
Wetting heterogeneities in porous media

Insights from experiments on the displacement of immiscible fluids

Dissertation
for award of the degree

“Doctor rerum naturalium” (Dr. rer.nat.)
at the Georg-August-Universität Göttingen

within the doctoral program Chemistry
of the Georg-August-University School of Science (GAUSS)

submitted by
Julie Lynette Murison

Göttingen, 2013



ii

Supervisors
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Abstract

Multiphase flow in porous media is an important process for many technical and environmental

applications such as fuel cells, oil recovery, CO2 storage among others. Understanding the

rules that govern these flows is essential for planning of CO2 storage sites, chemical or nuclear

waste sites, predicting the viability of new oil reservoirs and preventing contamination of

ground water aquifers. Natural porous samples, i.e rocks and soils, have highly heterogeneous

pore space, both in geometry and wettability. This complicates experiments on such samples

as there is no simple method of characterisation. While it is long known that the wettability

of the substrate strongly influences the immiscible flow properties this effect, and in particular

the effect of heterogeneous wettability, is poorly characterised.

In this work the first experimental investigation of the domain size of wetting hetero-

geneities in bead packs is presented, and the effect of these domains on immiscible fluid dis-

placement is discussed. This was accomplished by creating bead packs which had the same

overall surface coverages of oil and water wet regions, but differed in the spatial extensions

of these domains.

The immiscible flow of water and oil through these samples was characterised by mea-

suring the capillary pressure saturation curve for each type of sample. It was determined

that the capillary hysteresis varied monotonically with the spatial extension of the wetting

heterogeneities. To relate this measurement to the flow behaviour the invading liquid fronts

were then imaged using X-ray microtomography. The front shapes were found to depend on

the wetting domain sizes of the samples, with globally smooth fronts obtained for samples

with small wetting heterogeneities. Both of these observations can be related to the dissipa-

tion of energy of the flow through the medium and it is found that the size of the wetting

heterogeneity can control the flow properties.

The lengths scales of the heterogeneities discussed here range from sub-pore to many

pores, and in this range are found to be important. However, this is not necessarily true

for very small heterogeneities. Towards this goal proof of concept experiments describing

how to prepare surfaces with microscopic wetting heterogeneities using polymer brushes are

discussed. Polymer brush modified surfaces were also tested as a surface exhibiting stimuli-

sensitive wettability.
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Chapter 1

Introduction

1.1 Multiphase flow in porous media

Multiphase flow in porous media can be found everywhere. It is of high importance in energy

production, for example in fuel cells [1–3] where hydrogen and oxygen need to be separately

delivered to the electrodes, in the presence of water through a polymer electrolyte membrane

(PEM). Multiphase pore displacements are also the central principle behind oil recovery [4–8].

The classic picture of drilling a hole in the ground, and creating a geyser of black gold, is pretty

far from the truth. Primary oil recovery factors, that is the oil which can be spontaneously

recovered, or pumped out as a single fluid are fairly low, with up to 90% of the oil remaining

trapped in the reservoir [6, 9]. More commonly oil recovery involves pumping water into the

reservoir rock to force the oil out, and the interactions of these two immiscible phases with

the rock, determine the amount of extracted oil.

Understanding how two immiscible fluids move through porous media, such as soils or

rocks is essential to prevent or ameliorate environmental damage such as ground water con-

tamination [10]. Underground water supplies, or aquifers are porous rock filled with water.

These can become contaminated when organic materials, which are used commonly in industry

such as chlorinated solvents or alkanes, move through the rock. Understand the mechanisms

which govern the transport of these substances can be used to prevent contamination or leak-

age from a storage site. This is even more important when designing sites for underground

storage of chemical and nuclear waste [11]. Underground storage is a hot topic, and there is

ever more pressure for CO2 capture and storage methods to be implemented [12]. Long term,

underground storage of CO2 relies on first, being able to transport the CO2 into the rock, and

secondly trapping it there with minimal leakage. The ability to do both these things requires

an understanding of the interactions between the fluid and the rock [13,14].

The occurrence of extreme weather events such as droughts and flooding puts more pres-

sure on finite clean water supplies. Furthermore, the increasing global population requires

new sanitation solutions, particular in developing regions where resources are scarce. Ef-

1



2 CHAPTER 1. INTRODUCTION

forts to recycle and decontaminate water, either for drinking, or release back into the natural

environment, require enhanced separation and cleaning processes [15]. Filtration methods

are ideally suited for these applications, as they are technologically simple to employ, but

the currently available filter materials are often not durable to oil water mixtures [16]. Un-

derstanding the interaction between the filter materials and the multiple components of the

liquid mixtures being separated will allow design of better materials [16, 17], with enhanced

separation abilities, and longer lifetimes.

All of these processes, from design of fuel cell membranes, to ensuring the safety of under-

ground chemical storage sites, to optimising oil recovery, share a complexity arising from the

interplay between the fluids and the matrix through which they flow. The relative strengths

of the interactions of the fluids with the surfaces are called wettability. In the most simple

terms, a liquid that spread on a solid surface to form a film, wets the surface. For this liquid,

the surface is said to be wettable. In the lab, this is measured by the contact angle a droplet

sitting on a surface makes. If the angle is less than 90◦, the surface has a high wettability

towards that liquid, and if the angle is above 90◦, the liquid is non-wetting. Measuring wet-

tability on porous samples is explained in detail in chapter 2. Despite the environmental, and

technical importance of these processes, multiphase flow behaviour is poorly characterised [4].

It is known that the wettability of the of the substrate is a major control parameter for mul-

tiphase flow [18–22], but this effect is not well understood. Furthermore, porous samples

with locally varying wettabilities, i.e partially oil wet, partially water wet, are even less well

studied.

Due to the complex nature of the natural samples (rocks, soils and sands) flow experiments

performed directly on samples ’from the ground’ give diverse results on the wettability condi-

tions required for optimum oil recovery [23]. This is most likely due to poor characterisation of

the samples. Natural samples, such as soils, aquifers, or oil reservoirs are known to have large

variations in wettability linked to chemical heterogeneities of the rocks or pore space [24–26].

These samples are very complicated, comprised of many materials with different textures,

sizes and wettabilities and often require multiple methods for characterisation. Combinations

of techniques such as Focussed Ion Beam Scanning Electron Microscopy (FIB-SEM) [27,28],

Environmental Scanning Electron Microscopy (ESEM) [29] and Chemical Force Microscopy

(CFM) [25], allow detailed characterisation of the geometry and mineral compositions of small

areas of the sample (on the ∼ µm scale). Figure 1.1 shows an example of a chalk sample

analysed by Hassenkam and co workers [25], extracted from a reservoir site in the North Sea.

The sample displays a high degree of heterogeneity, both physically (shape, roughness), as

can be seen by the SEM image, and in wettability, as can be seen in the chemical force map.

In highly heterogeneous systems, e.g. carbonate rocks [30] and in general all natural porous
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media, characterising the distribution of water and oil wetting surfaces in large enough1 vol-

umes such as those used in a typical core-flood experiment (on the ∼10 cm scale) would

require exhaustive time scales and effort.

Figure 1.1: Left: Chalk sample from the North Sea shows both geometrical heterogeneity measured by
SEM and, Right: chemical heterogeneity, measured using AFM- chemical force mapping shows on the
chalk surface hydrophilic regions in blue and hydrophobic regions in red. As can be seen in this figure,
the typical sizes of the hydrophobic patches are considerable smaller than a pore. Images reproduced
from [25].

Standard laboratory classifications of wettability, i.e contact angle measurements, are not

easily applicable to these kinds of samples, and instead the wettability is either guessed [32,33],

or estimated from water absorption or permeability measurements [7,34,35]. It is very difficult

to isolate the pertinent parameters of these substrates, to determine which properties dictate

the flow behaviour.

In order to reduce the complexity of these samples into a few computationally manageable

parameters, the general theoretical and numerical approaches use treatments based on average

properties of the rock. These simplified approaches also allow for continuum models for two

phase flow to be upscaled from the micrometre to the centimetre, and even kilometre length

scales to be used for predictive purposes. These simplifications, of the wetting heterogeneities,

homogenise different surface energies, or wettabilities, into an average value, either across the

whole sample or across several pores [36, 37]. Results from such approaches would suggest

that it is the average wettability which controls the flow and a detailed description of the

heterogeneities is not required.

