovery during low salinity water flooding.

A number of studies have been published suggesting that clays are not essential for a favourable

low salinity response in sandstones. Additional recovery during low salinity flooding has been

observed in clay-free sandpacks and sandstone samples, and on quartz mineral surfaces (Has-

senkam et al., 2011, 2012; Pu et al., 2010; Suman, 2014). These studies paved the way to a

more thorough examination of the role of clays during low salinity waterflooding. Liu et al.

(2018) used Atomic Force Microscopy measurements to observe double layer expansion and a
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Figure 2.9: Oil droplets displaced from clay surface after exposure to low salinity brine. From
Cense et al. (2011).

reduction of adhesion forces on quartz surfaces during exposure to low salinity brine. Bartels

et al. (2017b) used single channel micromodels to assess wettability alteration and oil mobilisa-

tion during low salinity waterflooding, observing a positive low salinity response - a reduction

in contact angle - for systems containing crude oil regardless of the presence of clays. Addi-

tionally, Shabaninejad et al. (2018) observed a decrease in oil-quartz and oil-feldspar interfacial

area during low salinity flooding of Berea sandstone - indicative of a shift to more water-wetting

conditions. Al-Saedi et al. (2019a) compared results from tertiary low salinity waterflooding of

a sandstone core and clay free sand core. They found that acetate detachment and oil recovery

occurred both in the presence and absence of clay during low salinity water flooding. The same

group extended this analysis to use four chromatography columns containing varying quanti-

ties of quartz and clay minerals to assess the role of clays in the low salinity response. There

was strong evidence of ion exchange in the 100% quartz case (Al-Saedi et al., 2019b). Finally,

Wang and Fu (2018) compared results from 202 tertiary low salinity waterflooding experiments,

finding that there was a weak positive correlation between incremental oil recovery and clay

content, but that clay content was neither necessary or sufficient for incremental recovery to

occur. It, therefore, appears that it is wrong to dismiss the possibility of a favourable response

in clay-free or clay-poor sandstones.

Another key uncertainty surrounding the behaviour of clays is how/if any wettability alteration

observed on the sub-pore scale (Berg et al., 2010; Cense et al., 2011; Mahani et al., 2015b)

translates to fluid redistribution and oil recovery. In situ observations of clays are important

for improving understanding of clay behaviour during low salinity waterflooding, as clays have

a number of interesting properties which differ from that of other mineralogies. First, it is
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known that clays are not distributed evenly throughout most sandstones, with larger pores

typically having lower clay contents (Wang et al., 2020; Xiao et al., 2018). Second, the wetting

state of clays has been observed to be significantly different to other mineral groups, with clays

found to be prone to wettability alteration in the presence of crude oil, leading to very oil-

wetting behaviour (Garfi et al., 2020a; Tabrizy et al., 2011). Both of these features are likely

to impact the ability for brine to contact clay minerals during low salinity flooding. Last, clays

are known to respond differently to low salinity brine depending on their orientation, with clay

edges believed to be more sensitive to low salinity brine (Grim, 1953; Secor and Radke, 1985;

Tombácz and Szekeres , 2006).

The pore scale in situ behaviour of clays is yet to be directly observed in an oil-wet sample,

although sub-pore scale observations have recently been published. Yesufu-Rufai et al. (2020)

were the first group to make quantitative in situ observations of wettability alteration on clays

during low salinity water flooding. The group used Atomic Force Microscopy to measure

adhesion forces across a clay-packet in the presence of oil and low salinity brine. The group

observed that the orientation of clay packets plays a key role in the reduction of adhesion

forces in the presence of low salinity brine. After exposure to low salinity brine, a factor of six

reduction in adhesion forces was observed at clay edges, but only an insignificant change was

observed on basal planes. This work further highlights the need for in situ observations of the

response of a system to low salinity brine with minerals in their natural orientation within the

pore space.

With sub-micron resolution over micron scale domains, Atomic Force Microscopy is a key tool

in observing wetting behaviour at the sub-pore scale. However, larger domain sizes are needed

to inform how changes in wetting state affect the distribution of fluids across a sample. As

we have already discussed, Micro-CT X-ray imaging, which provides observations at micron

resolution across millimetre scale domains, is a well established technology that has been used

extensively to observe changes in wetting state and fluid distribution over pore and pore network

scales during low salinity flooding (Bartels et al., 2017a, 2019; Chen et al., 2020; Sandengen

et al., 2016). Despite this, the technology has not yet been successfully implemented to assess

mineral specific wetting state during low salinity water flooding despite recent research advances
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which have shown that this feat is possible. Most notably, Lai and Krevor (2014), Garfi et al.

(2020a), and Shabaninejad et al. (2018) have shown that it is possible to segment clay from

other mineral groups in X-ray micro-CT images of mineralogically heterogeneous sandstone

samples. Moreover, Garfi et al. (2020a) have used surface area fractional coverage to assess

the wetting state of different mineral groups. There is no reason why these advances in image

analysis techniques cannot be applied to low salinity waterflooding research.

2.7 Summary

Low salinity water flooding is an area of extensive scientific research. It is an enhanced oil

recovery technique which has the potential to produce large quantities of oil from new and

existing hydrocarbon reservoirs. However, there is currently no way to reliably predict which

systems will respond favourably to low salinity water flooding. A wealth of observations over the

core scale and sub-pore scale has led to a deeper understanding of the underlying mechanisms

of low salinity flooding. However, there remains a disconnect between the two scales, with

a poor understanding of how wettability alteration and oil detachment on the sub-pore scale

leads to increased oil production on the core scale. This is primarily due to a relative lack

of pore scale observations of low salinity water flooding. Thanks to advances in X-ray Micro-

CT imaging technology, several recent studies have focused on pore scale processes. However,

more work must be carried out to close the gap in scales and pave the way for predictive

capabilities. In particular, there are three areas that future pore scale experiments should aim

to address. Firstly, more robust measures of wetting state should be utilised to understand

the spatial distribution of wettability alteration during low salinity flooding, and the effect this

has on fluid distribution across scales. Secondly, pore scale observations should be utilised

to better grasp the role of pore geometry and topology on the success of low salinity water

flooding. Lastly, pore scale imaging should be utilised to observe the in situ behaviour of clays

during low salinity waterflooding. Clays are complex and it is known that they have unique

distributions with a given sample, and typically are more oil-wetting than other mineral groups

in oil-wet systems. It is as yet unclear exactly how these properties affect the behaviour of clays
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in real rock samples during low salinity water flooding. Advances in these three areas would

represent a leap forward in our understanding of how sub-pore scale fluid-solid interactions

during low salinity waterflooding translate to additional oil recovery over core and reservoir

scales. Ultimately, this will bring the field a step closer to predicting which crude oil-brine-rock

(COBR) systems will respond favourably to low salinity water flooding.



Chapter 3

Materials and Methods

To gather pore scale observations of low salinity flooding, four sets of flow experiments were

carried out and imaged using X-ray micro-computed tomography technology. We carried out a

flow experiment in an unaltered (water-wet) Berea sample, an altered (oil-wet) Berea sample,

an altered (oil-wet) Bunter sample, and an altered (oil-wet) Castlegate sample (see Fig. 3.1). In

the following section, the different fluids and rock lithologies are described. Next, experimental

protocols and workflows are detailed, followed by a description of image acquisition and analysis

workflows.

3.1 Rock Sample and Fluid Properties

3.1.1 Lithologies and Rock Properties

Berea

The Berea samples had a diameter of 6 mm and a length of 20 mm. The imaged porosity of

the Berea sample were 0.09 and 0.11 for the unaltered and altered Berea samples respectively

(table 3.1). The porosity values are broadly in line with other imaged porosity values of

Berea sandstone, which are typically lower than absolute porosity values due to sub-resolution

34
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porosity (Garfi et al., 2020b; Shabaninejad et al., 2018). The estimated absolute permeability

value (calculated using PNFlow, as described in section 3.3.6) of the altered Berea sample is 14

mD. Berea sandstone has been used extensively in petrophysical research (Khilar et al., 1983;

Lai and Krevor , 2014; Shaw et al., 1991). It is predominantly made up of quartz ( > 70%)

with smaller fractions of feldspar (< 20%) and clays (predominantly kaolonite) (< 10%), as

well as small quantities of additional minerals such as pyrite and ankerite (Lai and Krevor ,

2014). Surveys across Berea samples have shown a range of porosity and permeability values of

0.18 < ϕ < 0.25, and 45 < k < 1000 mD respectively (Churcher et al., 1991; Sen et al., 1990;

Shabaninejad et al., 2018).

The Bunter sample had a diameter of 6mm and a length of 15 mm. The imaged porosity of the

Bunter sample was 0.15 (table 3.1). The estimated absolute permeability value (calculated using

PNFlow, as described in section 3.3.6) of the Bunter sample was 142 mD. The sample used was

cut from a Triassic Sherwood Sandstone core supplied by the British Geological Survey. The

mineralogy and petrophysiocal properties of this group varies, but is typically predominantly

quartz and feldspar grains, with significant clay content (predominantly kaolonite). Surveys

across samples in this group has shown a range of porosity and permeability values of 0.05 <

ϕ < 0.4, and 10 < k < 600 mD respectively (Hjuler and Kristensen, 2017; Olivarius et al.,

2015; Schmid et al., 2004).

The Castlegate sample had a diameter of 5.5mm and a length of 15mm. The imaged porosity

of the Castlegate sample was 0.20 (table 3.1). The estimated absolute permeability value

(calculated using PNFlow, as described in section 3.3.6) of the Castlegate sample was 495 mD.

The core was cut from a block with average mineralogy of 94 wt% quartz and feldspar, and

6 wt% clay minerals, porosity in the range of 0.2 < ϕ < 0.25, and permeability in the range

550 < k < 950 mD.

Figure 3.2 shows the pore radius distribution for the three samples. The Berea has a notably

narrower distribution, with average values far lower than for the other two samples. The

Castlegate and Bunter samples have very similar pore radius distributions.
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Figure 3.1: X-ray micro-CT images of the three lithologies used in this work: a) Berea sand-
stone; b) Bunter sandstone; c) Castlegate sandstone. The grey scale is linked to light attenu-
ation, with the darker regions having the lowest density (e.g., pores) and the brightest regions
comprising of the most dense materials (e.g., carbonate cement or metal oxides). All images
were acquired using an FEI Heliscan micro-CT machine. The voxel sizes are 2.42µm, 2.35µm,
and 2.31µm.

Table 3.1: A summary of rock properties for the Berea, Castlegate, and Bunter samples used
in this work

Porosity
[-]

Permeability
[mD]

Coordination
number [-]

Clay Volume
Fraction [-]

Sample
Diameter [mm]

Sample
Length [mm]

Berea 0.11 14 2.5 0.06 6 20
Bunter 0.15 142 2.7 0.06 6 15

Castlegate 0.20 495 3.3 0.08 5.5 15
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Figure 3.2: Plot of the pore radius distributions as a fraction of total pore volume for each
sample. The Berea sample (blue) has a far narrower pore size distribution than the Bunter
(green) and Castlegate (red) samples which have a very similar profile. In each case, the pore
size distribution is generated using pore network extraction, as described in section 3.3.6
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3.1.2 Fluid Properties

In all experiments three distinct fluid phase were used; these were a high salinity brine a low

salinity brine and a crude oil. In all experiments exactly the same fluids were used. The

properties of each of the fluids are described below.

Table 3.2: The brine recipes for both the high and low salinity brines used in the study. Note
that the low salinity brine is simply the high salinity brine diluted by a factor of 69.4. These
recipes were supplied by our industry sponsors, BP.

Dissolved salts [mg/l]

Salts High salinity brine Low salinity brine

CaCl2.2H2O 13205 190

MgCl2.6H2O 2008 29

KCl 744 11

NaCl 57884 834

TDS 73,841 1,064

The oil used in this work is a degassed western hemisphere crude oil with a density of 0.87

kg/m3 and viscosity 13 mPa s. The oil has a total acid number of 0.01 mgKOH/g and a total

basic nitrogen content of 2 mgKOH/g. The Saturates, Aromatics, Resing and Asphaltenes

analysis data are Sat=22.00 wt%, Aro=41.00 wt%, Res=20 wt%, and Asp=17 wt%. The oil

was doped with 20 wt% iododecane. This dopant concentration represents a trade-off between

replicating a realistic reservoir system and the ability to reliably distinguish between phases in

X-ray images We chose to add dopant to the oil, as opposed to the brines, to avoid increasing

the salinity of the low salinity brine. There remains some uncertainty around the effect of

iododecane on interfacial properties. A recent study by Pan and Trusler (2022) has shed some

light on this. The authors reported that the interfacial tension between iododecance and water

was 4.5 mNm−1 lower than the interfacial tension between water and decane. The authors

concluded that doping decane with iododecane would lead to a decrease in the water-organic

phase interfacial tension. This would suggest that introducing 20 wt% iododecane into the
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crude oil, acts to decrease the brine-oil interfacial tension. Temperature, salinity, and pressure

are all thought to impact crude oil/brine interfacial tension (IFT) values. Additionally, IFT

values are time dependant, perhaps due to the diffusion of some components across the interface

(Buckley and Fan, 2007; Freer et al., 2003; Moeini et al., 2014). It is therefore likely that IFT

values do not remain constant throughout the experiments presented here

Two distinct brines were used in all experiments. The first, referred to as high salinity brine,

has a total dissolved salts (TDS) of 73,841 and was used as formation water for secondary high

salinity water flooding. The second, referred to as low salinity brine, has a TDS of 1,064 and

was used for tertiary low salinity waterfloods. Both brine recipes are shown in table 3.2. Note

that the low salinity brine is simply the high salinity brine recipe diluted by a factor of 69.4.

3.2 Experimental Workflow

Similar experimental workflows were followed for each of the four flow experiments used for

this work. After loading each sample into the core holder, we began flow experiments using the

workflows described for each sample below (and summarised in Fig. 3.3). For all flow steps

in each sample, a confining pressure of 50 bar was maintained within the core holder. This

compresses the Viton sleeve around the core, therefore, preventing fluid bypassing the sample.

An inlet pressure of 30 bar was maintained at all times. Each experiment was carried out at

ambient temperatures, approximately 25◦C.

In three of the four experiments, the wetting state of the samples were altered prior to high

and low salinity waterflooding. The purpose of this alteration process was to produce wetting

states representative of reservoir conditions which are typically mixed or oil-wet (Blunt , 2017).

It has been shown that the wetting preference of a rock surface can be altered by the interaction

of the solid substrate with surface-active compounds present in crude oil. These compounds

can precipitate onto and be adsorbed by the solid surface resulting in a change in local wetting

state (Buckley , 1998; Buckley and Liu, 1998; Buckley et al., 1997). To alter the wetting state

of the Berea, Bunter and Castlegate samples, we injected the samples with high salinity brine



40 Chapter 3. Materials and Methods

Figure 3.3: An overview of the experimental workflow for all samples (three altered sample and
one unaltered sample). A more detailed description of the workflow can be found in the text.

followed by undoped crude oil and submerged the samples in a beaker of crude oil at 80◦ for

four weeks. We assumed that the wetting state of the cores after the wetting alteration process

was altered towards a more oil-wetting state (an assumption that is validated in the image

analysis).

The core flooding experiments were carried out using the flow-loop shown in Figure 3.4. A

carbon fibre Hassler type flow cell was used to keep the rock under pressure with a confining

fluid (water). The samples were then placed in a Viton sleeve, and connected to the PEEK

tubing of the hydraulic circuit with two steel end pieces. The cell was then placed into an FEI

Heliscan x-ray µ-CT so that images could be taken at each stage of each experiment.

3.2.1 Tertiary Low Salinity Water Flooding of Water-Wet Berea

Sandstone

We first flooded the dry Berea sample with high salinity brine at 0.2 ml/min for 30 mins to

saturate the sample fully. Next, we carried out drainage to establish the initial water saturation,

Swi, where undoped crude oil was injected into the sample at a rate of 0.015 ml/min for a total

of 10 pore volumes (PV). After drainage, we observed a very low Swi of < 0.05. Subsequently,

high salinity brine was injected into the sample at 0.015 ml/min for a total of 12 PV. Next, low
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Figure 3.4: Schematic diagram of experimental apparatus for unsteady state flow experiment.
Adapted from Lin et al. (2018)
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salinity brine was injected into the sample at 0.015 ml/min for a total of 4 PV. Finally, a further

16 PV of low salinity brine was injected into the sample at 0.015 ml/min, making a total of 20

PV of low salinity flooding. The Capillary number for the waterfloods of Nc = vµ/σ (where

v = darcy velocity of injection, µ = viscosity of injected phase and σ = interfacial tension) =

4× 10−7 (assuming approximate values of µ = 10−3 Pa.s and σ = 20× 10−3 Nm−1). In order

to control both injection pressure and flow rate, for all waterfloods a constant pressure of 30

bar was maintained at the injection pump, and the receiving pump was set to a refill rate of

0.015 ml/min. This resulted in a pressure drop across the core and an average flow rate of

0.015 ml/min.

3.2.2 Tertiary Low Salinity Water Flooding of Altered-Wettability

Berea Sandstone

For the altered experiment, We first flooded the dry Berea sample with high salinity brine at

0.2 ml/min for 30 mins to saturate the sample fully. Next, we carried out drainage to establish

the initial water saturation, Swi, where undoped crude oil was injected into the sample at a

rate of 0.015 ml/min for a total of 10 pore volumes (PV). After drainage, we observed a very

low Swi of < 0.05. The wetting state of the core was then altered. The sample was submerged

in crude oil for four weeks at 80◦C. The alteration process led to a reduction in permeability.

This is most likely due to the precipitation of asphaltenes. As a result, an injection flow rate

of 0.015 ml/min could not be achieved in the subsequent flow steps with an injection pressure

of 30bar. Instead, a constant pressure drop of 25 bar was maintained across the core for all

further flow steps in the altered sample. 10 PV of doped crude oil (20wt% iodododecane) was

injected into the altered sample to displace the undoped crude oil. 12 PV of high salinity brine

were then injected into the sample. Subsequently, 4 PV of low salinity brine were injected into

the sample. Finally, a further 16 PV of low salinity brine was injected into the sample. The

average flow rate for all waterfloods in the altered sample was approximately 0.001 ml/min,

giving an approximate capillary number for the waterfloods of 3× 10−8.
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3.2.3 Tertiary Low Salinity Water Flooding of Altered-Wettability

Castlegate Sandstone

High salinity brine was first injected into the sample at 0.2 ml/min for 30 minutes to saturate

the sample fully. Next, we carried out drainage to establish the initial water saturation, Swi,

where undoped crude oil was injected into the sample at a rate of 0.015 ml/min for a total

of 10 pore volumes (PV). After drainage, we observed a very low Swi of < 0.05. The wetting

state of the core was then altered. The sample was submerged in a sealed beaker of undoped

crude oil for four weeks at 80◦C. Next, high salinity brine was injected into the sample for a

total of 12 PV. 4 PV of low salinity brine was then injected, followed by a final 16 PV of low

salinity brine injection, making a total of 20 PV of low salinity flooding. A flow rate of 0.015

ml/min was maintained for the doped oil injection and subsequent waterfloods at an injection

pressure of 30bar giving an approximate capillary number for the waterfloods of 5 × 10−7. In

order to control both injection pressure and flow rate, for all waterfloods a constant pressure

of 30 bar was maintained at the injection pump, and the receiving pump was set to a refill rate

of 0.015 ml/min. This resulted in a pressure drop across the core and an average flow rate of

0.015 ml/min.

3.2.4 Tertiary Low Salinity Water Flooding of Altered-Wettability

Bunter Sandstone

High salinity brine was first injected into the sample at 0.2 ml/min for 30 minutes to saturate

the sample fully. Next, we carried out drainage to establish the initial water saturation, Swi,

where undoped crude oil was injected into the sample at a rate of 0.015 ml/min for a total

of 10 pore volumes (PV). After drainage, we observed a very low Swi of < 0.05. The wetting

state of the core was then altered. The samples were submerged in a sealed beaker of undoped

crude oil for four weeks at 80◦C. Next, high salinity brine was injected into the samples for a

total of 12 PV. 4 PV of low salinity brine was then injected, followed by a final 16 PV of low

salinity brine injection, making a total of 20 PV of low salinity flooding. For the Castlegate
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and Bunter samples, a flow rate of 0.015 ml/min was maintained for the doped oil injection

and subsequent waterfloods at an injection pressure of 30bar giving an approximate capillary

number for the waterfloods of 4 × 10−7. In order to control both injection pressure and flow

rate, for all waterfloods a constant pressure of 30 bar was maintained at the injection pump,

and the receiving pump was set to a refill rate of 0.015 ml/min. This resulted in a pressure

drop across the core and an average flow rate of 0.015 ml/min.

3.2.5 Summary of Experiments

We chose to carry out tertiary low salinity waterflooding experiments, as opposed to secondary

waterflooding, so that the extent of additional recovery from low salinity flooding could be

more easily determined. In secondary flooding experiments, it is more challenging to attribute

any additional oil recovery to brine salinity. We chose 12 pore volumes of high salinity flooding

as a trade-off between experimental time and pore volumes injected. We were partly informed

by findings by Khishvand et al. (2017), who observed no significant change in fluid distribution

or wetting state between 5 and 10 pore volumes of high salinity flooding in an altered Berea

sandstone core, with the majority of recovery occurring in the first 0.5 pore volumes of high

salinity waterflooding. The values of 4 PV and 20 PV of low salinity flooding for each sample

were carefully chosen so that both the initial and final response to low salinity flooding could be

observed. Khishvand et al. (2017) observed an initial shift in wetting state and pore occupancy

between 0.5 and 5 PV of low salinity flooding in a Berea sample. We chose a value of 4 PV to be

broadly consistent with Khishvand et al. (2017), and to maximise the probability of observing

oil banking. A further 16 PV of low salinity flooding was carried out to displace any banked

oil, and maximise oil recovery.

As stated above, we calculated approximate capillary numbers of 4× 10−7, 3× 10−8, 5× 10−7,

and 4 × 10−7 for waterflooding in the unaltered and altered Berea, Bunter and Castlegate

experiments respectively. Whilst the value varies between each sample, all waterfloods were

carried out in a capillary dominated regime ( typically defined as < 10−6). The experimental

results provide further evidence of a capillary dominated regime. As is discussed in Chapters
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4, 5 and 6, we observed relatively high So values after waterflooding in all experiments, and

no evidence of capillary desaturation. Estimates of capillary numbers for waterflooding in real

reservoir systems vary (typically between 10−8−10−6), but unless there is some intervention (e.g.

by drastically lowering interfacial tension) displacement during waterflooding in real reservoirs

is capillary dominated at the pore scale (Blunt , 2017; Satter and Iqbal , 2015).

As discussed above, for each sample, high salinity brine was first injected into the sample at 0.2

ml/min for 30 minutes to saturate the sample fully and undoped crude oil was then injected

into the sample at 0.015 ml/min for 10 PV. For all samples, after this drainage process, Sw

was < 0.05. This very low water saturation may be a result of the unrealistic drainage process.

In real reservoirs, primary oil migration occurs over many millennia due to buoyancy forces

where capillary pressure is limited by the height of the oil column. Typically, the capillary

pressure during oil migration is not sufficient to invade the smallest pores in a given reservoir,

which remain brine saturated. Whilst Swi is thought to vary drastically between reservoirs, it

is broadly accepted that values are typically > 0.05 (Blunt , 2017). The differences between

the experimental drainage process and that of reservoirs, and the resulting differences in fluid

saturation and distribution, are important to consider when interpreting results. This will be

discussed in chapters 4, 5 and 6.

3.3 X-ray micro-CT Imaging: Acquisition and Process-

ing

3.3.1 Fundamentals of X-ray Micro-CT Imaging

X-ray technology has been widely used to image the internal structures of geological specimens

over the last 50 years. The method is based on the attenuation of X-rays as they travel through

a target material. This is expressed by Lambert-Beer’s law (eq. 3.1):

I = I0e
−
∫

µ(s)ds (3.1)
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where I is intensity at the detector, I0 is intensity at source, and µ(s) is the linear attenuation

coefficient along the ray path s.

In its infancy, X-ray technology was restricted to producing two-dimensional data. The tech-

nique was greatly improved with the advent of computerised transverse axial tomography (CAT

or CT), where information is gathered from a number of different directions allowing for a 3D

image to be reconstructed. This allows the local value of µ to be found for each point inside the

target volume. This technology was first developed in medical imaging (Gawler et al., 1974;

Lcdley et al., 1974) but was soon utilised within Earth science (Coles et al., 1991; Petrovic

et al., 1982) and has since been used extensively to give unique insight into pore scale processes

during multiphase flow in porous media (Berg et al., 2013; Bultreys et al., 2018; Spurin et al.,

2019, 2021).

In the basic setup of laboratory micro-CT machines, a sample is placed between a source and a

detector. During image acquisition, the sample rotates whilst the source and detector remain

stationary (see figure 3.5). Over 360 (or 180) degrees, thousands of radiographs are typically

recorded at the detector. The raw data can then be processed using reconstruction algorithms

(Vlassenbroeck et al., 2007), to create a 3D volume representing a distribution of the linear

attenuation coefficient, µ (Bultreys et al., 2016b).

Figure 3.5: Schematic diagram of a typical laboratory micro-CT setup. From Wildenschild and
Sheppard (2013).
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3.3.2 X-ray Micro-CT Acquisition

For all experiments, the samples were imaged using an FEI X-ray micro-CT scanner. The

machine has a typical set-up for commercial laboratory based X-ray micro-CT scanners where

the X-ray source and detector are fixed, and the sample rotates. The machine uses a 3072 ×

3072 pixel flat panel detector, and a source with an energy output ranges of 20 kV to 160 kV

and a maximum power output of 8 W. The machine is unique compared to more traditional

commercial X-ray Micro-CT scanners in that the sample can move in a helical trajectory during

image acquisition. The main advantage of this technique is that a large vertical field of view can

be imaged in a single scan, so that no stitching of multiple separate scans is required to image

long samples, thus avoiding stitching artifacts. The manufacturer guidelines for optimal image

quality are a target current of close to 50 mA during acquisition and a ratio of approximately

40% between the X-ray flux through the sample and the X-ray flux without a sample in place

(a clearfield scan). By adjusting filtering, tube current, source voltage and acquisition time,

we aimed to achieve the optimal parameters for each scan. Three Dimensional tomograms

were then reconstructed from the 2D images by applying an iterative back projection algorithm

(provided by the machine manufacturer).

3.3.3 Image Analysis Workflow

Filtering

During each experiment, a section of each sample was scanned at each flow step. The entire

imaged region is referred to as the field of view. In each case, a region of the field of view was

selected for image analysis. This region is refereed to as the region of interest. In each case, the

region of interest was taken from the centre of the field of view, which, in turn, was located in

the centre of each sample. For both Berea samples, a region of interest of 1500 × 1500 × 3500

voxels (3.6 × 3.6 × 8.4 mms) was extracted; for the Castlegate, a region of interest of 1425 ×

1425 × 2375 voxels (3.3× 3.3 × 5.5 mms); for the Bunter, a region of interest of 1500 × 1500

× 3000 voxels (3.5 × 3.5 × 7.0 mms). Therefore, in the Berea samples, there was a region
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of 5.8 mms above and below the region of interest which was not analysed. In the Castlegate

sample, there was a region of 4.75 mms above and below the region of interest which was not

analysed. In the Bunter sample, there was a region of 4 mms above and below the region of

interest which was not analysed.

For each sample, the first image analysis step was to filter all tomograms. Filtering is an

important step, which is used to increase signal to noise ratio. There are several filtering

options that have been used extensively in the field of porous media (see reviews by Kaestner

et al. (2008); Schlüter et al. (2014)) Non-local means filtering has emerged as the favoured

algorithm in recent years. It has been found to retain the contrast of phase boundaries whilst

effectively increasing signal to noise ratio (Buades et al., 2005; Schlüter et al., 2014). As such,

non-local means filtering has been used in a number of recent works in the field of pore scale

imaging (Alhammadi et al., 2017; Alhosani et al., 2020; Garfi et al., 2020a,c; Scanziani et al.,

2018; Spurin et al., 2019). For these reasons, non-local means filtering was used in this work.

Thermofisher Avizo Fire 2019.1 software was used to carry out the filtering. For all experiments,

a search window of 25 pixels, and a similarity of value of 0.3 were used. These correspond to

the radius of the search window area in number of voxels, and a weighting factor assigned to

each voxel inside the search window during the smoothing procedure, respectively. These values

were chosen to avoid excess smoothing and blurring.

Segmentation

For all samples, two separate segmentation workflows were used. As with filtering methods,

there are many image segmentation algorithms that are widely used. These can broadly be split

into two categories. The first, global thresholding, has been widely used for many years (see

review by Iassonov et al. (2009)). The second, algorithms which account for spatially varying

information within an image, have been found to be superior (Iassonov et al., 2009; Schlüter

et al., 2014). One such approach is the watershed algorithm (Beucher and Meyer , 1993; Vin-

cent and Soille, 1991). Watershed segmentation has been found to perform well in segmenting

different mineral groups and pore space in various studies (Alhosani et al., 2020; Garfi et al.,



3.3. X-ray micro-CT Imaging: Acquisition and Processing 49

2020a,b; Leu et al., 2014). Leu et al. (2014) found that watershed segmentation outperformed

both global and hysteresis segmentation methods, giving the most robust estimates of porosity

and permeability from images of Berea sandstone. As such, in this work, watershed segmenta-

tion is used to segment mineral groups from pore space for each experiment. For each sample,

a scan was taken before any dopant was introduced into the oil phase, so that pore space could

be easily distinguished from minerals. For each sample, the undoped scan was segmented into

3 groups, pore space and two mineral groups: clay group minerals; and non-clay minerals. We

used Thermofisher Avizo Fire 2019.1 software to carry out watershed segmentation, where a

number of phases and threshold values that define seeds for each phase were manually inputted.

The segmented undoped images for each sample were then registered to subsequent scans with

both brine and doped oil present (see Fig. 3.6). The segmented image was used to mask these

scans so that just the fluid phases remained. The fluid phases were then segmented using simple

global thresholding, with the threshold values determined using the histogram of grey values,

where the grey-value corresponding to the local minima between the grey-value peaks for both

fluid phases was chosen as the threshold value. This is process was chosen to be an objective,

repeatable, workflow.

3.3.4 Estimating Saturation Distribution

First, the fluid saturation distribution in each core was estimated. Once the fluid phases were

segmented, the water saturation, Sw, the fractional volume of the water volume in the pore

space, was averaged across each of the 3500 horizontal slices. These values were then stacked

to produce a saturation profile along the entire length of the imaged region, and averaged to

give total water saturation, Sw
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Figure 3.6: A brief overview of the image analysis workflow. a) The undoped scan (filtered) b)
The segmented undoped scan (blue = pore space, black = rock) which is then used as a mask
for the doped scans c) The scan taken after 20 PV of low salinity water flooding (filtered) d) As
in c but masked using b, leaving just the fluid phases (light = oil, dark = brine) e) Segmented
LSWF 20PV scan (grey = rock, blue = brine, red = oil)
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3.3.5 Surface Area Coverage

Bulk Measurements

We then assessed the fraction of mineral surfaces coated by a fluid phase, Afi, defined as the

amount of the solid surface exposed to the pores that is covered a fluid phase, Ai, divided by

the total amount of solid surface exposed to the pores, AT . For oil, Afo = Ao/AT . Following

the workflow developed by Garfi et al. (2020a), the region of interest in each sample was

subdivided into equal sub volumes. For both the unaltered and altered Berea samples, this was

63 equal subvolumes of 500 voxels per side; for the Bunter, there were 54 equal subvolumes of

500 voxels per side for each subvolume; for the Castlegate, there were 45 equal subvolumes of

475 voxels per side. For each subvolume, in each sample, brine-rock interfacial area, oil-rock

interfacial area, and fluid saturations were computed. The oil-rock interfacial area as a fraction

of total fluid-rock interfacial area was then calculated as a function of saturation for each of

the subvolumes in each sample after all flow steps. The resulting cross-plot of Afo and So has

been demonstrated in Garfi et al. (2020a) to provide a robust measure of the wetting state of

the system. The more wetting a fluid, the greater fraction of the rock surfaces will be coated

by that fluid at a given saturation.

Mineral Specific Measurements

In Chapter 6, we also implemented mineral specific surface area coverage analysis, again fol-

lowing a workflow developed by Garfi et al. (2020a). The initial workflow is identical to that of

bulk measurements descried above, where each sample is split into equal subvolumes. For each

of the subvolumes, we then identified four interface groups, that is, for both mineral groups

(clays and non-clay minerals) and both fluid phases (brine and oil). We compared fluid surface

coverage of the two mineral groups by recording the fraction of the total area of that mineral

group in contact with a fluid:
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aij =
Aij∑
i Aij

(3.2)

where Aij is the measured surface area per unit of pore volume shared by fluid i with solid j,

respectively. We measured the oil-clay interfacial area as a fraction of total fluid-clay interfacial

area, and the oil-mineral interfacial area for non-clay minerals as a fraction of total fluid-mineral

interfacial area for non-clay minerals. These values were then presented as a function of oil

saturation, So for each subvolume. This gives a measure of wetting state for the two mineral

groups in each sample.

3.3.6 Pore Fluid Occupancy

Next, we evaluated the sizes of the pores occupied by the fluid phases using a pore network

abstraction of the pore space, using a workflow first introduced by Bultreys et al. (2018). We

used a maximal ball network extraction code (Dong and Blunt , 2009; Raeini et al., 2017)

to extract a network of nodes, representing pores and links, representing throats, from the

segmented undoped scans of each sample (Fig. 3.7). Inscribed spheres were fitted to each pore,

where the diameter of said spheres represents the pore diameters. The pore occupancy of brine

and oil was then quantified by using the segmented images to determine the phase occupying

each sphere. From this, we generated a map of fluid distribution throughout the samples

after each flow-step. We also created plots of the pore size distribution of oil filled pores and

water filled pores. While pore occupancy analysis offers insight into changes in the distribution

of fluids throughout each sample, the method may systematically underestimate saturation

changes. This is because pore occupancy analysis does not take into account saturation changes

in pore corners and oil layers since pore occupancy is decided based on the phase in the centre

of a given pore.