However, numerical studies on geometrically heterogeneous models, report that fluid dis-

placement profile obtained from fully described heterogeneous models, are very different from

the profile predicted from the averaged sample properties, and that the specific nature of the

1 ’Large enough’ volumes refers to volumes on which the statistical fluctuations in the experiments due
to the random nature of porous media are small enough that the flow experiments can be performed with
statistically relevant results. This is also referred to as the representative elementary volume (REV) [31]
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heterogeneity (size, connectivity, etc.) notably changes the result [38]. Until now, there has

been no systematic study of wetting heterogeneities in porous media, and not much atten-

tion has been paid to the spatial distributions of wetting patches. Considering the size of

these projects (oil reservoirs, ground water aquifers, CO2 storage, nuclear waste deposito-

ries), and the potentially enormous consequences of inaccurate predictions, a more complete

description of multiphase flow behaviour is imperative. This thesis describes an experimental

investigation to address the impact of wetting heterogeneities in porous media with the aim

to contribute to the long-standing need for accurate predictive theories of multiphase flow in

porous media [4, 39,40].
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1.2 Previous work on mixed wettability

Experimentally, there are two typical approaches to investigating mixed wettability: the

top down approach, where experiments are performed directly on natural systems, such as

sandstones; or the bottom up approach where simplified models, usually bead packs, are used

to isolate specific features of interest. Figure 1.2 shows x-ray tomography images of a reservoir

sandstone imbibed with oil and water, and a bead pack containing the same liquids. These

two samples highlight the differences between the top down (complicated real rock samples)

and bottom up (simple, controlled models) approaches.

(a) real rock sample (b) bead pack

Figure 1.2: X-ray tomography images, with segmented water (blue) and oil (red) phases shown below
for (a) a reservoir rock sample, figure reproduced from [41] and (b) a packing of monodisperse glass
beads.

Top down

In top down experiments the focus is to find optimal strategies, for example for efficient oil

recovery, based on the analysis of ‘real’ samples (soils, sands and rocks). What can be seen

from figure 1.2 (a) is that even in a small area, there is a wide range of pore sizes, with

very different shapes. The distribution of oil (red) and water (blue) inside the pore space

suggests there might be a wettability variation, even within single pores. By pumping fluids
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in and out of a rock or soil sample and measuring the fluxes and pressures obtained the

sample characteristics (i.e average wettability, porosity) can be derived. This measurement

is called a capillary pressure saturation curve and is explained in detail in chapter 2. These

experiments are typically slow with time scales of weeks per measurement [23, 42]. The

low throughput restricts the testing of different conditions, and furthermore relies on the

hypothesis that the sample is a representative part of the rock, an assumption that might

be flawed in heterogeneous natural systems. Even when samples can be extracted from the

area of interest, i.e an oil reservoir or geological storage sight, contamination of these core

samples by drilling fluids, and changes in pressure and temperature, often, if not always,

lead to systematic errors. The mircoscale distributions of wettability in such systems are

unknown [43]. Most oil reservoirs have wettabilities which change from pore to pore, and

even on the sub-pore scale due to chemical heterogeneities [4], but there is not yet a technique

used to map the wettability pore by pore inside a core. Rather, wettability is inferred from

core flooding experiments, and comparisons with numerical simulations. To conclude, at this

point in time, the top down approach is simply not applicable to study samples with mixed

wettabilities.

Bottom up

In the bottom up approach, model systems are designed and tailored to study the influence of

specific parameters of the sample on the flow properties. Two dimensional models of porous

media used to experimentally study wettability effects include microfluidic chips [21, 44, 45].

In three dimensions the simplest model porous media, the homogeneous bead pack (as shown

in figure 1.2 (b)), is well studied [7, 8, 19, 23, 46–52], even in microgravity [53]. The densest

monodisperse beak packs have porosities on the order of 35%, as opposed to consolidated

stones, and polydisperse sands and soils, which have much lower porosities. In order to

achieve more realistic porosities sintered bead packs have been studied [54], but to the best

of my knowledge there have been no studies on sintered packs with mixed wettability. Early

work (1959) by Fatt and Klikoff [55], compared experiments with completely water wet beads,

samples with a 1:1 mass ratio of oil to water wet beads and a sample with the same ratio

of wettability (50% oil wet, 50% water wet), but only the smaller beads were made oil wet.

Packings of these beads were filled with water which was then sucked out using an increasing

pressure ramp. The results from this experiment are shown in figure 1.3. The shape of the

curves for the water wet, and 50% oil wet sand are similar, the major difference being a

shift in the pressure at which the water could be sucked out of the packing. The curve for

the sample with correlation size and wettability heterogeneity is however completely different,

with a notably higher amount of water remaining in the packing even at high water pressures.

This observation has been, however, largely ignored by subsequent experimentalists. Instead

introducing mixed wettability into simple models has been dealt with almost exclusively by
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Figure 1.3: Capillary Pressure Saturation curve showing the amount of water sucked out of a packing
of beads at different pressures reproduced from [55]. The solid black line represents untreated glass
beads (completely water wet). The dashed line shows the curve obtained for the 1:1 oil:water wet
beads. The green line, labelled fines treated, shows the curve obtained for a sample with only small
oil wetting beads. For a more detailed explanation of this type of measurement see chapter 2.

mixing two kinds of chemically treated monodisperse spheres in different ratios [36,37,42,56–

58].

Based on these experiments it has been found that the variations due to mixture compo-

sition can be explained by considering the effective wettability of the sample as the average

contact angle of the sample [36,37,56]. DiCarlo, Sahni and Blunt [42] worked towards creating

samples with the distribution of oil and water wet surfaces more representative of oil reservoirs

by ageing bead packs partially saturation with crude oil. The idea being that the surfaces in

contact with the oil would experience a wettability change. [29]. Using x-ray imaging of the

fluid distributions relative permeabilities of oil and water were measured. However, no strong

differences between this ‘realistically wet’ sample the homogeneous mixture of oil wetting and

water wetting sand were observed. It should be noted that they were not able characterise

to the spatial distribution of the different wetting surfaces. The composition of the fluids

used to modified the ‘realistically wet’ sand pack was 80% crude oil, 20% brine. At these

concentrations, both phases would be percolated [59]. This means that there are continuous
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pathways of both oil wetting and water wetting pores, and not mixed wettability within a

single pore. This perhaps explains why no difference between the ‘realistically wet’ simple

mixture of oil wetting and water beads, which contains the same bi-continuous paths, and

the ‘realistic scenario’ was observed.

Numerical modelling

Complimentary to the experimental studies there has also been a large effort to understand

pore-scale fluid displacements numerically. The typical numerical approach for modelling

flow inside porous media uses pore-throat models to represent the porous media. Pore-throat

models are created by fitting the largest possible sphere inside a pore space, and connecting

it to the surrounding pores by the largest possible cylinders which fit through the connecting

gaps. A representation of this, for a bead pack is shown in figure 1.4.

Figure 1.4: A 2D representation of a pore-throat model. The pore space is characterised by the largest
sphere (red) which fitted inside a pore space, and is connected to neighbouring pores by the throats,
which are characterised as the largest cylinders (green) which can fit between the beads (black).

These models can be created from x-ray tomography images of natural samples, and nu-

merical models with the exact size distributions of the pores and throats can be created.

Examples of this method are numerous in the literature [60–68]. An example of the compli-

cated structures which can result from the pore-throat network construction from real rock

samples, created by Zhao and Blunt [61], is shown in figure 1.5.

Pore throat networks capture the geometry of the sample, but the wettability information,

which cannot be extracted from such tomography images, has to be artificially added to the

networks. One way of doing this is individually labelling the pores as oil or water wet. The

results from simulations of flow on such networks suggest that the factor which affects the

flow behaviour is it is the number of preferentially oil wet pores, and not the strength of the

oil-rock interaction [61]. The authors conclude that the pore structure plays a minor role

compared to average wettability. However the fact that it is number of pores, and not total

average contact angles which dictate permeabilities could also be interpreted that it is wetting

heterogeneities, specifically wetting boundaries, and not average wettability which dictate flow
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(a) natural sand sample (b) pore-throat network model

Figure 1.5: Example of (a) x-ray tomography image of unconsolidated natural sand and (b) the pore
throat model constructed from the 3D image volume. Images were reproduced from [61].

properties. Numerical modelling of mixed wet systems where there is a correlation between

pore size and pore wettability have shown that standard industry wettability classification can

be significantly off [67] and wetting domain sizes might play a significant role at low capillary

numbers [66]. While indicating that length scale is indeed important, to date there has been

no systematic study of wetting heterogeneities, in particular to the spatial arrangements of

wetting and non wetting surfaces.

State of the art experiments

Both top-down and bottom-up experimental studies are being re-invigorated by new imaging

techniques, afford by major recent advances in imaging technology. These techniques, such

as X-ray tomography [5, 31, 41, 51, 64, 69], MRI [28, 70, 71] and confocal microscopy [9, 72–74]

are allowing ever better imaging of dynamic flow inside the porous media. These experi-

ments are shedding new light on multiphase flow in confined environments, challenging old

paradigms about classical flow properties [5] and potentially changing accepted view on these

systems. These studies however, focus on the effects of geometry, and how to model geometric

heterogeneities [9, 74]. Such an effort is also required to understand how wettability effects

immiscible flow.
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1.3 Heterogeneous wettability and the LoSal effect

Further complicating the effects of heterogeneous and unknown wettability inside reservoir

rocks is the observation that the interaction between the rock/oil/water interface depends

also on the salt concentration in the aqueous phase [75–77]. Typically, secondary oil recovery

processes are achieved by flooding oil wells with sea water. However, empirically it has been

observed that when low salinity water is used, more oil can be released from the rock. This

is known as the LoSal effect. The explanation for the increase in oil recovery is a local shift

in contact angle at the rock surface towards more water wetting surfaces in the presence

of the low salinity water. While there has been a large effort to describe the molecular

mechanisms for how this can occur [78–81], the physical mechanisms for droplet release due

to such a contact angle change remain unclear. Investigation into larger scale experiments,

where multiple ganglia can be trapped, visualised and released are limited by the lack of

suitable coatings for bead packs which exhibit a wettability shift in the presence of salt.

1.4 Aims of this work

The open questions regarding the effect of mixed wettability in porous media can be sum-

marised into the following four main questions:

• What is the effect of pore scale wetting heterogeneities on the sample scale flow prop-

erties?

• What are useful model porous media systems to investigate this?

• Is there a model surface which mimics the LoSal effect?

• What are the implications for natural systems?

This thesis addresses the above mentioned open questions. This work presents the first

experimental study on the role of wetting heterogeneity domain size in mixed-wet bead packs

by measuring the wetting characteristics and structure of invading liquid fronts inside hetero-

geneously wettable porous media. The methods used to measure wettability and image the

liquid fronts are explained in chapter 2.

Chapter 3 describes the preparation of mixed wet model systems to investigate the role of

heterogeneous wettability. The model samples were designed such that the average wettability

of the different samples is kept constant, but the spatial extension of the heterogeneities is

systematically varied, from sub-pore scale to clusters of several beads. In this way the effect of

the spatial variations can be studied independent of differences in global wettabilities, unlike

approaches based upon initial oil saturations [42,66].
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Once the models were created and tested, the effect of the pore scale wetting hetero-

geneities on the sample scale flow properties was investigated, and the effects of the sizes

of the wetting and non-wetting patches on the bead surfaces quantified. Chapter 4 explains

the experimental approach used: the measurement of capillary pressure saturation curves.

These experiments measure the critical sample scale characteristics on dense bead packs on

the centimetre scale. To understand how this impacts the two phase flow properties these

experiments are combined with X-ray microtomography where the liquid front of the invading

fluid is imaged. The results of the pore structure on the overall flow properties and the effects

on the trapped ganglia are described in chapter 5.

This approach will provide guidelines to describe accurately heterogeneous wettabilities in

a porous medium, a prerequisite for efficient up scaled models from the pore to reservoir scale.

Full mapping of the wetting domain size from much smaller than a pore, to much larger than

a pore, in combination with numerical simulations can be used to ’back-characterise’ natural,

complex samples leading to more accurate predictive modelling. In order to determine the

extent of the effects of wetting heterogeneities, methods to produce such heterogeneities on

the very small scale are discussed in chapter 6.

Finally, to move towards ever more realistic models for natural systems, and in particular

a model surface to mimic the LoSal effect, surfaces are prepared with coatings which react

to the surrounding fluid environment. Such systems, with stimuli-sensitive wettability, could

potentially be used to investigate droplet remobilisation inside be packs, in order to better

understand the LoSal effect. The preparation of stimuli-sensitive surfaces are presented in

chapter 6.
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Chapter 2

Methods

This chapter describes the general methods used for the experiments and analysis. As this

body of work deals with wetting heterogeneities, the wettability must be measured. Ways in

which this can be achieved are discussed in section 2.1. The goal of this work is to understand

wetting effects in porous media, therefore it is imperative that the wettability of a porous

sample can be quantified. This is achieved using capillary pressure saturation curves which

measure the global wettability of bead packs. This type of measurement is explained in

section 2.2.

To understand the collective properties of the samples used in these experiments, and

to visualise what is happening inside them, x-ray tomography imaging is used. A general

description of how this works is provided in section 2.3. Finally to extract physical data from

the images a series of image processing steps are used. The general work flow is described in

section 2.4.

2.1 Measuring wettability

As illustrated in chapter 1 a systematic investigation into the effects of wettability of two

phase flow is required. The first question then, is how to measure wettability. This chapter

outlines the common approaches used to measure wettability, starting from a flat surface and

then moving into porous samples.

2.1.1 Measuring wettability on a flat surface

Wettability is the term used to classify relative strengths of interactions between two fluids

and a solid. In simplest terms is refers to the tendency of a fluid to spread on, or wet, a solid

surface, displacing the second surrounding fluid, (often referred to as the ambient phase).

The natural way to quantify the wettability of a planar surface is to measure the contact

angle the interface makes with the solid (fig. 2.1). This angle corresponds to the mechanical

13
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equilibrium between the two fluids and the solid surface. On an ideal surface this angle can be

related to difference in surface energies of the solid when in contact with different fluids and is

called the Young’s contact angle. The Young’s contact angle corresponds to the global energy

minimum between the three phases in contact. However, due to imperfections (chemical and

physical) on real surfaces, experimentally what is measured is the apparent contact angle,

which corresponds to a local energy minimum. If the liquid spreads completely over the

surface, that is has a contact angle of 0◦ it is said to wet the surface. Liquids which make a

contact angle of more than 30◦ but less than 90◦ are said to partially wet the surface, and if

the contact angle is greater than 90◦ the liquid is said to be non wetting.

Contact angles are typically measured using sessile drops, or the captive bubble technique

[82]. Both these techniques measure the static contact angle, which in the ideal case (i.e

perfect surfaces), also represents the equilibrium configuration of the three phases. When

the two fluids used are water, for the drop phase, and air for the ambient phase, the wetting

behaviour of the surfaces is referred to as hydrophilic (wetted by water) or hydrophobic (non

wetted by water). Clean glass surfaces are hydrophilic, and water droplets which are deposited

on top of them will spread. This is not true of dirty glass, e.g a window, where adsorbed

organic compounds change the wettability of the surface. A common hydrophobic surface is

Teflon, such as a non-stick frying pan, which is not wetted by either water or oil, and is also

oleophobic.

Figure 2.1: Cartoon showing the Young’s contact angle for a droplet sitting on top of a partially
wetting (left) and non-wetting (right) surface. The wettability is classified by the internal angle the
droplet makes with the surface.

The wettability of a surface is dependant on the surface structure, both the chemical

and physical composition. A film of organic components on a glass surface can render it

hydrophobic, for example a self assembled monolayer a silane on glass, or a thiol on a gold

surface. In this thesis films of chlorotrimethylsilane (CTMS) were used to modify glass sur-

faces. On a flat surface, CTMS monolayers will give a contact angle between air and water

of 90◦ - 100◦ [83,84] depending on the film quality. Another common method, and the other

method used in this work, of creating hydrophobic surfaces is first coating the substrate with

a thin layer of gold, or silver, and then forming a self assembled alkylthiol film. Films created
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with hexadecanethiol on gold have contact angles between air and water of approximately

110◦ [85–87].