In Chapter 6, for all pore elements in all samples, we extracted the mineral surfaces exposed to

the pore body and assessed the fraction of the surface made up of clay minerals. From this we

split pores up into two groups, clay rich pores (where clay coverage is > 50%) and clay-poor
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pores (where clay coverage is < 50%). We then assessed the pore occupancy of these two

groups, to give insights into the mineral specific pore occupancy, and the distribution of clay

minerals in all samples. The pore occupancy analysis in chapter 6 differs slightly from that of

Chapters 4 and 5 in that it does not assess the fluid saturation within a maximal ball in the

centre of each pore body and throat, but rather assesses the fluid saturation within the entire

pore body or throat.

Figure 3.7: Maximum inscribed balls extracted from a subvolume of the Castlegate sample,
overlaid on a volume rendering of the subvolume.

To analyse the absolute permeability of each sample, we used PNflow, an open source pore

network modelling tool which relies on an assumption of quasi-static capillary dominated flow.

The algorithm uses the approach of Valvatne and Blunt (2004), as described in Raeini et al.

(2018), and further validated by Raeini et al. (2019) and Bultreys et al. (2018). We used the

tool to simulate a single phase flow experiment in each sample, giving an estimate of absolute

permeability in each case.

In Chapter 5, we analyse the impact of the topology of the largest pores on recovery during low

salinity flooding in each sample. We first isolated the largest pores which make up 60% of total

pore volume in each sample. This equates to all pores of radius > 14µm in the Berea, 25 µm
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in the Castlegate, and 24 µm in the Bunter. We chose this cut-off as the minimum pore radius

in this group approximately equates to the largest pores in which the oil saturation decreases

during low salinity flooding in each sample. Additionally, the average Sw of pores within this

group is > 0.5 for all samples after each waterflood. Therefore, the connectivity of these pores

is likely to impact the connectivity of the brine in each sample. We then repeated the pore

network extraction and single phase flow simulations, described above, for these larger pores

only, to obtain the estimates for fluid occupancy and absolute permeability in for the network

of largest pores in each sample.



Chapter 4

The Impact of Wetting State on Low

Salinity Water flooding

The material from this chapter has been published: Andrews et al. (2021)

4.1 Overview and Objectives

As discussed in chapter 2.6.1, understanding how wetting state impacts recovery during low

salinity waterflooding is very important. This is the case in the context of both initial wetting

state and wettability alteration during low salinity waterflooding itself. Thus far, pore scale

observations of low salinity waterflooding have been carried out in Berea sandstone samples

with a range of initial wetting states with little thought to the impact of these wetting states

on the efficacy of low salinity flooding. Additionally, in pore scale experiments wettability has

been exclusively characterised using geometric contact angle measurements which are known

to be a noisy measure, sensitive to image analysis workflows and pore geometries. A range of

more robust measures of wetting state have been developed recently, but none have yet been

used to characterise wetting state during low salinity flooding in a sandstone sample.

The objective of this work is to systematically investigate the role of initial wetting state on

55
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the efficacy of low salinity waterflooding. We compare results of low salinity flooding in one

water-wet and one oil-wet Berea sandstone core. We use fluid coated area fraction analysis to

characterise the wetting state of two Berea sandstone cores of different initial wetting states.

This approach provides the most robust measurements of wetting state during low salinity

flooding to date, and gives important insights into the role of initial wetting state and wettability

alteration on recovery during low salinity water flooding (see chapter 3.3.5).

4.2 Results

4.2.1 Saturation Distribution

The porosity profiles of the two samples are similar, with a comparable variation of porosity

along the samples (fig. 4.1). In contrast, the saturation profiles vary significantly between the

two samples. For the experiments with the unaltered rock, Sw = 0.26 after 12 PV of high

salinity water flooding (Table 4.1, Figure 4.8); this does not change after 4 and 20 PV of low

salinity water flooding. This is consistent with fractional flow theory for unaltered systems,

where nearly all of the production occurs within the first PV of fluid injected. Additionally,

there is little variation in saturation along the core, with all slices in the range 0.16 < Sw < 0.35

at all locations for all flow steps. The standard deviation was the same for all flow steps with

a value of 0.0030.

Table 4.1: Average water saturation, Sw, in the region of interest, and the standard deviation of
average Sw across all slices in the region of interest for the unaltered and altered samples, after
12 PV of high salinity flooding (HSWF), 4 PV of low salinity water flooding (LSWF 4PV),
and 20 PV of low salinity water flooding (LSWF 20PV). For both samples, there was a very
high initial oil saturation with Sw < 0.05 prior to waterflooding in both cases. As discussed in
chapter 4.2.3 we calculate a standard error of 0.00125 for the saturation measurements in this
work

Unaltered Altered
Sw [-] St.Dev [-] Sw [-] St.Dev [-]

HSWF 12 PV 0.260 0.0030 0.382 0.0087
LSWF 4 PV 0.256 0.0030 0.368 0.0080
LSWF 20 PV 0.254 0.0030 0.413 0.0098
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Figure 4.1: Profile of water saturation, Sw, averaged perpendicular to the flooding direction
across the entire region of interest (the region at the centre of the sample that is analysed, see
chapter 3.3.3) for the a) the unaltered sample b) the altered sample imaged after 12 PV of
high salinity flooding (HSWF 12PV), 4 PV of low salinity water flooding (LSWF 4PV), and
20 PV of low salinity water flooding (LSWF 20PV). For the experiments with the unaltered
rock, Sw = 0.26 after HSWF 12PV. Sw does not change after 4 PV and 12 PV of LSWF. In
contrast, the average Sw = 0.26 is initially higher in the altered case after HSWF 12PV. There
were significant local changes in Sw following LSWF 4PV and LSWF 20PV. Across the region
of interest, mean Sw decreased by 0.014 after the first 4 PV of low salinity water flooding. After
20 PV of low salinity flooding, however, Sw increased so that it was 0.031 higher than the value
at the end of HSWF 12PV.
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Figure 4.2: Sw values after 12PV of high salinity flooding (HSWF 12PV), 4PV of low salinity
flooding (LSWF 4PV), and 20PV of low salinity flooding (LSWF 20PV) for the unaltered and
altered Berea samples. As discussed in chapter 4.2.3 we calculate a standard error of 0.00125
for the saturation measurements in this work.

In contrast, the average water saturation is initially higher in the altered case after flooding

with high salinity brine. There were also significant local changes in Sw following 4 and 20 PV

of low salinity flooding. Across the region of interest (the region at the centre of the sample that

is analysed, see chapter 3.3.3), mean Sw decreased by 0.014 after the first 4 PV of low salinity

water flooding. This is probably due to the accumulation of oil displaced from elsewhere in the

sample, upstream of the region of. As mentioned in Chapter 3.3.3, in both Berea samples, there

was a 5.8 mm section of the core that was upstream of the region of interest and not analysed.

Given that the volume of this upstream region is 69% of the volume of the region of interest,

it is reasonable to assume that oil production from the upstream region during the first 4 PV

of low salinity water flooding can explain the increase So in the region of interest. There was

subsequently significant oil production from the region of interest during 20 PV of low salinity

flooding. During 20PV of low salinity flooding Sw increased so that it was 0.031 higher than

the value at the end of high salinity water flooding. This net oil recovery of 3 percentage points

is broadly consistent with a number of studies carried out at similar conditions, most notably:

Chen et al. (2020) who observed a recovery of 5 percentage points after tertiary low salinity



4.2. Results 59

flooding in Berea Sandstone; Lebedeva and Fogden (2011) who saw a recovery of 7 percentage

points during low salinity flooding of a kaolinite coated sandpack; and Shabaninejad et al.

(2018) who reported a recovery of 3 percentage points in a tertiary low salinity waterflood in a

Berea sandstone sample.

One notable feature of the altered sample saturation profiles is the variability in Sw along

the length of the core, oil is much more heterogeneously distributed than in the unaltered

case. For each flow step, the standard deviation of the saturation values along the core were

approximately three times greater than for the unaltered case (see table 4.1). This could be

a reflection of heterogeneity in the pore scale wetting state subsequent to the alteration with

crude oil.

4.2.2 Surface Area Fractional Coverage

Figure 4.3 plots the surface area fractional coverage for 63 subvolumes for all flowsteps in both

samples. This analysis provides a clear measure of wetting state, where the more wetting a fluid,

the greater fraction of the rock surfaces will be coated by that fluid at a given saturation (see

chapter 3.3.5). The area fractions exhibit distinct wetting states for the altered and unaltered

samples. This indicates that the ageing process was successful in altering the wetting state in

the altered sample (Garfi et al., 2020a). In the unaltered case, points lie below the Afo = So

line (where Afo is the fraction of mineral surfaces coated by oil, see chapter 3.3.5). At no point

does the proportion of oil coating mineral surfaces exceed the proportion of oil filling the pore

space (the oil saturation). This is indicative of a preference for water to wet the rock surface.

Conversely, for the altered case, all points lie above the Afo = So line showing a preference for

oil to wet the rock surface.

In the unaltered case there is no significant change in oil-coated area fraction between the steps

flooding with high and low salinity brine. This shows that there is no significant shift in wetting

state during low salinity flooding when the rock is initially water-wetting. The precision of the

points, with many shifting very little in either saturation or area coverage, also provides an

indication of the reproducibility of the image analysis workflow.
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Figure 4.3: Oil-coated area fractions computed for both the unaltered sample and the altered
sample, imaged after high salinity water flooding (HSWF), 4 PV of low salinity water flooding
(LSWF 4PV), and 20 PV of low salinity flooding (LSWF 20PV). In the unaltered case, points
lie below the Afo = So line. This is indicative of a preference for water to wet the rock surface.
Conversely, for the altered case, all points lie above the Afo = So line showing a preference
for oil to wet the rock surface. In the unaltered case there is no significant change in Afo(So)
between the flow steps. In the altered case, Afo(So) shifts towards Afo = So after LSWF 4PV,
a shift towards more water-wetting conditions. After LSWF 20PV, there is a shift parallel with
Afo = So which represents a decrease in So but not a change in wetting state.
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With the altered sample, there are shifts in the data indicative of a movement towards a more

water wetting state. After 4 PV of low salinity flooding, Afo(So) shifts towards Afo = So,

so that for a given oil saturation, there is a lower fraction of the rock surface coated by oil.

This is indicative of a shift towards more water-wetting conditions. After 20 PV of low salinity

flooding, there is a shift roughly parallel with Afo = So which represents a decrease in So but

not a change in wetting state. This shows that, although the wetting state is altered in the

first 4 PV of low salinity flooding, it does not result in oil production until further flooding.

The decrease in Afo in the altered case is consistent with qualitative observations by (Chen

et al., 2020) who reported water film propagation and enlargement during low salinity water

flooding, leading to the detachment of oil from the rock surface and, therefore, a decrease in

Afo. These results also broadly agree with pore-scale observations of a change in wetting state

during low salinity flooding made using contact angle measurements (Khishvand et al., 2017;

Qin et al., 2019), and sub-pore scale observations of wetting alteration during low salinity

flooding using atomic force microscopy (Hassenkam et al., 2016; Yesufu-Rufai et al., 2020).

However, our results show a small shift towards a more water-wet state while the rock remains

oil-wetting. This is not a shift to an entirely water wetting system.

4.2.3 Pore and Throat Occupancy

Shifts in wetting states are also reflected in the distribution of fluids throughout the samples.

We investigate the spatial distribution of brine saturated pores and throats for all flow steps

in both samples. Figure 4.4 shows the contribution of different pore and throat size ranges to

the total volume of brine within a 1500× 1500× 2000 subvolume at the centre of the region of

interest for all flow steps in both samples.

Global Pore Occupancy

In the unaltered case, a larger proportion of small pores are occupied by brine than the propor-

tion of large pores which are occupied by brine (Fig. 4.4a). This is expected as in a unaltered
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Figure 4.4: The size distribution for all brine saturated pores (bodies and throats) in a) the
unaltered sample b) the altered sample, and the total brine saturation (Sw) in pore radii bins,
for c) the unaltered sample d) the altered sample, imaged after 12 PV of high salinity water
flooding (HSWF 12PV), 4 PV of low salinity water flooding (LSWF 4PV), and 20 PV of low
salinity flooding (LSWF 20PV). In the unaltered case, there is no significant shift in pore
occupancy following either LSWF 4PV or LSWF 20PV. In the altered sample, there is a subtle
shift in the pore occupancy after both LSWF 4PV and LSWF 20PV. After LSWF 4PV, there
is a small increase in brine volume in the smallest pore and throat elements (radius < 10µm).
This is outweighed by a decrease in brine volume within larger pore and throat elements ( 12 <
radius < 25µm). After LSWF 20PV, there is a further increase in brine volume in the smallest
pore and throat elements (radius < 10µm). There is also an increase in brine volume within
the larger pore and throat elements ( 12 < radius < 25µm) compared to after LSWF 4PV,
however, the brine saturation in this pore size range remains lower than values after HSWF.
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Figure 4.5: The size distribution for all pores (bodies and throats) where saturation changed
from oil to brine (red) or brine to oil (blue) between HSWF and LSWF 20PV, for a) the
unaltered sample b) the altered sample. In the unaltered case, there are relatively few pores
where saturation changes from oil to brine or brine to oil. In the altered case, however, there
are many more redistribution events. In the smaller pores (radius < 19µm ) oil to brine events
(where brine displaced oil during low salinity flooding) outweigh brine to oil events (where oil
displaced brine during low salinity flooding), the opposite is true for larger pores (20 < radius
< 35µm ).

system, oil may only invade small pores at high capillary pressure. Conversely, in the altered

case, brine saturated pores span a wider range of radii, with the majority of the largest pores

being occupied by brine (Fig. 4.4b).

In the unaltered case, there is no significant shift in pore occupancy following either 4 or 20

PV of low salinity water flooding. In the altered sample, there is a subtle shift in the pore

occupancy after both 4 and 20 PV of low salinity water flooding. After 4 PV of low salinity

water flooding, there is a decrease in brine volume within larger pore and throat elements (

12 < radius < 25µm). This probably represents the accumulation of oil displaced from the

smallest pores within the field of view as well as oil from elsewhere in the sample. After 20 PV

of low salinity water flooding, there is a small increase in brine volume in the smallest pore and

throat elements (radius < 10µm). There is also an increase in brine volume within the larger

pore and throat elements ( 12 < radius < 25µm) compared to the observations after 4 PV of

low salinity water flooding, however, the brine saturation in this pore size range remains lower

than saturation after high salinity water flooding. This means that some, but not all, of the

additional oil which accumulated within the larger pores during the first 4 PV of low salinity
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water flooding was displaced.

The subtle changes in pore-occupancy do not fully reveal the large volume of fluid redistribution

taking place within the pores. To better understand the extent of such events, we isolated pores

where a change in pore occupancy occurs between the high salinity waterflood and 20 PV of low

salinity water flooding. Figure 4.5 shows the size distribution of pores in which pore occupancy

changed between the flow steps, that is to say, pore elements in which brine displaced oil or

vice versa. As expected, in the unaltered case (fig. 4.5a), there are relatively few pores where

saturation changes from oil to brine or brine to oil. In the altered case (fig. 4.5b), however, there

are many more redistribution events. Even in pore radii bins in which no or little net change of

pore occupancy occurs (e.g. 19-20 µm), there are numerous like for like changes in saturation.

Approximately, 20% of pores ranging in radius from 19-20 µm changed in saturation from oil

to brine or vice versa. In the smaller pores (radius < 19µm ) oil to brine events outweigh brine

to oil events, the opposite is true for larger pores (20 < radius < 35µm ).

It is important to note that the initial distribution of fluids has an important control over

pore occupancy changes during waterflooding. As discussed in Chapter 3.2.5, Swi was < 0.05

for both samples, with the smallest pores predominately oil saturated. In real reservoirs, it is

unlikely that the smallest pores will be oil saturated due to the large capillary pressure that is

needed for oil invasion of smaller pores during primary oil migration (Blunt , 2017). The results

presented here, show that oil is primarily produced from the smallest pores during low salinity

flooding in the altered Berea sandstone. It is likely that fewer of these smallest pores would

be initially oil saturated in real reservoirs, and, therefore, there would less opportunity for low

salinity brine to displace oil from them. Therefore, the observed additional recovery during low

salinity flooding in the altered Berea sample may be larger than would be expected in a similar

sample with a more realistic initial fluid distribution.

As discussed in Chapter 3.3.6, it is important to note that pore occupancy analysis may system-

atically underestimate saturation changes. To more accurately assess the volume of mobilised

and retrapped oil, we calculate the volume of oil that is mobilised after low salinity flooding,

defined as the total fraction of oil displaced by brine after 20 PV of low salinity flooding. We
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Figure 4.6: A volume rendering of a) Oil displaced during twenty pore volumes of low salinity
water flooding (LSWF 20PV) in the altered sample. Only 20% of this displaced oil is produced,
the rest is redistributed and retrapped within the core, as shown in b).

compare this to bulk changes in saturation to calculate the fraction of the mobilised oil that is

produced. We observe that 22% of the oil in place on completion of high salinity water flooding

is displaced after 20 PV of low salinity water flooding, but less than a quarter of this displaced

oil is produced or transported out of the region of interest (Fig 4.6). This means that, on com-

pletion of 20 PV of low salinity water flooding, the volume of redistributed oil is 4 times greater

than the volume of produced oil. This ratio is consistent with findings by (Sohrabi et al., 2017)

who observe a ratio of five between redistributed and produced oil using computational fluid

dynamic simulations of tertiary low salinity water flooding in a 2D domain. These results show

that a complex redistribution of fluids can occur during low salinity water flooding as a result

of a shift in the wetting state, without a corresponding change in bulk saturation. This implies

that a wetting state shift is not sufficient to determine production. Furthermore, a low salinity

effect may occur in a rock as a redistribution of fluids at the pore and pore-network scale, but

may not be observed in typical core-scale experiments where only saturation is monitored. This

could, therefore, be a significant contributor to the confusion around core flooding analysis of

low salinity floods.