Wettability of the substrate does not only depend on the chemical composition of the

surface, but also the physical composition. Surface roughness is known to play a large role in

the observed contact angle. Theoretical treatments of surface roughness include the Wenzel

model [88] which describes the situation when the film really wets the whole surface and the

Cassie model [89] which describes a situation where pockets of the ambient phase (i.e air) are

trapped under the drop. These methods provide a way of incorporating the effect of surface

roughness into the wettability measurement. The interplay between the physical and chemical

structure of the surface are used to design superhydrophobic surfaces [90,91]. These surfaces

have contact angles with water which approach 180◦.

It is essential to note that for any real system, the ideal energy minimum of the three

phases is unlikely to be reached, due to imperfections of the surface on which the contact

angle is being measured. Rather, it is more likely that the shape of the droplet corresponds

to a mechanical equilibrium and local energy minimum. In this case, the contact angle is

related to the work required to in- or decrease the area of the solid being wet by the fluid.

Still, it is valid to relate the contact angle to the work necessary to change the wet surface

area, as it contains the energy dissipated while moving the three phase contact line.

Due to the existence of these local minima, the measured contact angle ranges between

two values. The contact line, which is the line common to the three phases, moves when the

angle is larger or smaller than these two particular values, called the advancing and receding

contact angles. A sketch of these two angles is shown in figure 2.2

The advancing contact angle, θa is the largest angle a droplet forms against a surface

before the contact line moves. It is typically measured by increasing the size of a droplet and

measuring the largest angle which is formed before the droplet moves. As the droplet volume

increases, the contact line remains pinned to the surface and so the angle must increase. As

the droplet volume is increased further this becomes unstable and the contact line moves.

Similarly the receding angle, θr is the smallest angle measured, before the contact line is

moving when the volume of a droplet is reduced. The difference between the advancing

and receding contact angles is called the contact angle hysteresis. On a very homogeneous

substrate, the hysteresis is typically small (<5◦), but heterogeneity, chemical or physical, leads

to an increase of contact line pinning of resulting in an increase in contact angle hysteresis

(50◦ or even higher).
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Figure 2.2: Left: the advancing contact angle of a droplet of a surface and Right: the receding contact
angle.
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2.1.2 Measuring wettability on a sphere

Contact angles are extremely useful to classify wettability on flat homogeneous surfaces, but

the problem becomes substantially more difficult when it comes to measuring contact angles

on other objects. The problem of measuring contact angles on individually treated beads or

microspheres is long standing. If the sphere are large enough, e.g. 1 mm, micro-droplets can

be placed on top of them [92], the contact angle can be measured and the spherical geometry

of the substrate can be corrected for. However, because the drop should be an order of

magnitude smaller than the bead diameter to use this method, it is not easily applicable to

small microspheres. Another technique involves placing a sphere at an interface and measuring

the penetration depth [93]. Recently methods involving the deformation of the interface [94],

or measurement of the dynamics contact lines as a bead is pulled through an interface have

been suggested (experiments in progress by Dufour and Baret). These methods are still being

developed and there remains no single standard method of determining wettability of single

microspheres.

While it is of course most desirable to measure the wettability directly on the object of

interest, the difficult and tedium of these measurements generally prohibit sufficient mea-

surements to be made to characterise a statistically significant proportion of the sample of

interest. Instead, general practise is to measure the bulk wetting properties of many grains,

using techniques such as the Washburn capillary rise method [95] to measure wettability of

powders and porous samples.

2.1.3 Capillary wetting

The simplest measure of capillary wetting is called capillary rise. When a capillary is placed

inside a bath of liquid, the liquid will spontaneously rise inside the tube, displacing the fluid

inside it (usually air), to a given height which depends on the radius and wettability of the

tube. A cartoon of this is shown in figure 2.3.

Capillary rise

Capillary rise is defined as the height, h, a liquid rises inside a capillary of radius r (equa-

tion2.1).

h =
2γcosθ

∆ρgr
(2.1)

∆ρ is the density difference between the two fluids

γ is the interfacial tension between the fluid pair used in the measurements

θ is the contact angle of the fluids with the surface (assuming negligible contact angle hys-
teresis)
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Figure 2.3: Liquid rises inside a capillary to a height h, depending on the radius of the capillary, r,
γ the surface tension between the two liquids, and the wetting condition, that is the contact angle
between the capillary material, the invading liquid and the displaced phase, θ

r is the capillary radius

Rewriting the equation in terms of the pressure gives

Pc = ∆ρgh =
2γcosθ

r
(2.2)

which can be understood as the pressure required for a fluid to invade a capillary of radius

r. Both the wetting condition of the surface, and the radius of the capillary determine the

pressure required to displace the incumbent fluid.

The capillary rise is the measurement of a single saturation (the height the liquid rises

could also be expressed as a volume) of a capillary at a single pressure. This measurement can

be extended by varying the pressure and measuring the respective volumes, or saturations

of the both phases. These measurements are generally referred to as Capillary Pressure

Saturations curves.

2.2 Capillary pressure saturation curves

2.2.1 Introduction to capillary pressure saturation curves

Capillary pressure saturation (CPS) curves are a standard industry measurement for the

wetting characteristics of porous media. They are used extensively in this thesis to characterise
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the bead samples. This section describes the meaning of these curves. In practise any two

liquids can be used, and for ease of measurement one is often air. However in this work, the

two immiscible phases used, and discussed are water and oil.

As indicated by the name, capillary pressure saturation curves relate the capillary pressure

between the two immiscible fluids and the saturation of one of the phases. The capillary

pressure (Pc) is defined as the pressure difference across the interface of two immiscible fluids.

There are various conventions used to define it, but for the purposes of this work it is defined

as the following:

Pc = Pwater − Poil (2.3)

The saturation S is defined as the volume of water divide by the pore volume (i.e the total

volume of the porous media multiplied by the porosity of the sample). The capillary pressure

saturation curve is obtained by measuring the saturation of the fluids inside the porous media

at different applied pressure until the invading phase has entirely invaded the free space, and

then once more completely replaced by the original phase. This loop can be repeated several

times.

In these loops, water or oil invades the porous medium. In oil engineering, these steps

are referred to as ‘imbibtion’ and ‘drainage’. The physical chemistry definition of imbibition

refers to the displacement of a non-wetting phase by a wetting one, such as water invasion

into a water-wetting rock, or a glass bead pack, displacing oil. Drainage refers to the opposite

process, in which teh non-wetting phase displaces a wetting one. This however, becomes quite

confusing when talking about mixed wet systems because water invasion into the porous media

is simultaneously imbibition and drainage, that is both oil wet pores and water wet pores must

be invaded at the same time for the liquid to progress through the sample. These terms are

used rather loosely in the literature, with imbibition generically referring to water invasion,

regardless of the wettability of the porous medium, and drainage referring to oil invasion. For

simplicity, this convention will also be used here.

In the following section, the physical meaning of CPS curves will be explained first for

very simple systems, and the be presented for general porous media.

2.2.2 Capillary pressure saturation curves for model systems

The first simple system presented is composed of a single capillary, with negligible contact

angle hysteresis. Figure 2.4 shows a schematic of a capillary pressure saturation curve for an

ideal capillary. Water invades from the bottom, and at a certain pressure the water is able

to displace the oil and fill the capillary. In an ideal case, where there is no contact angle

hysteresis, the pressure in which the oil can re-invade the capillary displacing the oil should

be the same. In such a system, we would expect to find no hysteresis.

If we consider porous media, due to the different arrangement of grains, there are different
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Figure 2.4: Imbibition (water invasion) and drainage (oil invasion) of an ideal capillary (no contact
angle hysteresis), with a sketch of a capillary pressure saturation curve for such a system. Imbibition
is indicated by the blue arrows, and drainage by the yellow arrows.

pore radii, and so, the channels which the fluid can move have different sizes, and so the

heights the fluids would rise in each capillaries are different (see equation 2.2). Conversely,

it can be considered that the pressure required to invade capillaries of different sizes are

different. The effect of this on the capillary pressure saturation curve is shown in figure 2.5.

For the imbibition process liquid is sucked easily into capillaries with smaller radii, whereas

for drainage the pressure needed to force the non-wetting liquid into the smaller capillary is

higher than a larger one.

Figure 2.5: Imbibition and drainage of a bundle of capillaries with different sizes. The capillary
pressure saturation curve for such a system is shown on the right.
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The simplest models of porous media considers it to be a collection of capillaries through

which the liquid can flow [96, 97]. Extensions of these models using bundles of capillaries of

different sizes to model a stratified porous media (layers made of different sizes beads) are in

good agreement with experimental results [74] for single direction flow (i.e either imbibition

or drainage).

Increasing the realism of the model further still, channels that form in bead packs are

not straight capillaries but rather have non-constant curvature. A sketch of this is shown

in figure 2.6. The effect of the non-constant curvature changes the position of the interface

depending on whether the pore displacement occurs via imbibition (invasion of the wetting

fluid, in this case water) or drainage (invasion of the non-wetting fluid, in this case oil). The

different stable positions of the interface at the same capillary pressure causes hysteresis in

the capillary pressure saturation curve, even without taking into account the contact angle

hysteresis. The interface is advancing step by step. This non-constant advance means that

there is a certain applied pressure required for the interface to advance to the next stable

position. The ‘jumping’of the interface is a non-reversible process and the energy which is

dissipated in the process also contributes to the hysteresis of the capillary pressure saturation

curve. In porous media this phenomena is knows as Haine’s jumps. A formal mathematical

description of this process can be found in reference [98].

Figure 2.6: Cartoon showing imbibition and drainage of an capillary (no contact angle hysteresis) with
a non constant curvature. The different stable positions of the interface, depending on the wetting
condition of the invading liquid (i.e imbibition or drainage), leads to a difference in fluid saturations
at the sample pressures, shown by the opening of the loop. This is called capillary hysteresis.

Finally, to move from model capillaries to an actual bead pack, it is important to consider

the connectivity of pores. A schematic of this is shown in figure 2.7. Rather than straight

isolated channels, pores are connected to several neighbouring pores. This leads to two new

phenomena: topological changes in the interface, and the trapping of small blobs of liquid in
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the packing. Topological changes to the interface can occur when two advancing fronts merge

(known as Melrose processes) or an interface is split by an obstacle into two new advancing

fronts. Topological changes are irreversible and dissipate energy. These events, as well as the

Haine’s jump type events caused by the non constant radii of the pores both contribute to

the hysteresis between imbibition and drainage processes. The second effect of the network

of pores, compared to a bundle of capillaries, is that blobs of liquid may become disconnected

from the advancing front and remain trapped into the bead pack. Once a blob, or ganglia,

is disconnected from the advancing interface, even at high pressures of the invading liquid it

will not be remobilised.1 This leads to the non-zero saturation values at both ends of the

pressure versus saturation curve shown in figure 2.7. It should be noted, that these models all

represent the ideal case, where there is no contact angle hysteresis. Contact angle hysteresis

is also contributes to energy dissipation of the moving interface, although it is unclear if this

is a dominant effect. The effects of contact angle hysteresis are discussed in chapter 4

Figure 2.7: Imbibition and Drainage through a bead pack. Top Left: Schematic indicating the trapping
of droplets of the defending phase inside a bead pack. This leads to non-zero residual saturations of
each phase, even at large pressure. Bottom Left: Cartoon illustrating the topological changes (merging
or splitting) of the interface which can occur due to the network like structure of the bead pack. Right:
Schematic of a capillary pressure saturation curve for a sample bead pack model. The non zero value
of the residual phase results in the the secondary imbibition indicated by the dark blue arrows starting
from a non zero value.

Based on the pressure equation (eqn. 2.2) the order of pore displacements can be deter-

mined. For the wetting case (cosθ < 1) the liquid will invade first through the smallest pores,

than the larger pores. For the non-wetting case (cosθ > 1) the liquid will invade first the

1Strictly speaking, this is only true in the capillarity dominated regime. In the presence of viscous or
inertial forces remobilisation is possible. However, the experiments presented in this work are dominated by
capillarity, and this statement holds, that the disconnected droplets will remain trapped.
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larger pores and then the smaller ones.

2.2.3 Capillary pressure saturation curves for porous media

In this section, the use of capillary pressure saturation curves in the general case is pre-

sented. These curves are typically used to derive unknown characteristics of natural samples

such as pore size distributions and wettability. In petroleum engineering, these curves are a

standard industry measurement for wetting characteristics of porous media, and two general

classification schemes are used, the Amott-Harvey Index [99] and USBM number [49].

Shown in Figure 2.8 is again a schematic of a capillary pressure saturation curve, with the

different regimes highlighted. It consists of the primary imbibition curve (indicated with red

arrows) which is the initial invasion of the wetting phase into the porous media, then the pri-

mary drainage curve (blue and purpose arrows) which is the re-invasion of the original phase.

Following the primary imbibition and drainage, it is theoretically predicted that the system

enters a constant loop [100]. This loop is referred to as the capillary hysteresis loop. There

are two regimes of imbibition and drainage- spontaneous and forced. Spontaneous imbibi-

tion/drainage refers to invasion of the liquid into the porous medium at capillary pressures

lower than that required to invade the empty cell. These zones are indicated in figure 2.8. In

our system, spontaneous imbibition refers to imbibition which takes place at capillary pres-

sures less than zero, where the water is sucked into the porous medium displacing oil, and for

drainage at capillary pressure above zero where the oil is spontaneously sucked back into the

cell.
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Figure 2.8: Schematic of a capillary pressure saturation curve. The spontaneous and forced imbibition
and drainage zones are indicated by the coloured arrows.

Generally speaking the wettability of the sample can be inferred by the position of the

CPS curve to the Pc = 0 line (grey dashed line in figure 2.8). Curves below the line, which

spontaneous imbibe water are classified as water wetting. Samples which curves are above

the line, where the water has to be forced inside, are oil wetting and curves which are cen-

tred around Pc = 0 are either intermediately or mixed wetting. In order to quantitatively

characterise sample wettability there are two commonly used classifications of wettability de-

rived from capillary pressure saturation curves. These are the Amott-Harvey Index, and the

United States Bureau of Mines index. Both measures are used to quantify the wettability of

the sample.

Amott-Harvey index

The Amott-Harvey index, denoted as I, first described in 1959 [99] is a number between -1

and 1 which qualitatively describes the wettability of a rock (or any porous sample) with 1

being strongly water wetting, and -1 being strong oil wetting. A schematic indicating how

the Ammot-Harvey index is calculated is shown in figure 2.9.
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Figure 2.9: Schematic of a capillary pressure saturation curve with marked values used in the calcu-
lation of the Amott-Harvey Index

The Amott-Harvey Index is defined as:

Iw =
Sspw − Sw

1 − Sw − So
(2.4)

Io =
Sspo − So

1 − Sw − So
(2.5)

I = Iw − Io (2.6)

where

Sspw is spontaneous water sorption and corresponds to the point where the secondary imbib-
tion lines crosses the zero pressure line

Sw is the residual water saturation

Sspo is the spontaneous oil sorption, and corresponds to the point where the drainage line
cross the zero pressure line

So is the residual oil saturation

Looking at the schematic (figure 2.9 is it clear to see that small differences in the crossing

points of the zero line can have a major impact on the wettability classification. To avoid
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this, an alternative description of wettability is sometimes used which looks at the area under

the imbibtion and drainage curves.

USBM numbers

Another description of rock wettability is the United States Bureau of Mines number (USBM).

This qualitative characterisation is based on the integrated area under the forced imbibition

and drainage parts of the curve, and is shown in equation 2.7 and figure 2.10. It is based

on the idea that the area under the curve is equal to the amount of work required to move

the fluid interface through the sample. The wettability is then assumed to be linked to the

differences in how hard it is to remove the water, compared to how hard it is to remove the

oil.

W = log(
A1

A2
) (2.7)

Figure 2.10: Schematic of a capillary pressure saturation curve showing the areas used for the calcula-
tion of the USBM number. The forced drainage area is shown in blue and the forced imbibition shown
in orange.