As we observed very little fluid redistribution during 4 or 20 PV of low salinity waterflooding in
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the unaltered sample, we can use the results to estimate the uncertainty of the measures used

in this study. We observed very small changes in average saturation, area fraction and pore

occupancy measurements between the three waterfloods, indicating that the image analysis

workflow is robust and repeatable. Sw values of 0.260, 0.256 and 0.254 were recorded after high

salinity water flooding, 4 PV of low salinity water flooding and 20 PV of low salinity water-

flooding, respectively. This gives a mean value of 0.257, and a standard error of 0.00125. The

average Afo value for all subvolumes was calculated as 0.641, 0.646 and 0.646 after high salinity

water flooding, 4 PV of low salinity water flooding and 20 PV of low salinity waterflooding,

respectively. This gives a mean value of 0.644 and a standard error 0f 0.00118. These standard

errors are an order of magnitude lower than the shifts in Sw and Afo observed during low

salinity flooding in the altered sample. This highlights the robust nature of the image analysis

workflows used in this work and gives confidence that the shifts observed in the altered sample

reflect physical changes in the sample and not uncertainty in the image analysis techniques.

Local Pore Occupancy

To give insight into the spatial variation of pore occupancy in the altered sample, we carry out

further pore occupancy analysis on selected subvolumes of 1500× 1500× 300 voxels in size (fig.

4.7). Two of these subvolumes (subvolumes a and c) were selected in areas with significant

net oil production after 20 PV of low salinity water flooding, based on figure 4.1. The other

two subvolumes (subvolumes b and d) were chosen in areas with a comparatively small change

in saturation after 20 PV of low salinity water flooding. The results of this localised pore

occupancy analysis are shown in figure 4.7.

In subvolumes a and c, where there is significant net oil production, there is a pronounced

increase in Sw in the small and medium pores. This increase is not associated with a decrease

in Sw in the larger pores, meaning that displaced oil is transported out of the subvolumes.

In subvolume b and d, where there is no net oil production, there is a smaller increase in Sw

within the smallest pores. This increase is balanced by a small decrease in Sw in the largest

pores so that there is no or limited net production of oil from the subvolumes, but rather a
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Table 4.2: Water saturation, Sw, values for subvolumes a,b,c, and d after high salinity water
flooding (HSWF), 4 PV of low salinity water flooding (LSWF 4PV), and 20 PV of low salinity
flooding (LSWF 20PV)

Sw [-]
Subvolume a Subvolume b Subvolume c Subvolume d

HSWF 12 PV 0.294 0.355 0.376 0.412
LSWF 4 PV 0.308 0.357 0.361 0.413
LSWF 20 PV 0.340 0.373 0.448 0.437

redistribution. Irrespective of net saturation changes, the pore occupancy changes are indicative

of a significant shift in wetting state towards more water-wet. The profile is similar to those

presented in both experimental (Bartels et al., 2017a; Khishvand et al., 2017) and modelling

(Sohrabi et al., 2017) studies, with a pronounced oil reduction range in the small and medium

pores.

In all subvolumes, Sw increases in the smallest pores and throats (< 13µm) after both 4 and

20 PV of low sanity water flooding. In subvolumes a and c, this effect is more pronounced,

particularly after 20 PV of low salinity water flooding where Sw increases significantly in pores

< 15µm radius. In subvolume c, there is a pronounced decrease in Sw in pores of radius > 13µm

after 4 PV of low salinity water flooding, probably due to the accumulation of oil displaced

from outside of the region of interest. However, this additional oil remains connected and is

displaced during 20 PV of low salinity water flooding, after which Sw within the pores > 13µm

radius is comparable to the Sw following the high salinity water flood.

This analysis highlights the non-uniform nature of the low salinity effect, which varies spa-

tially throughout the core. While the wetting alteration appears widespread throughout the

pore space, the local pore structure plays a leading role in whether or not this results in oil

production, or alternatively, if mobilised oil is trapped again.

4.2.4 Displacement Processes in The Pores

In previous studies x-ray µ-CT imaging has been used to observe both the expansion of water

layers (Chen et al., 2020) and brine snap-off events (Khishvand et al., 2017) during low salinity
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Figure 4.7: The size distribution for all brine saturated pores in 4 carefully selected sub volumes
within the altered sample imaged after high salinity water flooding (HSWF), 4 PV of low salinity
water flooding (LSWF 4PV), and 20 PV of low salinity flooding (LSWF 20PV). In subvolumes
a and c, there is a pronounced increase in Sw in the small and medium pores after LSWF
20PV, and no decrease in Sw in the larger pores, so that there is net oil production from the
subvolumes. In subvolumes b and d, where there is no or little net oil production after LSWF
20PV, there is a smaller increase in Sw within the smallest pores and a small decrease in Sw in
the largest pores.
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Figure 4.8: Sw values after 12PV of high salinity flooding (HSWF 12PV), 4PV of low salinity
flooding (LSWF 4PV), and 20PV of low salinity flooding (LSWF 20PV) in subvolumes a,b,c,
and d. As discussed in Chapter 4.2.3, we estimate a standard error of 0.00125 for the saturation
measurements.

water flooding as a consequence of a wettability alteration. Using the same method, both of

these features are also observed in this study. A more water-wet system encourages brine to

proliferate in layers in the corners of pores which, when these layers expand to critical size

within a given pore or throat, can become unstable, leading to a snap-off event (Blunt , 2017).

Such events are, as expected, prevalent in the unaltered case and are probably a key factor

for the high Sor observed. After HSWF in the altered case, there is little evidence of any

snap-off events, indicating the absence of water-wetting areas. However, after 20 PV of low

salinity water flooding, some snap-off events are observed throughout the sample, indicating

more water-wetting behaviour. Evidently, in some areas, the wettability alteration during low

salinity flooding in the altered sample, was sufficient to create water-wetting conditions in some

pores and throats. This is further evidence of the wettability alteration observed in figure 4.3.

These snap-off events have the effect of breaking up oil ganglia (fig. 4.9), and in some cases,

where all of the throats surrounding an oil-saturated pore are snapped-off, can lead to the

entrapment of oil in the centre of pores (fig. 4.10c). This trapping may help to explain the

increase of oil saturation in the largest pores after 20 PV of low salinity water flooding, oil is
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Figure 4.9: A brine snap-off event in the altered sample where oil connected across multiple
pores is broken up. The configuration of oil (red) and brine (blue) in a subvolume after a) high
salinity water flooding b) 20 PV of low salinity water flooding. The rock is transparent in each
case.

transported to these pores and subsequently snapped-off and, therefore, trapped.

We have shown that LSWF can alter the wetting state of a sample where there is an initial

preference for oil to wet the rock surface, and consequently, can lead to the displacement of

residual oil. However, the local displacement of oil does not guarantee production. In agreement

with Aziz et al. (2019); Bartels et al. (2017a) we observe the majority of initially displaced oil

to be re-trapped. The extent of this re-trapping varies throughout the sample. Significant

production is observed in some areas, and in others little to no oil is produced. The extent of

this re-trapping is crucial in determining oil production, and so it is crucial to gain a better

understanding of the controls of this process. As described above, much of the re-trapping

is probably due to snap off events in brine (fig. 4.10). A more water wetting system leads

to more snap-off events (Blunt , 2017). However, the geometry of pores and throats is also

known to impact the occurrence of snap-off events as well as other pore scale displacement

events. In particular, the aspect ratio (ratio of the pore to throat radius) of a pore space

has been shown to strongly correlate with the occurrence of pore-filling and snap-off events

during imbibition (Singh et al., 2019, 2022; Tanino and Blunt , 2012). Additionally, pore radii,

coordination number, pore size distribution, and pore scale disorder have all been shown to

impact flow regimes and displacement efficiency during both imbibition and drainage (An et al.,
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Figure 4.10: A brine snap-off event in the altered sample where oil is trapped. The configuration
of oil (red) and brine (blue) in a subvolume after a) high salinity water flooding b) 20 PV of
low salinity water flooding. The rock is transparent in each case, and the water is transperent
in c) to isolate the trapped oil.
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2016; Blunt , 2017; Holtzman, 2016; Tanino and Blunt , 2012; Xu et al., 2014). We, therefore,

hypothesise that the geometry of a pore space directly impacts the extent of re-trapping of oil

during low salinity water flooding, and hence the extent of production.

4.3 Conclusions

In this chapter, we observed the displacement of crude oil from Berea sandstone during flooding

with high and low salinity brine in cores with both an unaltered (water-wet) and an altered

wetting state. Our main findings are as follows:

• The fluid saturation profiles and the average saturation changes are distinct for water wet

and altered rocks. In the unaltered rock, oil was trapped at a relatively high saturation

(So = 0.74), uniformly distributed throughout the sample after flooding with high salin-

ity brine. This saturation did not change significantly after subsequent flooding with low

salinity brine; There was no low salinity effect. In contrast, oil was trapped heteroge-

neously throughout the altered rock sample at a lower saturation (So= 0.62) after high

salinity flooding. Subsequent flooding with low salinity brine resulted in a 3 percentage

point enhancement to oil production.

• The wetting state shifts in response to low salinity brine in the altered sample while no

such change was observed in the unaltered sample. In the altered sample, we observe

a shift in the solid surface area covered by the oil phase indicative of a change from an

oil-wetting state to less oil-wetting, but not to a water-wetting state. This change is also

reflected in the observed variation in fluid pore occupancy, where water preferentially

displaces oil in small pores in response to the low salinity effect.

• In the altered sample, changes in fluid pore occupancy in response to low salinity brine

were found to vary across the core. In subvolumes with net oil production, the behaviour

of brine invading the small and medium pores and throats was pronounced. In subvolumes

with little to no net oil production, the invasion of small and medium pores was far less

significant, and oil saturation in the largest pores increased.
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• In the altered sample, we directly observe snap-off events after low salinity water flooding,

behaviour indicative of a more water-wet system. We observe that in some areas, snap

off events can lead to the trapping of oil ganglia at the centre of pores. This mechanism

may help to explain the large amount of retrapping of mobilised oil that we observed in

the altered sample.

• The combined impact of this was that a shift in the wetting state resulted in a large

amount of oil being redistributed, but only a small amount of oil produced. In other

words, most of the oil mobilised as a result of low salinity flooding is re trapped. This

implies that a wetting state shift is not sufficient to determine production. Low salinity

flooding can cause a complex redistribution of fluids at the pore and pore-network scale,

but may not lead to improved recovery. The combined role of wetting alteration and pore

structure must be evaluated for the prediction of a low salinity effect. This has significant

implications for typical core-scale low salinity flooding experiments where only saturation

is monitored.

• The success of low salinity water flooding depends on both the ability of the low salinity

flood to alter the wetting state from more oil-wetting to more water-wetting and the pore

structure to facilitate the production of mobilised oil. Further work should be carried

out to better constrain what controls the extent of oil re trapping during low salinity

flooding. We hypothesise that particular features of the geometry and topology of a pore

space plays a leading role.



Chapter 5

The Impact of Pore Structure on Low

Salinity Water flooding

5.1 Objectives

So far we have shown that initial wetting state has a strong control on displacement during low

salinity waterflooding, with more oil-wetting conditions more favourable compared to water-

wet conditions. We have also hypothesised that pore structure controls displacement during

low salinity flooding. In this chapter, we further explore the impact of pore structure on

displacement during low salinity water flooding.

It is widely understood that pore structure can have drastic impacts on displacement mecha-

nisms, fluid distribution and flow regimes during multiphase flow. However, the impact of pore

structure on low salinity response in sandstones has not yet been examined. One reason for

this is that all pore scale investigations of low salinity water flooding in sandstones have been

carried out using Berea sandstone samples, and so results over only a very narrow range of pore

structures are available. In this chapter, we compare results from the altered Berea sample pre-

sented in Chapter 4, with tertiary low salinity waterflooding of Bunter and Castlegate sandstone

samples of altered wetting states. These samples, Berea, Bunter and Castlegate sandstones (as

described in section 3.1.1) have similar mineralogy but different pore structures. The objective

74
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of this chapter is to explore the role of pore structure in facilitating, or, conversely, limiting, a

favourable response during low salinity water flooding.

5.2 Pore Scale Observations

5.2.1 Saturation Distribution

Table 5.1 and Figure 5.1 present Sw values for each of the three samples after each waterflood

step. After 20PV of low salinity flooding, there is a 3, 4, and 1 percentage point additional

recovery in the Berea, Bunter and Castlegate samples respectively. Fig 5.2 shows the saturation

profiles for each of the three samples after each waterflood step. In all samples, there is

significant variation in Sw along the length of the samples for all waterfloods. In the Berea and

Bunter samples, a significant decrease in Sw is observed in some sections towards the top of the

imaged region, away from the inlet, after 4 PV of low salinity water flooding. This probably

represents an accumulation of oil displaced from upstream of the imaged region during the 4

PV of low salinity flooding. This effect is most significant in the Berea sample, where there

is a 1 percentage point increase in oil saturation in the region of interest after 4 PV of low

salinity flooding in the Berea sample. In both samples, after 20 PV of low salinity flooding, the

majority of this accumulated oil is produced from the region of interest. As a result, there is an

additional oil production of 3 and 4 percentage points in the Berea and Bunter samples after

20 PV of low salinity waterflooding. These values are consistent with multiple studies carried

out on sandstones at similar conditions: Lebedeva and Fogden (2011) observed an additional

recovery of 7 percentage points during low salinity flooding of a kaolinite coated sandpack;

Chen et al. (2020) reported a recovery of 5 percentage points after tertiary low salinity flooding

in Berea Sandstone; and Shabaninejad et al. (2018) observed a recovery of 3 percentage points

in a tertiary low salinity waterflood in a Berea sandstone sample.

In the Castlegate sample, there is little change in average Sw after 4 and 20 PV of low salinity

water flooding, with 1 percentage point additional recovery after 20 PV of low salinity water-
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Table 5.1: Average water saturation, Sw, in the region of interest, for all samples, after 12 PV
of high salinity flooding (HSWF), 4 PV of low salinity water flooding (LSWF 4PV), and 20
PV of low salinity water flooding (LSWF 20PV). Additionally, ∆Sw relative to HSWF 12PV
is presented for all samples after LSWF 4PV and LSWF 20PV. In all cases, there was a very
high initial oil saturation with Sw < 0.05 prior to waterflooding. As discussed in Chapter 4.2.3,
we estimate a standard error of 0.00125 for the saturation measurements. In all samples, the
changes in Sw during low salinity waterflooding are an order of magnitude higher than the
standard error of the measurement.

Berea Bunter Castlegate

Sw
∆Sw relative

to HSWF 12PV
Sw

∆Sw relative
to HSWF 12PV

Sw
∆Sw relative

to HSWF 12PV
HSWF 12PV 0.382 0.429 0.389
LSWF 4PV 0.368 -0.014 0.439 0.01 0.397 0.008
LSWF 20PV 0.413 0.031 0.467 0.038 0.400 0.011

Berea Bunter Castlegate
0.0

0.1

0.2

0.3

0.4

0.5

0.6

S w

HSWF 12PV
LSWF 4PV
LSWF 20PV

Figure 5.1: Sw values after 12PV of high salinity flooding (HSWF 12PV), 4PV of low salinity
flooding (LSWF 4PV), and 20PV of low salinity flooding (LSWF 20PV) for the Berea, Bunter
and Castlegate samples. As discussed in Chapter 4.2.3, we estimate a standard error of 0.00125
for the saturation measurements.



5.2. Pore Scale Observations 77

flooding. Additionally the local changes in Sw values after 4 and 20 PV of low salinity flooding

are significantly smaller than the changes observed in both the Berea and Bunter samples. As

discussed in Chapter 4, we estimate a standard error of 0.00125 for the saturation measure-

ments. In all samples, the changes in Sw during low salinity waterflooding are an order of

magnitude higher than the standard error of the measurement.

5.2.2 Surface Area Fractional Coverage

In Chapter 4, we applied a workflow developed by Garfi et al. (2020a) to use bulk fluid surface

area coverage measurements to show a wettability alteration during low salinity flooding in

the Berea sandstone sample. Here, we also apply this analysis to the Bunter and Castlegate

samples (fig. 5.3).

After high salinity water flooding, the fraction of mineral surface area coated by oil at a given

saturation, Afo(So), is lower in the Berea sample than for the Bunter and Castlegate samples.

For the Berea sample, Afo(So) values lie close to the 1:1 line after high salinity flooding. In

contrast, Afo(So) values are significantly higher in both the Bunter and Castlegate sandstones.

This suggests that the Berea sample is less oil wetting after aging than the other two samples.