Although these measurements, the Amott-Harvey index and USBM number, are consid-

ered the industry standard in determining wettability in porous samples of unknown wetta-

bility, which is almost always the case with natural samples, there have been many reported

limitations of such a classification scheme. For example, the Amott-Harvey and USBM in-

dexes are only applicable within a certain wetting regime, and cannot differentiate between
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very water wetting samples of different contact angles [35]. In the cases of mixed (with dis-

tinct water and oil wetting regions) or intermediate wetting (contact angles of approximately

90◦) both Amott-Harvey and USBM would give the same number. However, the two phase

flow properties through two such samples is very different [7, 8, 67].

In order to measure capillary pressure saturation curves there are two other quantities

which need to be considered: the capillary length and the capillary number.

The capillary length is given by equation 2.8. The capillary length, is the length scale

for an interface which results as the balance between interfacial tension and gravity. In

practise, for interfaces which are smaller than the capillary length, the effects of gravity can

be effectively ignored. For air/water systems, (and at standard pressures and temperatures)

the capillary length is around 2 mm.

λc =

√
γ

∆ρg
(2.8)

The capillary number is the ratio of viscous forces to surface tension. In general, for

systems with small capillary numbers the fluid displacement is dominated by capillary effects

(and not viscous effects). In our experiments the capillary number is approximately 10−6,

meaning that we are in the capillarity dominated regime. While the overall invasion of the

porous media, is said to be quasi-static, fluctuations in the local velocity of the invading fluid,

for instance during the Haine’s jump, can be significantly higher.

Ca =
µV

γ
(2.9)

The standard analysis of capillary pressure saturation curves assumes that the samples are

homogeneous, or that heterogeneity is homogeneously distributed. From a capillary pressure

saturation curve along, little can be said about the distribution of the wetting surfaces inside

the porous media. This is further exacerbated by the unknown wetting characteristics of the

sample. Instead, in this work a controlled sample with mixed wettability, where the distri-

bution of wetting surfaces are known and well characterised is investigated. This approach

allows for features of the curves specifically pertaining the wetting domains to be identified.

As such a library of curves corresponding to known samples can be created and has potential

for a better characterisation of wettability in natural samples.

The was characterised using X-ray tomography. In order to characterise the spatial dis-

tributions of wetting surfaces inside the bead packs, and asses the impact of wetting hetero-

geneities on the immiscible flow characteristics, the sample, and liquid-liquid distributions

inside the packing needs to be visualised. This is achieved using X-ray tomography.
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2.3 X-ray tomography

X-ray computerised tomography, referred to as X-ray tomography, or simply X-ray CT, is

the technique of creating 3D images by taking radiograms (x-ray adsorption images) from

every angle of the sample, and then reconstructing the 3D image from all the radiograms.

Tomography is widely used in medical diagnostics to create 3D internal images of the body, in

a non-destructive way. Medical CT scanners were adapted for use in the material sciences in

the late 1980s [101]. A schematic showing the principle of tomography is shown in figure 2.11.

Figure 2.11: (a) Schematic of the tomography set up. A sample is placed in the x-ray beam, and rotated
whilst being imaged. The x-ray transmission image at every angle is measured by the detector. These
images are then reconstructed into a 3D volume.

Tomography imaging of the samples in this work were acquired in house using the GE

Phoenix Nanotom, a commercially available instrument. A picture of the Nanotom and the

inside of the Nanotom is shown in figure 2.12. The name Nanotom, refers to the resolution

of the instrument, which is able to resolve features down to the ∼900 nm limit.

A sample is placed between the x-ray source and the detector and the absorption of the

X-rays by the sample is recorded by the detector which consists of a scintillating layer and a

CCD detector. The scintillating layer converts the X-rays into visible light, which are then

measured by the CCD detector. The sample is rotated in the beam, and at each angle, a

radiogram is recorded. An illustrative example can be seen in figure 2.13. Radiograms of

Kinder Surprise Egg are shown for 0, 90, 180 and 270 degrees rotation. For the full image a

radiogram is taken at finer steps of 0.5◦ rotation. These radiograms are then reconstructed

into a three dimensional image. The algorithm used is a filter-back projection algorithm and

details on the reconstruction algorithm can be found in reference [104]. A 2D slice and the

3D volume rendering of the egg are shown in figure 2.14.
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(a) GE Nanotom, photo reproduced from [102] (b) Inside view. Picture adapted from [103]

Figure 2.12: Outside and Inside views of the GE Phoenix Nanotom.

(a) 0◦ rotation (b) 90◦ rotation (c) 180◦ rotation (d) 270◦ rotation

Figure 2.13: X-ray adsorption images of kinder surprise egg taken at different angles. Images are taken
at each angle and then used to reconstruct the 3D image.

The most simple type of X-ray tomography, and the one discussed here is X-ray absorption

tomography. In this type of imaging, contrast is achieved between different elements of the

image by differing amounts of X-ray absorption. Materials which absorb a lot of X-rays

appear dark in the radiograms, but bright in the reconstructed tomography. X-ray absorption

depends on the mass attenuation coefficient of the material, which essentially depends on the

electronic structure of the material, i.e bigger atoms absorb more X-ray, gold is brighter

than aluminium, and the density of the atoms. A familiar example is a medical chest X-ray,

where the dense bones which contain large amounts of calcium absorb more X-rays than the

surrounding soft tissue (made mostly of water). Just like the medical x-ray, materials which

are strong absorbers appear bright in the reconstructed image, and materials which absorb

weakly appear dark. The difference in X-ray absorption of different materials means that X-

ray imaging is a useful non-destructive way to look inside otherwise non-transparent objects.

In the images of the Kinder Surprise egg, the pieces can be easily visualised due to the large
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(a) 2D slice (b) 3D volume rendering

Figure 2.14: 3D reconstruction of a Kinder surprise egg a) a 2D slice and b) volume rendering of the
grey value data with a cut to show the interior structure

density differences between the air (absorbs very few X-rays) and the chocolate and plastic

layers as seen in figure 2.14a. The 3D image is made of voxels, which are volume pixels. The

resolution of the image is described by the side length of a voxel.

3D visualisation of the interior structure of an object is aesthetically pleasing and can

allow important observations to be made, however to extract real physical data from the

images several processing steps are required to transfer the image into something that can be

analysed by a computer. The general image processing steps which are used in this work are

described in the following section.

X-ray parameters

X-ray images presented in the thesis was acquired with the following protocols. 3D tomog-

raphy data was collected using GE Nanotom with a tungsten target and a resolution of

16 − 17µm per voxel for the imaging of liquid fronts (Chapter 5), and 6 - 12 µm for the sam-

ple characterisation (Chapter 3). Data was acquired using a current of 150µA and a voltage

of 150 kV to achieve the best contrast between all phases in the system. 1440 images were

collected with an exposure time of 250 ms using 2x2 binning to give a reconstructed file size

of 1132 x 1132 x 1152 pixels.
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2.4 Image processing

Our eyes are very good at pattern recognition. For example, in the x-ray image of the Kinder

Surprise egg, our eyes have no trouble distinguishing the different elements- the outside egg

shell, the inside plastic capsule and the small toy inside. To convert this into something that

can be read by the computer however, we need to segment each element. This is usually

done by a form of grey value segmentation. For illustration purposes, it is useful to continue

with the Kinder Surprise analogy as it exhibits all the typical problems that arise during

image processing procedures. The generic work flow described in this section is applicable

to all of the samples and experiments imaged in this work with x-ray tomography. Image

processing and the creation of 3D pictures was done using Avizo-Fire 7.0, a commercially

available software package.

2.4.1 Pre-filtering

Prior to further processing, all images are pre-filtered using a 3D-bilateral filter2 with 500

iterations, which is an edge preserving median filter. This reduces the noise and improves

the segmentation quality. A raw image (before filtering) and filtered image are shown in

figure 2.15. The filtering step removes a lot of the noise from the bulk of the phases without

blurring the boundaries an undesirable side effect common to median or Gaussian filtering).

The noise reduction allows for significantly improved segmentation of the images.