In the Berea sample, after 4 PV of tertiary low salinity flooding, there is a shift to lower Afo(So)

values, so that for a given So there is a lower fraction of oil coating the mineral surfaces. This

indicates a shift to more water-wet conditions. After 20 PV of tertiary low salinity flooding,

there is no further shift in Afo(So) values beyond what was observed after 4 PV. However,

there is a significant decrease in oil saturation, that is, in the Berea sandstone, low salinity

flooding was characterised by a rapid wetting state shift, followed by oil production over longer

timescales.

The Bunter sandstone responds similarly as the Berea sandstone. There is a significant shift

to lower Afo(So) values after 4 PV of tertiary low salinity flooding. Between 4 and 20 PV of

tertiary low salinity flooding there is no further shift in Afo(So), however, there is a significant

decrease in the oil saturation. Similarly to the Berea sandstone, in the Bunter sandstone,
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Figure 5.2: Profile of water saturation, Sw, averaged perpendicular to the flooding direction
across the region of interests of a) Berea sandstone b) Bunter sandstone c) Castlegate sandstone
after 12 PV of high salinity water flooding (HSWF 12PV), 4 PV of low salinity water flooding
(LSWF 4PV), and 20 PV of low salinity water flooding (LSWF 20PV).
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Figure 5.3: Oil-coated area fractions, imaged after high salinity water flooding (HSWF), 4 PV
of low salinity flooding (LSWF 4PV), and 20 PV of low salinity flooding (LSWF 20PV), for a)
Berea b) Bunter and c) Castlegate. As discussed in chapter 4, we calculate a standard error
for the Afo measurements 0f 0.00118
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low salinity flooding causes a rapid wetting state shift, followed by oil production over longer

timescales.

In the Castlegate sample, there is no significant shift in Afo(So) values after either 4 or 20 PV

of low salinity water flooding. There is also very little oil production throughout the flooding.

This suggests no systematic wettability alteration within the sample. As discussed in chapter

4, we calculate a standard error for the Afo measurements 0f 0.00118. The changes in Afo

during low salinity flooding in both the Berea and Bunter samples are an order of magnitude

greater than the standard error.

Observations of wettability alteration in the Berea and Bunter sandstone samples are broadly

consistent with a wealth of observations of wettability alteration during low salinity water-

flooding across a range of scales, from AFM to field scale (Berg et al., 2010; Cense et al., 2011;

Mahani et al., 2015b; Nasralla et al., 2013; Vledder et al., 2010; Yesufu-Rufai et al., 2020). More

specifically, these findings agree with pore scale observations of wetting alteration during low

salinity water flooding of Berea sandstone using manual contact angle measurements (Khish-

vand et al., 2017), and observations of water-film propagation during low salinity flooding of

Berea sandstone (Chen et al., 2020).

5.2.3 Global Pore Occupancy

Changes in wetting state impact the distribution of fluids throughout a sample. Here, we

investigate the spatial distribution of brine saturated pores and throats after each flow step

in each sample, to infer changes in wetting state, and analyse the effect of low salinity water

flooding on fluid occupancy. Figure 5.4 shows the contribution of different pore and throat size

ranges to the total volume of brine within the region of interest of imaged in each sample.

After high salinity waterflooding, the Bunter and Castlegate samples have very similar pore

occupancy profiles, with < 20% of the smallest pores brine saturated, and > 80% of the largest

pores brine saturated (fig. 5.4e and 5.4f). This is indicative of an oil-wet system, where it

is preferable for brine to occupy the largest pores, and oil the smallest (Blunt , 2017). Pore
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Figure 5.4: The size distribution for all brine saturated pores (bodies and throats) in a) Berea
b) Bunter c) Castlegate, and the total brine saturation (Sw) in pore radius bins, for d) Berea e)
Bunter f) Castlegate, imaged after 12 PV of high salinity water flooding (HSWF 12PV), 4 PV
of low salinity water flooding (LSWF 4PV), and 20 PV of low salinity flooding (LSWF 20PV).
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occupancy after high salinity water flooding differs in the Berea sample as although < 20% of

the smallest pores are brine saturated, < 80% of the largest pores are also brine saturated (fig.

5.4d). It, therefore, appears that the Berea sample is not as strongly oil-wet as the other two

samples. This agrees with the surface area fraction analysis (Fig. 5.3), which showed that the

Berea sample is less oil-wetting compared to the Bunter and Castlegate samples, signified by

lower average Afo values for a given So in the Berea sandstone.

In both the Berea and Bunter samples, there is a significant shift in pore occupancy in the

smallest pores after low salinity waterflooding. In the Bunter sample, there is a significant in-

crease in brine saturation in pores with radius < 30µm after 4 PV of low salinity waterflooding,

and then again after 20 PV of low salinity waterflooding. We observe the same effect in the

Berea, but with pores of radius < 15µm.

In the Castlegate sample, we observe a far smaller, yet systematic, increase in brine saturation

in pores with radius < 25µm after both 4 and 20 PV of low salinity waterflooding. The smaller

changes in pore occupancy observed in the Castlegate sample after low salinity waterflooding

is expected based on the lack of pervasive and systematic wettability alteration observed using

surface area fractional coverage analysis (see fig 5.3). We cannot rule out smaller local shifts in

wetting state, which may explain the small shift in pore occupancy observed in the Castlegate

sample.

There is little significant change in the pore occupancy of the larger pores in the Bunter and

Castlegate samples (radius > 30µm and > 25µm respectively) after low salinity flooding.

However, in the Berea sample there is a significant decrease in the brine saturation in pores

of radius > 15µm after low salinity water flooding. This is particularly prominent after 4 PV

of low salinity waterflooding, where, on average, Sw decreases by over 10 percentage points

in pores of radius > 20µm radius. Some of this redistributed oil is produced after 20 PV of

low salinity waterflooding, however, Sw remains significantly lower after 20 PV of low salinity

waterflooding than after high salinity waterflooding.

The systematic and consistent nature of pore occupancy changes in the smallest pores of each

sample are striking. Although the effect is smaller in the Castlegate sample, in each case, there
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is an increase in water saturation in the smallest pores after both 4 and 20 PV of low salinity

waterflooding. This change is consistent with a wettability alteration towards more water

wet conditions and in broad agreement with literature. Pore occupancy results agree with

experimental studies across both sandstones and carbonates (Bartels et al., 2017a; Khishvand

et al., 2017; Selem et al., 2021) and modelling (Aziz et al., 2019) results which show an oil

reduction range in the small and medium pores during low salinity waterflooding. In all cases,

this effect is thought to directly result from a wettability alteration to more water-wetting

conditions during low salinity flooding. The alteration allows water to more-easily enter smaller

pores and throats because of the support of capillary forces (Aziz et al., 2019; Bartels et al.,

2017a).

As discussed in Chapter 4.2.3, the initial distribution of fluids in each sample may have a

control over pore occupancy changes during waterflooding. Swi was < 0.05 for all three samples

presented in this chapter, with the smallest pores predominately oil saturated. In real reservoirs,

it is unlikely that the smallest pores will be oil saturated due to the large capillary pressure that

is needed for oil invasion of smaller pores during primary oil migration (Blunt , 2017). In this

work, pore occupancy results show that oil is primarily produced from the smallest pores during

low salinity flooding in each sample. However, it is likely that fewer of these smallest pores

would be initially oil saturated in real reservoirs, and, therefore, there would less opportunity

for low salinity brine to displace oil from them. Therefore, the observed additional recovery

during low salinity flooding in each sample may be larger than would be expected in similar

samples with a more realistic initial fluid distribution.

5.2.4 Fluid Mobilisation and Redistribution

To further investigate changes in pore occupancy, we isolated pores where pore occupancy

changed between the high salinity waterflood and 20 PV of low salinity water flooding. In

other words, we isolated pores where either brine displaced oil or oil displaced brine during 20

PV of low salinity water flooding. Figure 5.5 shows the size distribution of pores in which pore

occupancy changed between the flow steps for each sample.



84 Chapter 5. The Impact of Pore Structure on Low Salinity Water flooding

Figure 5.5: The size distribution for all pores (bodies and throats) where saturation changed
from oil to brine (red) or brine to oil (blue) between HSWF and LSWF 20PV, for a) the Berea
sample b) the Bunter sample c) the Castlegate sample d) oil to brine events in all samples. In
all cases, there are more oil to brine events than brine to oil events in the medium and small
pores. This effect is most significant in the Bunter sample. In the Berea sample, there are more
brine to oil events than oil to brine events in the larger pores. This effect is not observed on
the same scale in the Bunter and Castlegate samples. There are fewest oil to brine events in
the Castlegate sample, indicative of less oil mobilisation during low salinity water flooding.
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There is a significantly higher volume of oil to brine events in the small pores (< 15µm in the

Berea, < 30µm in the Bunter) in the Berea sample than in the Bunter sample, which in turn

has a significantly higher volume of oil to brine events than the Castlegate sample. This is

most clear in Fig 5.5d which compares oil to brine events for each sample. Pores where an oil

to brine event occurred account for 14% of Berea pore volume, 11% of Bunter pore volume,

and 7% of Castlegate pore volume.

Despite fewer oil to brine events in the Bunter sandstone compared to the Berea, we have shown

that the Bunter sandstone has the highest additional recovery after low salinity waterflooding

(Table 5.2). This appears to be because in the Bunter sample a smaller percentage of the

mobilised oil is re-trapped in the larger pores. In the Berea sample, for pores > 15µm radius,

brine to oil events outweigh the oil to brine events, in other words there is a net increase in So

in the largest pores in the Berea sample. This represents a redistribution of oil from smaller to

larger pores in the Berea sample. This effect is not observed in either the Bunter or Castlegate

samples.

As discussed in Chapter 3.3.6, it is important to note that pore occupancy analysis may system-

atically underestimate saturation changes. To more accurately assess the volume of mobilised

and retrapped oil, we calculate the volume of oil that is mobilised after low salinity flooding,

defined as the total fraction of oil displaced by brine after 20 PV of low salinity flooding. We

compare this to bulk changes in saturation to calculate the fraction of the mobilised oil that

is produced. Table 5.2 shows volumes of mobilised and produced oil for each sample after 20

PV of low salinity waterflooding. In the Berea and Bunter sandstones, we observe that similar

fractions of the oil in place after high salinity flooding is mobilised during low salinity flooding,

with values of 22% and 20%, respectively. In contrast, in the Castlegate sample, 11% of the oil

in place after high salinity flooding is mobilised during low salinity waterflooding.

The difference in overall recovery between the Berea and Bunter samples is due to a significant

difference in the fraction of mobilised oil that is produced. In the Berea, 20% of mobilised oil is

produced, in the Bunter, 32% of the mobilised oil is produced. This results in a slightly higher

recovery in the Bunter sandstone despite a slightly lower proportion of the oil in place after
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Table 5.2: The fraction of the oil in place after high salinity water flooding that is mobilised
during 20 PV of low salinity water flooding in the Berea, Bunter and Castlegate samples, and
the fraction of this mobilised oil that is produced.

Fraction of OOIP
mobilised [-]

Fraction of mobilised oil
produced [-]

Additional recovery
[percentage points]

Berea 0.22 0.20 3
Bunter 0.20 0.32 4
Castlegate 0.11 0.13 1

high salinity flooding being mobilised during low salinity waterflooding. The pore occupancy

plots give insight into why this is the case (figs 5.4 and 5.5). As described above, some of the

oil displaced from the smallest pores in the Berea is re-trapped in the largest pores. This leads

to a lower fraction of mobilised oil produced and hence a lower additional oil recovery after low

salinity waterflooding. We do not observe this effect in the Bunter sample.

5.2.5 Linking Observations to Pore Geometry and Topology

There were different responses to low salinity flooding in each sample, despite similar miner-

alogy. It is likely that pore structure was the controlling factor in the varied responses. Pore

structure has been shown to impact displacement mechanisms and flow regimes in various

systems with aspect ratios, connectivity, pore radius distributions, coordination number, and

pore-scale disorder controlling behaviour during both imbibition and drainage (An et al., 2016;

Blunt , 2017; Holtzman, 2016; Singh et al., 2019; Tanino and Blunt , 2012; Xu et al., 2014).

However, the role of pore structure in facilitating additional recovery during low salinity flood-

ing has yet to be investigated thoroughly. In this section, we present evidence to show the

topology of the largest pores may be important in determining the volume of oil mobilisation

and production during tertiary low salinity water flooding.

A notable difference in the pore structure of each sample is the connectivity of the largest

pores. Figure 5.6 shows a volume rendering of the largest pores accounting for 60% of total

pore volume in each sample. As discussed in chapter 3.3.6, we chose this cut-off as the minimum

pore radius in this group approximately equates to the largest pores in which the oil saturation

decreases during low salinity flooding in each sample. Additionally, the average Sw of pores
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Table 5.3: Absolute permeability values calculated across all pores, and the network of largest
pores in the Berea, Bunter and Castlegate samples. As discussed previously the ‘largest pores’
are those that comprise 60% of the pore volume

Permeability [mD]
Permeability of

largest pores [mD]
Berea 14 0
Bunter 142 0

Castlegate 495 27

within this group is > 0.5 for all samples after each waterflood. Therefore, the connectivity

of these pores is likely to impact the connectivity of the brine in each sample. In figure 5.6,

areas of the same colour represent connected network of pores. For example, in the Castlegate

sample sample we observe a connected network of large pore which spans the region of interest.

In the Berea sample, the large pores are poorly connected, with the largest connected cluster

of large pores accounting for only 20% of the total volume of large pores in the Berea sample.

In the Castlegate sample, the vast majority of the largest pores are connected across the region

of interest, this connected pathway makes up 89% of the total volume of the largest pores

in the castlegate sample. In the Bunter sample, there are two distinct behaviours, in the

upstream section, the large pores are poorly connected, similar to the Berea sample, and in

the downstream section there is a connected pathway of large pores, similar to the Castlegate

sample. The largest connected cluster of large pores in the Bunter sample makes up 57% of

the total volume of large pores and is located in the upper section of the sample. In both the

Berea and Bunter samples the network of the largest pores do not connect across the region

of interest, and so the permeability calculated across both networks is zero. In contrast, we

calculate an absolute permeability value of 27mD across the network of the largest pores in the

Castlegate samples (Table 5.3) using PNflow as described in section 3.3.6.

The connectivity of the largest pores in each sample controls the brine distribution and, there-

fore, the mobilisation or bypassing of oil during low salinity waterflooding. The largest brine

blob in the Castlegate region of interest after high salinity waterflooding accounts for 60% of

total brine volume, and connects in a continuous pathway across the region of interest (Figure

5.7). This is probably a result of the well connected large pores in the Castlegate sample, that

allow for a well established, stable pathway for brine to flow across the region of interest (fig.
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Figure 5.6: Volume rendering of largest pores accounting for 60% of pore volume for a)Berea
b) Bunter c) Castlegate Each colour represents a separate disconnected region of pores. The
Castlegate sample has the most connected large pores with the majority of the pores connected
in a single pathway across the region of interest. The Berea and Bunter samples have much
poorer connectivity across the largest pores. This is also reflected in the permeability values
presented in table 5.3

5.7). During subsequent low salinity flooding, brine can flow across the preexisting connected

pathway of brine, bypassing oil. As a result, it is not favourable for capillary trapped oil to be

mobilised during low salinity flooding in the Castlegate sample (Chen et al., 2021; Gandomkar

and Rahimpour , 2015; Pinerez Torrijos et al., 2016; Winoto et al., 2012; Zhang and Morrow ,

2006). In contrast, in the Berea and Bunter samples, there is no connectivity across the region

of interests in the brine phase after high salinity waterflooding. Due to a poorly connected

network of large pores, brine must invade smaller pores and throats to connect across the sam-

ples during high salinity waterflooding. These smaller pores and throats are susceptible to

subsequent oil invasion via both distal and local oil snap off events - which have been observed

in previous experiments to disconnect brine clusters (Alhosani et al., 2020; Berg et al., 2013;

Blunt , 2017; Roof , 1970). As a result, during low salinity flooding, brine must invade oil-

saturated pores and throats to connect across the Berea and Bunter samples. In the Berea and

Bunter samples, the tertiary low salinity waterflood behaves somewhat more like a secondary

low salinity waterflood as there is no existing brine pathway for low salinity brine to follow

and so, it is more favourable for capillary trapped oil to be displaced by invading low salinity
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brine (Chen et al., 2021). This effect, coupled with a wettability alteration (fig. 5.3), which

can occur when low salinity brine contacts oil saturated pores and oil coated mineral surfaces,

makes oil mobilisation and production more favourable in the Berea and Bunter samples. In

the Berea and Bunter samples 22% and 20% of the oil in place after high salinity waterflooding

is displaced during low salinity flooding, respectively. In the Castlegate sample, this figure is

just 11% (Table 5.2). The connectivity of large pores appears to control brine distribution

during and after secondary high salinity waterflooding, which in turn controls oil mobilisation

and production during subsequent tertiary low salinity waterflooding.

This effect of pore topology also explains the varying degrees of oil mobilisation in different

parts of the Bunter sample. The sample can be split into two discrete sections: the downstream

(upper) section, where larger pores are well connected, and the upstream (lower) section, where

larger pores are poorly connected. The boundary between these two sections is closely matched

by a change in additional recovery after low salinity waterflooding as observed in the saturation

profile (Fig 5.8). In the downstream section, where large pores are well connected, there is an

additional recovery of 1 percentage point after 20 PV of low salinity flooding. In contrast,

in the upstream section, there is an additional recovery of 6 percentage points. The three

largest brine blobs after both high salinity and low salinity waterflooding are observed in the

downstream section of the region of interest. These differences are probably due to the different

pore structures observed. In the downstream section, well connected large pores allow for the

creation of more stable brine pathways during high salinity flooding and therefore relatively

small volumes of oil mobilisation during subsequent low salinity flooding. Conversely, in the

upstream section, poorly connected large pores decrease brine connectivity after high salinity

flooding and, therefore, increase oil mobilisation during low salinity flooding. Indeed, we observe

that the difference in additional oil recovery between the two sections is because of differences

in the volume of oil mobilisation during low salinity flooding. There are significantly fewer

oil to brine events in the downstream section compared to the upstream section (Figure 5.9).

Pores which changed from oil occupied to brine occupied during 20 PV of low salinity flooding

make up 14% of the total pore volume in upstream section and 10% of total pore volume in

downstream section. The evidence from local differences in pore topology and production in
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Figure 5.7: Volume rendering of the three largest brine blobs after high salinity water flooding
for a) Berea b) Bunter c) Castlegate and after 20 PV of low salinity waterflooding for d) Berea
e) Bunter f) Castlegate. In the Berea and Bunter samples there is no connected cluster of brine
across the region of interest after either HSWF 12PV or LSWF 20PV. In the Castlegate sample
there is a connected pathway of brine across the region of interest after HSWF 12PV, this is
broken up after LSWF 20PV, but Castlegate still has the largest brine clusters.
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Figure 5.8: a) Volume rendering of the largest pores which make up 60% of the pore space
in the Bunter sandstone. Different colours represent disconnected clusters of large pores. b)
Saturation profile for the Bunter sandstone c) Volume rendering of the largest 3 brine blobs after
12PV of high salinity flooding in the Bunter sandstone and d) Volume rendering of the largest
3 brine blobs after 20PV of low salinity flooding in the Bunter sandstone. The sample can be
broadly be split into two halves (denoted by the grey dotted line). In the downstream (upper)
section, the largest pores are well connected, there is lower additional recovery after LSWF
20PV and all three of the largest brine blobs are present. In the upstream (lower) section,
there is poor connectivity in the largest pores, and significantly higher additional recovery after
LSWF 20PV
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Figure 5.9: Volume rendering of largest pores that make up 60% of pore space in Bunter
sandstone. The grey dotted lone marks the boundary between two sections - the upper (down-
stream) section where larger pores are well connected, and the lower (upstream) section where
larger pores are poorly connected. For each section the size distribution for all pores (bodies
and throats) where saturation changed from oil to brine (red) or brine to oil (blue) between
HSWF and LSWF 20PV changes are plotted, is plotted for each section.
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the Bunter sample further highlights the impact of pore structure on oil production during low

salinity water flooding.

5.3 Conclusions

In this work, we present the first systematic comparison of pore scale behaviour during low

salinity waterflooding in sandstones. We used X-ray micro-CT imaging to observe unsteady

state tertiary low salinity waterflooding in Berea, Castlegate, and Bunter sandstone samples

all of altered wetting state. Our main findings are as follows:

• Significant additional oil production of 3 and 4 percentage points occurred during low

salinity flooding in the Berea and Bunter samples respectively. In contrast, we observe

an additional recovery of only 1 percentage point during low salinity waterflooding in the

Castlegate sample.

• There was a significant wettability alteration towards more water wet conditions in the

Berea and Bunter samples, which responded well to low salinity waterflooding. This

wettability alteration led to significant pore occupancy changes in the Berea and Bunter

samples, with significant increase in Sw in smaller pores during low salinity waterflooding.

There was no systematic wettability alteration observed in the Castlegate sample. We

observe a similar yet smaller shift in pore occupancy in the Castlegate sample.

• There were different volumes of oil mobilisation during low salinity flooding in each sam-

ple. In the Berea 22% of the oil in place after high salinity flooding was mobilised during

low salinity water flooding, this value was 20% and 11% for the Bunter and Castlegate

samples respectively. In the Berea, a significant proportion of this mobilised oil was re-

trapped in the largest pores, so that, the additional recovery was higher in the Bunter

sandstone despite having a lower fraction of mobilised oil during low salinity water flood-

ing.
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• We hypothesise that pore structure, and in particular the topology of the largest pores,

had a significant impact on recovery in each of the samples. In the Castlegate sample,

the largest pores are well connected across the sample resulting in a stable, connected

pathway of brine across the largest pores during high salinity waterflooding, which makes

oil mobilisation unfavourable during subsequent low salinity flooding. In the Berea and

Bunter sandstone, the largest pores are more poorly connected. We hypothesise that in

the Berea and Bunter samples, during high salinity water flooding, brine is forced to flow

into the small pores and throats during waterflooding, distal and local oil snap off events

then break up the brine clusters. During low salinity waterflooding there is no established

path for the brine to follow, and so oil mobilisation is more favourable.

Pore structure played an important role in the low salinity response in each sample. Here we

have proposed that pore topology can impact the volume of oil mobilisation during tertiary

low salinity waterflooding. This, however, does not explain other phenomena, for example, the

re-trapping of oil in the largest pores of the Berea sample. There is a complex relationship

between pore structure and production. This work acts to highlight this point and offer the

first insights into this relationship. Future work should further investigate the relationship

between pore structure and recovery, with the ultimate goal of including pore structure in any

exhaustive list of necessary conditions for successful low salinity water flooding.



Chapter 6

The Impact of Sandstone Mineralogy

on Low Salinity Water flooding

6.1 Objectives

So far, we have shown that wetting state and pore structure are important in determining fluid

displacement and oil recovery during low salinity waterflooding. We have not yet examined

how mineralogy can interact with these properties to impact production. There is general

agreement that clays are necessary for favourable recovery during low salinity water flooding in

sandstones. This belief is based largely on measurements of saturation and capillary pressure

during core scale experiments on a range sandstone samples, and sub-pore scale observations

of oil detachment from clays on artificial surfaces within flow cells. However, there is a growing

body of literature which suggests that clays are likely not required for a favourable low salinity

response, and there have not yet been any in situ pore scale observations of oil detachment

from clay in the presence of low salinity brine.

In this chapter, we carry out further analysis of the experimental datasets presented in Chapter

5. We implement mineral specific surface area fractional coverage analysis to give the first

pore scale in situ measurements of mineral specific wettability during low salinity flooding.

Building upon chapter 5, we also assess how mineralogy interacts with pore structure to impact

95
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production during low salinity waterflooding. This work offers unique insights into the role of

clays during low salinity flooding and casts further doubt on the belief that clays are essential

for a favourable low salinity response in sandstones.

6.2 Pore Scale Observations

6.2.1 Clay distribution

As shown in Table 3.1, all 3 samples have a significant clay fraction (fig 6.1), with clay volume

fractions of 6%, 6% and 8% for Berea, Bunter, and Castlegate samples respectively. However,

the percentage of the pore volume made up of clay-rich pores differs significantly between each

sample. Clay-rich pores make up 7% of total pore volume in the Berea sample, 14% of pore

volume in the Bunter sample, and 4% of total pore volume in the Castlegate sample. Figure 6.2

shows the fraction of pores in each sample that are clay-rich (> 50% clay coverage) for different

pore radii (see Chapter 3.3.6 for method). In all samples, smaller pores are preferentially clay-

rich where > 50% of pores with radius < 7µm are clay-rich in each sample. In all samples, large

pores are preferentially clay-poor, this is most pronounced in the Berea and Castlegate samples,

where < 5% of pores with radius > 15µm are clay-rich. In the Bunter sample, the smallest

pores are also more likely to be clay-rich, with > 60% of the smallest pores being clay-rich. In

contrast with the other two samples, a significant fraction, specifically 15% of pores > 35µm

radius are clay-rich in the Bunter sample.

6.2.2 Mineral-Specific Surface Area Fractional Coverage

Figure 6.3 shows mineral-specific surface area fractional coverage values for all three samples

after 12 PV of high salinity water flooding and then after 20 PV of low salinity water flooding.

In each sample, the Afo(So) values for clay are distinct from that of the other minerals for

all flow steps. For a given So, we observe that the fraction of clay surfaces coated by oil is

significantly higher than the fraction of non-clay mineral surfaces coated by oil. These results
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Figure 6.1: A slice of the X-ray micro-CT image of the a) Berea sample b) Castlegate sample and
c) Bunter sample, before the injection of doped oil. In each case the darkest colour represents
the pore space. In each case, the bright spots represent small quantities of highly attenuating
metallic minerals. The corresponding slices for the segmented images of the d) Berea sample,
e) Castlegate sample, and f) Bunter sample are also shown, where black represents the pore
space, yellow represents clay minerals, and blue represents non-clay minerals.
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Figure 6.2: The fraction of clay-rich (> 50%clay coverage) pores in different radii bins for
a)Berea b) Bunter c) Castlegate samples. In each case, the smaller pores are preferentially clay-
rich. In the Berea and Castlegate samples there are very few clay-rich large pores (> 15µm).
In contrast, in the Bunter sample, a larger fraction of larger pores are clay-rich, approximately
15% of pores (> 35µm) are clay-rich. Clay-rich pores make up 7% of total pore volume in the
Berea sample, 14% of pore volume in the Bunter sample, and 4% of total pore volume in the
Castlegate sample.
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Figure 6.3: mineral-specific oil-coated area fractions, imaged after high salinity water flooding
(HSWF), 4 PV of low salinity flooding (LSWF 4PV), and 20 PV of low salinity flooding (LSWF
20PV), for a) Berea b) Castlegate and c) Bunter. For each sample Afo(So) values are plotted
for both clay surfaces and the surfaces of non-clay minerals. In each case Afo(So) values are
greater for clays than non-clay minerals. There is a significant decrease in Afo(So) values for
both mineral groups after LSWF 4PV in the Berea and Bunter samples. After LSWF 20PV
there is no significant change in Afo(So) values in either the Berea or Bunter samples relative to
the state at LSWF 4PV, but there is a significant change to lower So values. In the Castlegate
sample, there is no clear shift in Afo(So) values for either mineral group after either LSWF
4PV or LSWF 20PV. As discussed in chapter 4, we calculate a standard error for the Afo

measurements 0f 0.00118.
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show that clays are more oil-wetting than non-clay minerals in all three samples. This finding is

consistent with observations by Garfi et al. (2020a), who reported higher fractional oil coverage

on clays than for quartz and feldspar within a Berea sample of altered wettability, and Tabrizy

et al. (2011) who found powdered kaolonite to be more prone to wettability alteration during

exposure to crude oil than quartz and feldspar. Whilst clay-minerals are more oil-wetting

than non-clay minerals for all samples, there are significant differences in the wetting state

of clay-minerals between the three samples. Afo(So) values for clay minerals are lower in the

Berea sample than for Bunter and Castlegate samples, this is indicative of less oil-wetting

behaviour. This difference may be due to subtle differences in clay mineralogy, pore structure

or the distribution of clays throughout the samples. The potential relationships between pore

structure, clay distribution, wetting state and additional recovery during low salinity flooding

are discussed further in section 6.2.4.

We observe that Afo(So) values for both mineral groups are lower in the Berea sample than

for the Bunter and Castlegate samples after either waterflood. This suggests that both mineral

groups in the Berea sample are initially less oil wetting than in the Bunter and Castlegate

samples. In the Berea sample, after 20 PV of tertiary low salinity flooding there is a shift to

lower Afo(So) values in both mineral groups, so that for a given So there is a lower fraction of oil

coating the mineral surfaces. This behaviour is most significant for clay minerals. This indicates

a shift to more water-wet conditions in both mineral groups with a more pronounced shift in clay

minerals. In the Bunter sandstone, there is a significant shift to lower Afo(So) values in both

mineral groups after 20 PV of tertiary low salinity flooding (LSWF 20PV). This wettability

alteration in the Bunter sample is greater on non-clay minerals than for clay minerals. In the

Castlegate sample, there is no significant shift in Afo(So) values in either mineral group after

20 PV of low salinity water flooding. This indicates no pervasive and systematic wettability

alteration during low salinity waterflooding within the Castlegate sample. As discussed in

chapter 4, we calculate a standard error for the Afo measurements 0f 0.00118. The changes in

Afo during low salinity flooding for both mineral groups in both the Berea and Bunter samples

are an order of magnitude greater than the standard error.

Observations of wettability alteration during low salinity flooding in the Berea and Bunter
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sandstone samples are broadly consistent with a wealth of observations of wettability alteration

during low salinity waterflooding across a range of scales (Berg et al., 2010; Cense et al.,

2011; Chen et al., 2020; Khishvand et al., 2017; Mahani et al., 2015b; Nasralla et al., 2013;

Shabaninejad et al., 2018; Vledder et al., 2010; Yesufu-Rufai et al., 2020). More specifically,

observations of wettability alteration on clay minerals in the Berea sample, and to a lesser

extent, the Bunter sample are consistent with several studies using flow cells to observe oil

detachment on clay basal planes (Berg et al., 2010; Nasralla et al., 2013), the detachment of oil

droplets from clays deposited on a glass substrate (Cense et al., 2011; Mahani et al., 2015b),

and in-situ observations of oil detachment from clays in the presence of low salinity brine using

Atomic Force Microscopy (Yesufu-Rufai et al., 2020). Observations of wettability alteration on

non-clay minerals in the Berea and Bunter sandstone samples agree with a growing body of

research that suggests that significant wettability alteration can occur on quartz and feldspar

grains during low salinity flooding. (Al-Saedi et al., 2019a,b; Bartels et al., 2017b; Liu et al.,

2018; Shabaninejad et al., 2018).

6.2.3 Pore Occupancy

To understand the effect of any wetting alteration on fluid distribution throughout each sample

and further understand the role of mineralogy in the low salinity response, we next assess pore

occupancy. In Chapter 5, we presented pore occupancy analysis for all pores within the region

of interest of each sample. Here, we extend that analysis by observing mineral-specific pore

occupancy - analysing the pore occupancy of clay-rich pores (> 50% clay coverage) and clay-

poor pores (< 50%clay coverage) separately. This allows for the role of clays in pore occupancy

changes to be investigated.

Figure 6.4 shows Sw values for clay-rich and clay-poor pores of a range of radii for all three

samples. In all cases, clay-rich pores have lower Sw values than clay-poor pores across all pore

radii after high salinity waterflooding. There is a shift to higher Sw values in the smallest

clay-poor pores of each sample during low salinity waterflooding. This effect is largest in the

Bunter and Berea samples. However, there is a small but systematic increase in Sw values in
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Figure 6.4: The total brine saturation (Sw) in pore radii bins for clay-poor (< 50% clay cover-
age) and clay-rich pores (> 50% clay coverage) in the a) Berea b) Bunter c) Bunter samples,
imaged after 12 PV of high salinity water flooding (HSWF 12PV) and 20 PV of low salinity
flooding (LSWF 20PV). In all samples, there is an increase in Sw in small clay-poor pores, this
is most significant in the Berea and Bunter samples. In the Berea sample, the largest shift in
Sw is observed in small and medium sized clay-rich pores (pore radius¡25µm). For the Bunter
and Castlegate samples, Sw increases in small pores during low salinity flooding is greater in
clay-poor pores than in clay-rich pores
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the smallest Castlegate clay-poor pores. In clay-rich pores, there is a significant increase in Sw

across a large range of pore sizes in the Berea sample. In the Castlegate and Bunter samples,

there are smaller shifts in Sw values in clay-rich pores during low salinity flooding.

We observe that clay-poor pores account for the vast majority of oil displacement events fol-

lowing low salinity waterflooding in each sample. Figure 6.5 shows pore occupancy of clay-poor

and clay-rich pores in each sample for a range of pore radii as a fraction of total pore volume.

There is a significant increase in brine saturation in the smallest clay-poor pores for each sample

(pore radius < 18µm in the Berea sample, < 30µm in the Bunter sample, and < 28µm in the

Castlegate sample). This effect is largest in the Berea and Bunter samples. Observations of

pore occupancy changes in small and medium pores during low salinity flooding are consistent

with a range of studies. Experimental studies across both sandstones and carbonates (Bartels

et al., 2017a; Khishvand et al., 2017; Selem et al., 2021) and modelling studies (Aziz et al.,

2019) observe that brine saturation increases in the smallest pores during low salinity water

flooding. This effect is thought to be the result of a wettability alteration to more water-wetting

conditions. The alteration allows water to more-easily enter smaller pores and throats because

of the support of capillary forces (Aziz et al., 2019; Bartels et al., 2017a).

To more clearly present changes in pore occupancy, we isolate clay-rich and clay-poor pores

where pore occupancy changed between the high salinity waterflood and 20 PV of low salinity

water flooding. Figure 6.6 shows the size distribution of pores in which pore occupancy changed

between the flow steps for each sample.