(a) raw image (b) image after filtering (c) grey value histogram

Figure 2.15: (a) 2D slice from the raw tomography of a Kinder Suprise egg and (b) the same image
after bilateral filtering. (c) shows the grey value histograms (with a bin size of 300 grey values) of the
raw image (black line) and the filtered image (red). The removal of noise causes a sharpening of the
peaks enabling an easier segmentation.

2Each processing term is explained in the appendix (chapter A) and details of the precise algorithms used
can be found in [105].
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2.4.2 Segmentation

As seen in the images and the grey value histogram (figure 2.15) there are three phases

present, each shade of grey corresponding to a peak on the histogram. The background, the

air, is easily separated from the other two phases, however the chocolate egg shell, and the

plastic toy inside are much closer in grey values and therefore more difficult to segment. The

initial segmentation based upon the the local minimums of the grey values (selecting each

separate peak in the histogram) gives a reasonable approximation of the elements we want to

extract- with a few defects. This is shown in figure 2.16.

(a) shell segmentation (b) figure segmentation

Figure 2.16: The initial segmentation of the features of the image just using grey value thresholding.
The segemented portion of the image is overlaid on the original image in red.

Now there are two binary images (images which consist of 0 s, the black background, and 1

s the red foreground). There are some small errors in the segmentation, for example the small

bright sections on the figure correspond to the same grey values as the shell (see figure 2.16a)

and the aluminium foil around the egg corresponds to the same grey values as the plastic

figure and have therefore been included in the segmentation. These unwanted inclusions can

be removed from the binary images using morphological transformations.

The two simplest morphological transforms are erosion and dilation. Erosion refers to the

processes where the last layer of voxels of an object are removed and dilation refers to the

opposite, in which a layer of voxels is added. These operations are performed with different

neighbour criteria to determine what the edge of an object is. This is illustrated using a

2D example shown in figure 2.17. In 2D the neighbour criteria can be 4-neighbours (edge

connected) and 8-neighbours (corner connected) is In 3D, these become 6-neighbours (face

connectivity), 18-neighbours (edge connectivity) and 26-neighbours (corner connectivity). For

very small objects, or objects imaged with a low resolution, the choice of neighbour criteria
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does have some effect on the shape of the extracted data. Opening describes a sequence of an

erosion and then a dilation step. The result of the opening transformation is that large areas

of the image are preserved but the small isolated features, do not survive the erosion step and

are removed. Closing refers to the sequence of a dilation and subsequent erosion step. The

effect of closing is to fill in holes small gaps between nearly connected objects.

Figure 2.17: A 2D example of dilation and erosion. The dilation is performed on a one pixel object
using 4 and 8 neighbour criteria. The yellow square represents the initial pixel and the red squares
show the pixels which are added to the object in the dilation step. The erosion is performed on a 3x3
pixel object where the green squares show the pixels which are removed by the erosion step, and the
red square s are the final object.

The problems of the foil layer around the shell (see figure 2.16b) and the small inclusions

on the figure (see figure 2.16a) can be removed using an opening step using the 18-neighbour

criteria. The effect of the opening transformation on the segmented images can be seen in

figure 2.18.

(a) ‘opened’figure image (b) ‘opened’shell image

Figure 2.18: Opened images (compared to figure 2.16 with small erroneous features removed
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In this way, all the separate features of the image that we wish to identify can be extracted.

Continuing with further opening steps, the figure can be separated from the plastic capsule

inside. The capsule can be isolated by subtracting the figure from the original thresholded

image. We can now reconstruct the image from its separate components for analysis. This is

shown in figure 2.19

Figure 2.19: 3D Volume rendering of each individual components showing the separately identified
features of the image and picture of the object for comparison.

At this point, as there is no analysis needing to be done of the Kinder Surprise object,

nothing further will be done to this image. However, the concepts introduced here and in

general this work flow; filtering, segmentation, and mophological transformations, is the same

work flow applied to the experimental images of bead packs and liquid distributions featured

in this work, to obtain the features of interest for analysis.

2.5 Summary

This chapter dealt with two topics. The first is how to measure wettability, not just on a

flat surface, but also inside a porous sample. Wettabiliy of porous samples can be measured

using Capillary Pressure Saturation Curves. The second method introduced in this chapter

was X-ray tomography imaging. Tomography is a non-invasive technique which allows 3D

imaging of the internal structure of an object. Combined with several imaging processing

steps, the physical features of these images can be extracted and analysed. In order to fully

elucidate the two phase flow behaviour through the model porous media used in this study

these techniques will be employed to study the effects of wetting heterogeneities on measured

wettability and distribution of liquids inside bead packs.



Chapter 3

Design of mixed wet porous media

As demonstrated in chapter 1, what is missing in the literature is a systematic investigation

of the spatial distribution of wetting and non wetting surfaces in porous media. Despite

continuing interest in understanding the pore scale mechanisms involved in two phase flow in

porous media, mixed wet studies to date, do not consider the effects of wetting heterogeneity,

but rather focus on average wettability as a control parameter. While some heterogeneities

have been introduced in numerical studies, no model systems, experimental or otherwise,

containing lengths scales of a size such that multiple heterogeneities can exist with a single

pore space have been reported. This chapter will address this problem and describe the

design, creation and characterisation of the samples with wetting heterogeneities with lengths

that range from sub-pore to spanning multiple pores.

Samples were designed which had the same global compositions allowing direct comparison

of the effects of the local wetting distributions independently of any effects of the local wetting

distribution independently of any effect caused by overall average wettability. These samples

are this all designed such that while the spatial extension of the wetting and non-wetting

surfaces change, the overall percentages of wetting surfaces remain constant at 50%. This

will test the validity of ’averaging theories’. If average wettability in indeed a the important

control parameter of two phase flow than the pore displacements in all of these samples should

exhibit the sample characteristics.

To make sure that the flow properties through such samples was robust, and not a pe-

culiarity caused by a particular surface treatment, four different types of surface treatments

were used to create hydrophobic surfaces. The resulting coatings have similar contact angles,

but are made with different chemical treatments, and have different surface roughness. The

preparation of these samples could only involve scalable methods, as for the sample scale

properties (measured in Chapters 4 and 5) ∼ 3 g of beads are required per experiment. The

treated beads were characterised both locally (i.e individually) and as a whole sample. The

sample scale characterisation was performed by calculating the wetting correlation ξ, which

is proportional to the average size of the wetting domains.

35
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3.1 New kinds of models

The approach presented in this work was to introduce the mixed wettability on the beads

themselves. This methodology resulted in samples that contain potentially several wetting

heterogeneities inside of a single pore space, something completely new to the literature. A

sketch of each type of sample is shown in figure 3.1. The creation of each type of sample is

described in section 3.3. The surface modifications are detailed in section 3.2.

Figure 3.1: Cartoon samples created with different wetting correlation lengths, ξ. The two colours
represent the different wettabilities, with blue representing water wet surfaces and yellow signifying
oil wet surfaces. This colour convention is used throughout this work.

While is it important to locally characterise each bead (wettability, percentage surface

coverage), the flow through the sample will depend on the sample environment as a whole.

Therefore is also important to measure the collective properties of each of these samples,

by characterisation of bead packs comprising of ∼1,000 modified glass beads. This is accom-

plished using a minimal descriptor, the wetting correlation length ξ. ξ is a statistical property

of the collective surfaces of all the beads. It is defined as the average distance travelled away

from the original surface before a surface of the other wettability can be reached. ξ is mea-

sured from x-ray tomography images of the different sample types. The calculation of ξ from

the tomography images is described in section 3.4.
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3.2 Controlling the wettability

To introduce a wetting heterogeneity into the bead packs, the surface of the water wetting

glass beads must be modified to become oil wet. The glass beads used were MoSci soda lime

glass beads, with diameters of 350 - 425 µm. Four different protocols were used to achieve

this: silver, gold, CTMS and Etched. Multiple coatings were used to test the specific effects

of chemical functionality and surface roughness. Figure 3.2 shows homogeneously coated gold

and silver beads, and uncoated glass beads. The four types of surface treatments used to

create hydrophobic domains in the bead packs are ‘silver’, ‘gold’, ‘CTMS’and ‘etched’.