We observe significantly more oil-to-brine events (pores where brine displaced oil during low

salinity flooding) in clay-poor pores than in clay-rich pores for all samples. This effect is most

significant in the Bunter and Castlegate samples. In each sample, oil-to-brine events outweigh

brine-to-oil events (pores where oil displaced brine during low salinity flooding) in small and

medium clay-poor pores, indicating the net production of oil from these pores. The signal in

clay-rich pores is less consistent. In the Berea sample, oil-to-brine events far outweigh brine-to-

oil events for clay-rich pores of radius < 25µm, with three times more oil-to-brine events than

brine-to-oil events for 5 < pore radius < 12µm. In the Castlegate sample, there are very few
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Figure 6.5: The size distribution for all brine saturated clay-poor pores (bodies and throats) in
the a) Berea b) Bunter c) Castlegate samples, and the size distribution for all brine saturated
clay-rich pores (bodies and throats) in the d) Berea e) Bunter f) Castlegate samples after high
salinity water flooding (HSWF) and low salinity flooding (LSWF). A comparison of the size
distribution for all brine saturated clay-poor and clay-rich pores is presented for g) Berea, h)
Bunter and i) Castlegate. In all samples, there is an increase in brine volume in the small
and medium clay-poor pores after LSWF, this is most significant in the Berea and Bunter
samples. There is also an increase in brine volume in the small and medium clay-rich pores in
the Berea and Bunter samples. In all cases clay-poor pores are more abundant than clay-rich
pores account for the majority of total pore occupancy changes by volume.
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Figure 6.6: The size distribution for all clay-poor pores where saturation changed from oil to
brine (red) or brine to oil (blue) between HSWF and LSWF 20PV, for a) the Berea sample
b) the Castlegate sample c) the Bunter sample, and the size distribution for all clay-rich pores
where saturation changed from oil to brine (red) or brine to oil (blue) between HSWF and
LSWF 20PV, for d) the Berea sample e) the Castlegate sample f) the Bunter sample. In all
cases, there are more oil to brine events than brine to oil events in the medium and small
clay-pore pores. There are fewer oil-mobilisation event clay-poor pores
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redistribution events in the clay-rich pores during low salinity flooding. A similar response is

observed in the Bunter sample, but with a small increase in oil-to-brine and brine-to-oil events

for larger clay-rich pores.

For clay-rich pores in the Berea sample, there is a large increase in brine saturation in small

pores with the fraction of pores of radius < 12µm occupied by brine more than doubling during

low salinity flooding. In contrast, in the Bunter and Castlegate samples there is are far smaller

changes in pore occupancy in clay-rich pores across all pore radii. In both samples, the relative

pore occupancy changes in clay-poor pores are significantly greater than in clay-rich pores.

When coupled with the fact that clay-rich pores only account for a small fraction of total pore

space in each sample, it is clear that oil production from clay-rich pores in the Bunter and

Castlegate samples is very small. This is clear in Figure 6.5g, 6.5h, and 6.5i which show the

relative importance of pore occupancy changes in pores of each mineral group. We can analyse

this affect quantitatively (Fig 6.7). In the Berea sample, clay-rich pores make up 7% of pore

volume and account for 15% of the total additional recovery during low salinity flooding. In

the Bunter sample clay rich pores make up 14% of total pore volume and account for 5% of the

total additional recovery during low salinity flooding. In the Castlegate sample, clay rich pores

make up 4% of total pore volume and account for 3% of the total additional recovery during low

salinity flooding. Even in the Berea sample, where there is a pronounced wettability alteration

on clay minerals and significant pore occupancy changes in clay-rich pores, the majority of oil

production occurs from clay-poor regions of the pore space.

In Figure 6.5, we observe that brine saturation in clay-rich pores is low for all samples. To

quantitatively assess this signal, we record So values for all clay-rich and clay-poor pores (table

6.1). For all samples, clay-rich pores have a significantly higher So than clay-poor pores after

both high salinity flooding and low salinity flooding. This effect is most prominent in the Berea

and Castlegate samples, with So in clay-rich pores > 20 percentage points higher than in clay-

poor pores after both high and low salinity flooding for both samples. In the Bunter sample,

probably because a larger fraction of large pores are clay-rich (fig 6.2), So values in clay-rich

pores are lower than for the other two samples. However, So values are still significantly higher

in clay-rich pores than in clay-poor pores, with a difference of 16 and 18 percentage points
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Figure 6.7: Bar chart showing the contribution of clay-rich and clay-poor pores to additional
recovery during low salinity flooding in each sample. Clay-rich pores account for 15% of ad-
ditional production in the Berea sample, 5% of additional production in the Bunter sample,
and 3% of additional production in the Castlegate sample. Therefore, in all samples, clay-poor
pores account for the majority of oil production.
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Table 6.1: So values for clay-poor pores (< 50% clay coverage), clay-rich pores (> 50% clay
coverage) and very clay-rich pores (> 90% clay coverage) for all samples after both high salinity
water flooding and low salinity waterflooding. In all cases there are significantly higher So values
in clay-rich pores than clay-poor pores.

Clay-poor pores Clay-rich pores Very Clay-rich pores
So HSWF So LSWF So HSWF So LSWF So HSWF So LSWF

Berea 0.60 0.57 0.89 0.82 0.98 0.93
Bunter 0.55 0.50 0.73 0.72 0.96 0.96
Castlegate 0.57 0.56 0.80 0.79 0.97 0.96

after high and low salinity flooding, respectively. The higher So values in clay-rich pores in

all samples are to be expected as we have shown that clays are preferentially present in the

smallest pores (Fig 6.2) and are more oil-wetting than non-clay minerals in all samples (Fig

6.3). These effects combine to make brine invasion in clay-rich pores very unfavourable as in

an oil-wet system, brine invasion preferentially occurs in larger less oil wetting pores (Blunt ,

2017).

The high So in clay-rich regions is even more prominent when only considering very clay-rich

pores (pores with > 90% clay coverage). Very clay-rich pores are almost entirely oil saturated

after high salinity flooding for all samples, with So values of 0.98, 0.96, and 0.97 in the Berea,

Bunter, and Castlegate samples respectively (Table 6.1). After low salinity waterflooding, there

is no significant change in So in very clay-rich pores in either the Castlegate or Bunter sample, so

that very clay-rich pores remain almost entirely oil saturated. In contrast, there is a 5 percentage

point decrease in So in the very clay-rich Berea pores during low salinity waterflooding. In

the Bunter and Castlegate samples, very clay-rich pores remain almost entirely oil saturated

throughout the duration of the experiment. These observations are further illustrated in Figures

6.8, 6.9, and 6.10 which show direct observations of fluid occupancy in clay aggregates within

subvolumes of the Berea, Bunter, and Castlegate samples, respectively.

We can directly observe the behaviour of clays in each sample, with significant oil displacement

from very clay-rich regions of the Berea sample, but no significant oil displacement from very

clay-rich pores in the Bunter and Castlegate samples. Figures 6.8, 6.9 and 6.10 show sub-

volumes of the Berea, Bunter and Castlegate samples, respectively. In each figure, the undoped
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scan is presented to show mineralogy, as well as the fluid configuration after both high and

low salinity waterflooding. In all cases, there are large clay-aggregates present (highlighted

by black boxes). In each case, these regions are completely oil saturated after high salinity

waterflooding. In the Berea sample, there is significant oil displacement from a clay-aggregate

(highlighted by a dashed black box) during low salinity waterflooding. A second clay aggregate

is also shown. This second aggregate remains oil saturated during low salinity waterflooding. In

the Bunter and Castlegate samples, after low salinity water flooding, there is no change in the

oil configuration within the clay aggregates, so that low salinity brine does not contact the clays

at any point throughout the experiment. There are significant fluid occupancy changes in clay-

poor pores during low salinity water flooding in all samples (highlighted by solid grey boxes).

This highlights the more unstable nature of clay-poor pores throughout the experiments, and

echos results presented in Fig. 6.5 and which show more significant pore occupancy changes in

clay-poor pores than for clay-rich pores.

6.2.4 Clays as a Screening Criterion

We observe that the majority of oil displacement in each sample occurs in clay-poor pores.

Clay-rich regions of the pore space are preferentially oil saturated throughout the duration of

high and low salinity waterflooding. This shows that clay-rich pores behave differently to clay

minerals on planar surfaces where oil detachement during low salinity waterflooding is often

observed (Bartels et al., 2017b; Berg et al., 2010; Cense et al., 2011; Mahani et al., 2015b;

Nasralla et al., 2013; Song and Kovscek , 2015). This finding casts doubt on the generally

accepted view that oil detachment from clay is the primary mechanism of recovery during low

salinity water flooding and that clays are essential for favourable recovery during low salinity

flooding (Berg et al., 2010; Nasralla et al., 2013; Song and Kovscek , 2015; Yesufu-Rufai et al.,

2020).

Whilst we have shown that clays were not primarily responsible for additional recovery during

low salinity waterflooding in any of the 3 samples, we have observed that clays responded

differently in the different samples. In the Berea sample, there was a significant wettability
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Figure 6.8: Direct observations of mineralogy and fluid distribution within a subvolume of the
Berea sample. a) Undoped scan of slice through subvolume b) raw scan of minerals presented
with segmented fluid phases (blue = brine, red = oil) after high salinity water flooding c) raw
scan of minerals presented with segmented fluid phases (blue = brine, red = oil) after low
salinity water flooding d) Segmented minerals (turquoise = bulk minerals, yellow = clays) and
segmented fluid phases (blue = brine, red = oil) after high salinity waterflooding e) Segmented
minerals (turquoise = bulk minerals, yellow = clays) and segmented fluid phases (blue =
brine, red = oil) after low salinity water flooding, stable clay-rich areas of the pore space are
represented by solid black boxes, unstable clay-rich regions are represented by dashed black
boxes, unstable clay-poor regions are represented by grey boxes.
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Figure 6.9: Direct observations of mineralogy and fluid distribution within a subvolume of the
Bunter sample. a) Undoped scan of slice through subvolume b) raw scan of minerals presented
with segmented fluid phases (blue = brine, red = oil) after high salinity water flooding c) raw
scan of minerals presented with segmented fluid phases (blue = brine, red = oil) after low
salinity water flooding d) Segmented minerals (turquoise = bulk minerals, yellow = clays) and
segmented fluid phases (blue = brine, red = oil) after high salinity waterflooding e) Segmented
minerals (turquoise = bulk minerals, yellow = clays) and segmented fluid phases (blue =
brine, red = oil) after low salinity water flooding, stable clay-rich areas of the pore space are
represented by solid black boxes, unstable clay-rich regions are represented by dashed black
boxes, unstable clay-poor regions are represented by grey boxes.
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Figure 6.10: Direct observations of mineralogy and fluid distribution within a subvolume of
the Castlegate sample. a) Undoped scan of slice through subvolume b) raw scan of minerals
presented with segmented fluid phases (blue = brine, red = oil) after high salinity water flooding
c) raw scan of minerals presented with segmented fluid phases (blue = brine, red = oil) after low
salinity water flooding d) Segmented minerals (turquoise = bulk minerals, yellow = clays) and
segmented fluid phases (blue = brine, red = oil) after high salinity waterflooding e) Segmented
minerals (turquoise = bulk minerals, yellow = clays) and segmented fluid phases (blue =
brine, red = oil) after low salinity water flooding, stable clay-rich areas of the pore space are
represented by black boxes, unstable clay-poor regions are represented by grey boxes.
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alteration on clay minerals during low salinity waterflooding, and clay-rich pores contributed

15% of total additional recovery during low salinity flooding, compared to just 5% and 3% for

the Bunter and Castlegate sample, respectively. Below we will briefly describe two hypotheses

to explain the differing clay response between the three samples.

The first potential factor effecting clay behaviour is pore structure and connectivity which is

known to impact flow regimes and displacement mechanisms in a range of systems (An et al.,

2016; Blunt , 2017; Holtzman, 2016; Singh et al., 2019, 2022; Tanino and Blunt , 2012; Xu et al.,

2014). In chapter 5, we hypothesised that in particular, the connectivity of the largest pores

in each of the samples presented here impacted the low salinity response. We hypothesised

that, in the Castlegate sample, a well connected network of large pores allowed for brine to

flow easily through the pore space in a stable pathway during secondary high salinity flooding,

so that during low salinity water, brine could easily flow over existing brine pathways, making

oil displacement and mobilisation less favourable. We hypothesised that, in the Berea sample

and Bunter samples a poorly connected network of large pores meant that the brine pathway

created during high salinity flooding was broken up due to local and distal oil snap off events

in small and medium pores. As a result, during low salinity flooding, brine had to displace oil

from small and medium pores and throats to connect across the sample, making oil mobilisation

more favourable. This effect is more complex when mineralogy is considered. In the Berea and

Bunter samples, brine is forced to flow through small pores during low salinity water flooding,

which are more likely to be clay-rich. As such, it is more likely that brine will come into contact

with clays in the Berea sample, allowing for a more significant wettability alteration and oil

displacement.

The second potential factor effecting clay behaviour is the initial wetting state of each sample.

This may also have an impact on displacement of oil during low salinity flooding. In the

Berea sample, both mineral groups are significantly less oil-wetting than for the Bunter and

Castlegate samples, which are of comparable initial wetting states (Figure 6.3). The more

oil-wetting nature of clays in Bunter and Castlegate samples makes brine invasion into clay-

rich regions less favourable, therefore decreasing the likelihood of low salinity brine contacting

clay-surfaces and invading clay-rich pores. This is because during waterflooding, the more oil-
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wetting a pore is the higher its threshold capillary entry pressure. The more oil-wetting nature

of the Bunter and Castlegate clay aggregates may be the determining factor in preventing brine

invasion in clay-rich regions, and significant oil production from clay-rich pores.

Grouping the minerals in each sample into clay minerals and non-clay minerals is a simplistic

approach intended to highlight the general behaviour of clays within each sample. However,

this approach ignores the likely differences in clay mineralogy between each sample. There

are many different clay minerals which are all thought to react differently to low salinity brine.

Furthermore, as discussed in section 2.6.3, the orientation of clays can have a significant impact

on their reactivity to low salinity brine (Grim, 1953; Secor and Radke, 1985; Tombácz and

Szekeres , 2006; Yesufu-Rufai et al., 2020). It is, therefore, possible that the different response

of clay minerals to low salinity flooding in the three samples is a result of differences in clay

mineralogy and orientation, and not the pore size distribution or initial wetting state of each

sample.

The results presented here may appear to disagree with the extensive observations of oil detach-

ment from clay minerals on planar surfaces and in micromodels during low salinity waterflooding

(Bartels et al., 2017b; Berg et al., 2010; Cense et al., 2011; Mahani et al., 2015b; Nasralla et al.,

2013; Song and Kovscek , 2015). This is not necessarily the case. Rather, we observe that in

most cases it is not favourable for low salinity brine to contact clay-minerals during low salinity

flooding, which limits the potential for oil detachment from in situ clay surfaces and additional

recovery from clay-rich pores. We have observed in the Berea sample that, where low salinity

brine can come into contact with clays, it can cause a significant wettability alteration, oil-

detachment and consequently additional oil recovery. However, an array of complex factors

such as clay distribution, initial wetting state, and pore structure, determine the accessibility

of clay aggregates to salinity brine and, therefore, the susceptibility to wettability alteration

and oil detachment. This is not the case for quartz and feldspar grains, which typically make

up the bulk of mineralogy in sandstones and are present across all pore radii. Whilst quartz

and feldspar may be less susceptible to wettability alteration during low salinity waterflooding,

a large body of research has found that significant ion exchange and wettability alteration, oil

detachment, does still occur on these mineral surfaces (Al-Saedi et al., 2019a,c; Bartels et al.,
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2017b; Hassenkam et al., 2011, 2012; Liu et al., 2018; Pu et al., 2010; Suman, 2014). Even if

this effect is significantly lower than for clays, because quartz and feldspar rich pores are more

abundant within typical sandstones and are more accessible to invading low salinity brine, it

is likely that most oil production in sandstones occurs from quartz and feldspar rich pores, as

observed here.

6.3 Conclusions

In this work, we presented results of tertiary low salinity flooding experiments in Berea, Bunter

and Castlegate sandstone micro-cores of altered wetting state. The three samples had similar

mineralogy but different pore topology and geometries. Our main findings are as follows:

• In all three samples, oil was trapped heterogeneously at relatively high saturations after

high salinity water flooding, with So values of 0.62, 0.57 and 0.61 in the Berea, Bunter

and Castlegate samples respectively. In all samples, a low salinity response was observed,

with additional recovery of 3, 4 and 1 percentage points during low salinity water flooding

in the Berea, Bunter and Castlegate samples, respectively.

• In all samples clay minerals were significantly more oil-wetting than non-clay minerals. In

the Berea sample, we observed the largest wetting alteration on clays, with a significant

shift to more water-wetting conditions for both clays and non-clay minerals. In the Bunter

sandstone, there was a wettability alteration towards more water wetting conditions for

both mineral groups, but this was largest for non-clay minerals. In the Castlegate sample,

no systematic wettability alteration was observed for either mineral group.

• For all samples, there was an increase in brine saturation in small clay-poor pores during

low salinity water flooding, consistent with a wettability alteration to more water-wet con-

ditions. This was most significant in the Berea and Bunter sandstones. In all samples, the

majority of oil displacement occurred in clay-poor pores, with very few oil displacement

events in small clay-rich pores in the Bunter and Castlegate samples. Clay-rich pores
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accounted for only 15%, 5% and 3% of total additional recovery in the Berea, Bunter,

and Castlegate samples respectively.

• For very clay-rich pores (pores with > 90% clay coverage), after high salinity water flood-

ing, So was > 0.95 for all samples. There was no significant change in So in these pores

in the Bunter and Castlegate samples during low salinity water flooding, but we observed

a 5 percentage point decrease in So in very clay-rich pores in the Berea sample. This be-

haviour is observed directly with clay aggregates remaining oil saturated throughout the

experiment in Bunter and Castlegate samples, but with some low salinity brine invasion

into clay aggregates in the Berea sample. It is likely that in the Bunter and Castlegate

samples, clay-rich regions were so strongly oil-wet that low salinity brine did not contact

significant volumes of clays, so that only small amounts of oil detachment could occur.

• The presence of clays does not appear to be a good indicator that low salinity water-

flooding will improve recovery in sandstones. Clays can positively impact production in

areas where they can be accessed by low salinity brine, as in the Berea sample. However,

the presence of clays does not guarantee improved production, as brine may not be able

to contact the majority of clay mineral surfaces. Further research should concentrate on

quantifying the accessibility of clay-rich regions, considering pore structure and connec-

tivity, initial wetting state and the distribution of clays within samples, and developing

this as a measure to help predict low salinity response.



Chapter 7

Conclusions and Future Outlook

7.1 Conclusions

The overarching goal of this work was to gain further insight into low salinity water flood-

ing through a systematic and controlled set of pore-network scale observations and analyses.

In particular, we focused on how wetting state, pore structure and mineralogy impact fluid

distribution and recovery during low salinity flooding.

We carried out tertiary low salinity waterflooding experiments on two Berea sandstone cores

with different initial wetting states, an altered core and an unaltered core. We observed that

fluid saturation profiles and the average saturation changes are distinct for water wet and altered

rocks. In the unaltered rock, oil was trapped at a relatively high saturation (So = 0.74) that

did not change significantly after subsequent flooding with low salinity brine. In the altered

sample, oil was trapped at relatively low saturation (So= 0.62) after high salinity flooding, and

subsequent low salinity flooding resulted in a 3% point enhancement to oil production. We

used fluid coated area fraction to measure the wetting state of each sample, providing the most

robust pore scale measurements of wetting state in low salinity water flooding research to date.

We observed a wetting state shift in response to low salinity brine in the altered sample inferred

from a shift in the solid surface area covered by the oil phase and changes in pore occupancy.

No such wettability alteration was observed in the unaltered sample. In the altered sample, we

117
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directly observe snap-off events after low salinity water flooding, behaviour indicative of a more

water-wet system. We observe that in some areas, snap off events can lead to the trapping of

oil ganglia at the centre of pores. This mechanism may help to explain the large amount of

retrapping of mobilised oil that we observed in the altered sample. The combined impact of

this was that a shift in the wetting state resulted in a large amount of oil redistributed, but

only a small amount of oil produced. This implies that a wetting state shift is not sufficient to

determine production. Low salinity flooding can cause a complex redistribution of fluids at the

pore and pore-network scale, but may not lead to improved recovery.

In chapter 5, we presented the first systematic comparison of pore scale processes during low

salinity waterflooding in sandstones. We compared the results of the altered Berea sandstone

presented in chapter 4, with results from low salinity flooding of a Bunter and Castlegate sand-

stone cores of altered wetting state. We observed significant additional oil production of 3 and

4 percentage points in the Berea and Bunter samples respectively and a recovery of 1 percent-

age point in the Castlegate sample. We observed that in the Berea and Bunter samples, there

was a significant wettability alteration towards more water wet conditions. This wettability

alteration led to significant pore occupancy changes in the Berea and Bunter samples, with

significant increase in Sw in smaller pores during low salinity waterflooding. There was no

systematic wettability alteration observed in the Castlegate sample and consequently only a

small shift in pore occupancy. We found that the topology of the largest pores had a significant

impact on recovery in each of the samples. In the Castlegate sample the largest pores are well

connected across the sample. This resulted in a stable, connected pathway of brine across the

largest pores after high salinity waterflooding. However, in the Bunter and Berea samples no

stable pathway of brine was presented after high salinity waterflooding, likely due to distal and

local oil snap-off events because of poorly connected large pores. As such, during low salinity

waterflooding there was no established path for the brine to follow, and so brine invaded oil

filled pores and throats to connect across the sample, therefore mobilising larger quantities of

oil.

In chapter 6 we investigated the role of clay minerals in recovery during low salinity flooding in

the three experiments described in chapter 5. We used surface area fractional coverage analysis
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to make the first pore scale in situ mineral specific wettability measurements during low salinity

water flooding. In all samples we observed that clay minerals were significantly more oil-wetting

than non-clay minerals. In the Berea sample, we observed the largest wetting alteration on clays,

with a significant more to more water-wetting conditions for both clay minerals and non-clay

minerals. In the Bunter sandstone, we also observed a wettability alteration towards more

water wetting conditions for both mineral groups, but this was largest for non-clay minerals.

In the Castlegate sample, no systematic wettability alteration was observed for either mineral

group. For all samples, we observed an increase in brine saturation in small clay-poor pores

during low salinity water flooding, consistent with a wettability alteration to more water-wet

conditions. This was most significant in the Berea and Bunter sandstones. In all samples, the

majority of oil displacement occurred in clay-poor pores, with very few oil displacement events

in small clay-rich pores in the Bunter and Castlegate samples. Clay-rich pores accounted for

only 15%, 5% and 3% of total additional recovery in the Berea, Bunter, and Castlegate samples

respectively. This behaviour was also observed directly with clay aggregates remaining oil

saturated throughout the experiment in Bunter and Castlegate samples, but with some low

salinity brine invasion into clay aggregates observed in the Berea sample. This work showed

that clay minerals were not the dominant factor in additional recovery in any of the samples,

although their presence likely boosted production in the Berea sandstone. This work adds to

the growing body of research that suggests that clays are not essential for a favourable response

to low salinity flooding.

It is important to note that, due to some fundamental limitations to the experimental procedure,

these observations cannot be assumed to exactly reflect subsurface conditions in real reservoirs.

To mimic subsurface displacement as closely as possible, we used realistic reservoir fluids (with

the exception of the iododecane which was added to the crude oil) and ensured a capillary

dominated regime for all waterfloods. However, the drainage (oil-flooding) process carried out

for these experiments does not closely simulate natural primary oil migration, which occurs at

slow rates over millennia. As a result, the Swi values for each sample (< 0.05 in each case)

are not representative of real reservoirs, where typical Swi values are significantly greater than

0.05. This difference is important to consider when interpreting pore occupancy changes and
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additional recovery during low salinity flooding. As a result of the low Swi values in each

sample, the vast majority of the smallest pores are initially occupied by oil. We observed that

the majority of additional recovery during low salinity waterflooding in the altered Berea and

Bunter samples was from these initially oil occupied small pores. However, in real reservoirs, the

majority of the smallest pores are typically occupied by water, and so the production of oil from

small pores is limited. Therefore, the experiments presented in this thesis may overestimate

pore occupancy changes and additional recovery during low salinity flooding. Another key

uncertainty is how representative the results are of displacements over larger scales, and in

particular how relevant results are when considering heterogeneity on the order of tens of

metres. For example, in both Berea samples, we observed low porosity and permeability values.

For the altered sample, we concluded that the pore structure, which partly influenced the low

permeability values, was correlated with increased oil mobilisation and recovery during low

salinity flooding. However, in real reservoirs with heterogeneity across different length scales,

it is possible that localised low permeability and porosity areas would be bypassed by invading

brine in favour of higher porosity and permeability regions, which may not produce the same

response to low salinity flooding.

However, despite the limitations discussed above, some important conclusions can be drawn

from this work. X-ray micro-CT imaging of flow experiments of micro-scale cores has a number

of advantages. The most important of which is the ability to directly observe pore scale dis-

placements and pore occupancy changes. Experiments over larger scales, e.g. core scale (10s of

cms) experiments with medical-CT imaging, provide more representative Swi values, but lack

sufficient image resolution to observe pore scale displacement. This work uses X-ray micro-CT

imaging to give the first systematic comparison of the pore sale response to low salinity flooding

in different sandstone samples.

Above all, this work highlights the complex nature of the pore scale response to low salin-

ity flooding, and the importance of pore-scale observations in building an exhaustive list of

screening criteria. There remains a widely held belief that additional recovery during low salin-

ity flooding is the inevitable consequence of a shift to more water-wetting conditions. This

opinion largely originates from the interpretation of sub-pore scale observations of wettability
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alteration on planar mineral surfaces exposed to low salinity brine. This work, Chapter 5 in

particular, makes it very clear that the relationship between a wettability alteration and addi-

tional production is complex. A wettability alteration should be considered as necessary but

not sufficient for additional recovery during low salinity flooding. A wettability alteration may

lead to the mobilisation of oil, but the majority of this mobilised oil will likely be retrapped

within the pore space. The amount of oil which is retrapped is determined by many factors

including pore structure and initial wetting state. In chapter 6, we highlighted another impor-

tant disconnect between sub-pore scale analysis and the displacement processes in real rocks.

The majority of sub-pore scale analysis of clays is carried out using clay minerals deposited on

flat surfaces where oil droplets are placed onto the clay before exposure to low salinity brine.

In real sandstones, clays are distributed heterogeneously and with different orientations. Al-

though the work presented in this thesis is simplistic in its grouping of all clays as one mineral

group, it highlights the importance of observing the in-situ behaviour of clay minerals. The

interpretation of the experiments on planar surfaces relies on the assumption that in real rocks

brine can readily contact the clay minerals. In chapter 6, we showed that brine is unlikely to

contact most clay minerals during low salinity flooding because of the unique distribution and

initial wetting states of most clay minerals in typical sandstones.

As stated in chapter 1, there is no reliable reservoir characterisation criteria capable of predicting

which systems will respond favourably to the technique. Whilst stopping short of offering an

exhaustive list of characterisation criteria, the pore scale insights described in this work help

to explain the current shortcomings and give an insight into the discoveries that are needed.

We have shown that pore structure impacts oil mobilisation and recovery during low salinity

waterflooding. However, no measure of pore structure is currently included as a screening

criteria for low salinity water flooding. The findings presented here show that any exhaustive list

of necessary conditions should include measures of pore structure, in particular the connectivity

of the largest pores in a given rock sample. These findings represent initial insights, but more

work is required to identify the full control of pore structure on recovery during low salinity

waterflooding and to develop quantitative screening criteria. This work has also highlighted

that clay minerals should be regarded as providing a potential boost to recovery (depending on
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wetting state, pore structure and clay distribution) but should no longer be considered necessary

for additional recovery during low salinity waterflooding. Therefore, if the presence of clays is

to be included as a screening criteria, a more careful assessment is needed, and rocks with no,

or a low, clay content should not be disregarded. However, more work is required to understand

the in situ pore scale response of different clay minerals to low salinity flooding. Above all,

this work shows that a fundamental understanding of pore scale behaviour is important within

low salinity flooding research. However, more work, which builds upon the ideas presented in

this thesis, is required to achieve the ultimate goal of developing a predictive model capable of

identifying systems that will be responsive to low salinity water flooding.

7.2 Future Work

This work offers unique insights into pore scale displacement during low salinity flooding in

sandstones. However, there is great scope for further work in the field

7.2.1 Pore Structure - Sensitivity Analysis

We have showed that pore structure has an important impact on displacement during low

salinity waterflooding. Specifically, we have hypothesised that the topology of the large pores

in a given sample can influence oil mobilisation and production. However, there are many

properties and measures of pore structure (such as tortuosity, pore scale disorder, aspect ratio,

coordination number) that may well also impact displacement and should be explored in future

work. Potentially, advancements in modelling techniques could be implemented to do this,

as a sensitivity analysis of these variables is difficult on experimental data due to the various

restraints on experimental output and time consuming image analysis workflows. Modelling

techniques such as Lattice Boltzmann, and volume of fluid, have already been implemented to

investigate displacement mechanisms during low salinity waterflooding, but are yet to be used

to investigate the impact of pore structure (Akai et al., 2020b; Aziz et al., 2019). A better

understanding of how pore structure can impact the efficacy of low salinity flooding can then
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introduce more conditions to the list of necessary conditions for successful low salinity water

flooding. This would represent a big step forward in the pursuit of reliably predicting which

COBR systems will respond favourably to low salinity flooding.

7.2.2 Clay Availability

Clearly, the presence of clays (typically measured as a volume fraction), is not a reliable in-

dicator of either the clay coverage (i.e. the reactive surface available for oil detachment), or

crucially, the accessibility of clays to low salinity brine. We have shown in the Berea sample

that clays can positively impact production in areas where they can be accessed by low salinity

brine. The accessibility of clays within a given sample is, therefore, the key measure - not

clay volume. Further research should concentrate on quantifying the accessibility of clay-rich

regions, considering pore structure, initial wetting state and the distribution of clays within

samples, and developing this as a measure to help predict low salinity response. A significant

limitation of this work is that we group all clay minerals together and, therefore, do not anal-

yse the behaviour of different clay minerals. Different clay minerals are known to have a wide

variety of properties and potentially responses to low salinity brine. Future work should also

investigate the in-situ pore scale response of different clay minerals to low salinity flooding.

7.2.3 Synchrotron Imaging

Synchrotron CT imaging gives a temporal resolution on the order of seconds. This is far greater

than typical laboratory micro-CT machines where temporal resolution is typically on the order

of hours. The technology has been used to great effect in the field of multiphase flow in porous

media, providing important insights into pore scale phenomena including, but not limited to,

the dynamics of enhanced gas trapping (Scanziani et al., 2020), Haines jumps (Berg et al.,

2013), droplet fragmentation (Pak et al., 2015), and dynamic connectivity and intermittency

(Reynolds et al., 2017; Spurin et al., 2019).

As previously stated, Bartels et al. (2017a) showed the merits of fast synchrotron imaging for the
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observation of low salinity flooding. With high temporal resolution, they were able to accurately

identify changes in pore occupancy during LSWF. However, the absence of multivalent cations

in both the high and low salinity brines could have hindered any positive impact of low salinity

water flooding. There is great scope for further synchrotron experiments using more realistic

brine recipes, to observe real time pore scale displacement during low salinity flooding. This

would provide important insights into displacement mechanisms, and in particular test the

hypothesis presented in this work of distal and local snap off events during high salinity water

flooding impacting the efficacy of subsequent low salinity flooding. The experiments would

also provide insight into the full extent of oil mobilisation and redistribution during low salinity

waterflooding, potentially providing the first real-time observations of oil bank formation during

low salinity waterflooding.

7.2.4 Low Salinity Water Alternating Gas Injection

New studies suggest that the large scale roll out of Carbon Capture and Storage (CCS) is

absolutely necessary if the world is to hit even the modest IPCC target of minimising global

warming to below 2◦C (Edenhofer , 2015;Koelbl et al., 2014). Currently, however, CCS currently

has little economic incentive. One of the few ways that CCS may be economically viable is its

use as an EOR technique. CO2-EOR, where liquid or supercritical CO2 is injected into depleted

reservoirs, typically as part of water alternating gas (WAG) cycles, has been widely used for

decades to improve oil recovery. In fact, 140 CO2-EOR projects, producing approximately

100,000,000 bbl of incremental oil per year, are currently in use (Bui et al., 2018). However,

in typical CO2-EOR projects little thought is given to entrapment of CO2. True CCS-EOR

projects, where both oil recovery and CO2 entrapment are maximised, are rarer. A detailed

analysis of the viability of CCS-EOR carried out by the IEA found that a ’balanced’ approach,

where both CO2 storage and incremental oil recovery are optimised, can yield an estimated

net utilisation of 0.6 tCO2 per bbl oil produced for an incremental oil recovery of 13% OOIP

(IEA, 2015b). The technology has been shown to function in practice; as of 2018, 13 of the 17

operating commercial-scale CCS projects were examples of CCS-EOR (Bui et al., 2018).
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Preliminary work has investigated combining CCS-EOR with low salinity waterflooding (AlQuraishi

et al., 2017; Naderi and Simjoo, 2019; Teklu et al., 2017). Early results suggest that CO2 low

salinity water alternating gas injection (LSWAG) combines the benefits of CO2 injection and low

salinity water floods, increasing recovery as well as entrapment of the injected CO2 Recently

three-phase flow experiments have been carried out and imaged within micro-CT scanners,

showing promising signs for the success of LSWAG technologies. Firstly, Iglauer et al. (2016)

found water-wet systems to be optimal (lower residual oil saturation and higher gas trapping)

for gas injection. More recently, Scanziani et al. (2018) found significant trapping of injected

gas and displacement of trapped oil in WAG flow experiments with water-wet samples. A wet-

tability alteration towards more water-wet conditions during low salinity waterflooding may,

therefore, improve WAG efficiency. It is also thought that CO2-LSWAG may also improve CO2

injectivity through minimising the precipitation of brine salts (Sokama-Neuyam et al., 2019).

There is, however, concern that LSWAG may result in increased permeability damage due to

fines migration (Othman et al., 2019). Early research into CO2-LSWAG has been exclusively

made up of modelling studies (AlQuraishi et al., 2017; Naderi and Simjoo, 2019; Teklu et al.,

2017), however, there is great scope to validate the hypotheses experimentally. It is entirely

possible to implement experimental and image analysis workflows similar to those presented

in this work, to investigate pore scale response to CO2-LSWAG. This would provide valuable

insights into the EOR and CO2 storage potential of the technology and potentially take it one

step closer to deployment.
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