(a) silver coated beads (b) gold coated beads (c) uncoated glass beads

Figure 3.2: Pictures of fully coated beads, 350 µm diameter, with different surface treatments. The
difference in surface roughness between the gold, glass and silver beads is clearly visible. 1

3.2.1 Pre-cleaning

Prior to modification or use all glass beads are cleaned using the ‘Hellmanex ’ cleaning protocol

to remove any adsorbed organic material from the surface. An alternative common method

of cleaning glass is the piranha etch, which consists of a 4:1 ratio of concentrated sulphuric

acid to hydrogen peroxide. However, the in order to avoid any uncontrolled roughening of the

surface, a potential side effect of piranha cleaning the Hellmanex protocol was used instead.

The Hellmanex cleaning protocol is as follows: first beads are washed in millipore water, before

resting in a 20% solution of Hellmanex detergent for 120 minutes, with periodic agitation of

the beads. The detergent is then removed and the beads are rinsed with sufficient millipore

water until all foam disappears. The beads are then soaked in 1 M NaOH for 120 minutes,

with periodic agitation. Cleaned soda lime glass slides were measured to have a water in oil

contact angle of 20◦.

1Photo credit: Guido Schriever
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3.2.2 Silver

Beads classified as ‘silver’ are created by first coating the glass surface with silver metal and

then coated with hexadecanethiol rendering the surface hydrophobic.

To prepare the glass surface of the beads and create a better adhesion between the glass

and the deposited silver, the beads are first coated with APETS (3-aminoproplytriethoxysilane) [106].

The silver ions in solution complex with the free amine group of the silane providing surface

tethered seeds for the plating process.

50.0 g/L AgNO3 solution, with sufficient NH4OH (25%) added until all silver has formed

the Ag[NH3]2 complex, as indicated by dissolution of all brown AgNH3 precipitate resulting

in a clear solution. The reactive mixture is poured over the glass beads. To this solution

formaldehyde is added (2.5 mL per 10 mL H20). The solution is left to plate for 120 min at

room temperature.

After cleaning and drying of the newly deposited silver coating, a self assembled mono-

layer of hexadecanethiol (see figure 3.3) is formed on the silver layer, making the surface

hydrophobic. The silvered beads are covered with a 1% (volume) solution of hexadecanethiol

in dodecane for 60 min. The beads are then collected and rinsed with isopropanol and dried

in the oven at 75◦C for approximately 12 hours.

Water in oil contact angles were measured using sessile drops on analogously treated glass

slides and determined to be 120◦ (see figure 3.3).

Figure 3.3: Left:3D rendering of a hexadecane thiol molecule. The sulphur atom shown in yellow
spontaneously adsorbs to gold and silver surfaces creating a oil-wetting monolayer. Right: A sessile
drop contact angle measured of water in hexadecane on a silver-thiol surface

3.2.3 Gold

Gold coated samples were obtained from Creo-Vac Dresden and were created by sputtering

with gold resulting in a gold layer approximately 200 nm thick. The gold surfaces were then

made hydrophobic by adding hexadecanethiol, in the same treatment as the silver surfaces.

Static contact angles measured on analogously treated flat surfaces were measured to be 130◦.
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3.2.4 CTMS

A CTMS (chlorotrimethylsilane, see figure 3.4) layer was formed upon cleaned glass beads

by resting them in a 0.5% volume solution of toluene for 60 minutes at room temperature.

The beads were then rinsed in isopropanol and acetone before drying in the oven overnight.

Static contact angles measured on analogously treated microscope slides were determined to

be 130◦.

Figure 3.4: Left: 3D rendering of a CTMS molecule. The silane atom (shown dark grey) reacts with
Si-OH groups on the glass surface forming a Si-O-Si bond. The methyl groups then point upwards
from the glass surface making it hydrophobic. Right: Contact angle measurement of water in oil on a
CTMS treated microscope slide.

3.2.5 Etched

In order to investigate the effect of surface roughness, and create an alternative rough sample

to compare with the results of the silver coated beads, a glass etching protocol as described

in Utermann et.al. [107] was used. A solution of 60 g of glycerol in 140 mL of millipore

water was heated at 90◦C for 90 minutes. 60 g of NH4FHF and 10 g of FeCl3 were added

to the mixture and thoroughly shaken until dissolved. The mixture was then shaken on a

horizontal shaker for 15 min and allowed to cool, and then vortexed (using the vortex genie)

for 15 seconds to ensure that all additives were dissolved or dispersed in the solution. The

solution was then centrifuged for 15 minutes at 5000 rpm (revolutions per minute) and the

clear solution carefully decanted from the sedimented solids. Glass beads were added to the

clear etching solution for ten minutes. The solution was then decanted and the glass beads

rinsed several times in millipore water and dried overnight in the oven. The rough surfaces

were then made hydrophobic using CTMS.

3.2.6 Characterising the Surface Roughness

The surface roughness was characterised using white light interferometry (WLI). These mea-

surements were performed on five beads of each type (gold, silver and etched). Figure 3.6
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Figure 3.5: SEM image of etched beads, the left panel is a native glass bead, and the right panel is a
glass bead that has been etched. Scale bars are 1 µm. Image taken from [107]

shows the surface profiles of a gold, silver and etched glass bead. The gold bead has a smooth

surface, and just a few sub-micron defects can be seen on the spherical cap. The silver bead,

has an extremely rough surface, with features extending up to 5 µm from the surface. This

confirmed what is seen in the optical images (figure 3.2) that the silver surfaces are very

rough. The etched glass surfaces are also quite rough, with features of several microns visible

in the surface profile.

3.2.7 Stability of the coatings

The stability of the different coatings were tested in two ways. The first was to measure the

interfacial tension (IFT) of hexadecane in which the beads had been soaked for more than

24 hours. The IFT of the hexadecane was measured via the pendant drop method against

millipore water and did not change substantially from the recorded value of clean IFT. The

IFT against time is shown in chapter 4, section 4.1.5. If the coatings were deteriorating in

the presence of the hexadecane, the IFT is expected to drop. The second method used was

to create layered samples of modified beads and clean glass beads and measure the capillary

pressure saturation curve for such a sample. Previous studies had reported that coatings such

as OTS (octadecyltriethoxysilane) were unstable in the conditions of the CPS experiment and

that after an experiment OTS was found to coat all of the beads in the cell and not only

those which had been originally modified. [108]. After the CPS experiment, which lasts more

than 24 hours, the beads were removed in their layers so that the originally hydrophilic beads

were separated from the originally modified beads. The wettability of these beads was then

qualitatively checked by placing the beads into water and oil and observing their behaviour.

There was no change in the qualitative wetting behaviour of the beads, the hydrophobically

modified beads continued to flocculate in the water and flow in the oil, and the glass beads

did not flocculate at all under water.
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(a) gold bead (b) silver bead

(c) etched glass bead

Figure 3.6: Surface plots of treated beads measured by white light interferometry. The beads have a
diameter of 350µm.

These four methods of creating hydrophobic surfaces are used in conjunction with different

techniques to control the length scale of the surface modification to create the four model

samples depicted in figure 3.1.
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3.3 Controlling the length scale

This section outlines the creation of the different length scales used in the investigation. Each

of the sample types (patchy, janus, mixed, and clusters) was designed to have different spatial

distributions of the wetting surfaces but importantly, an average surface coverage of 50%

hydrophobic surfaces in the entire bead pack.

3.3.1 Patchy

Patchy samples are beads which have multiple wetting patches on a single bead. Packings

of these beads create samples where within every pore space each pore contains one, or even

several wetting heterogeneities.

Patchy samples were made by selectively masking the contact points between grains using

liquid bridges. The amount of surface coverage is directly proportional to the liquid content

in the bridges [59]. This is illustrated in figure 3.7 where liquid bridges of 1 M CsI solution

(for x-ray contrast) in a packing of glass beads were imaged using X-ray tomography.

Figure 3.7: (a) 2D slice and (b) 3D volume rendering of X-ray tomography of beads with water bridges
made from 1 M CsI for X-ray contrast enhancement to show location of masks

Samples used in this study were created by using the liquid bridges which form between

grains as a mask prior to further surface modification. A volume of 2.0% of the total sample

volume of hexadecane was used for masking and was stirred through the beads so that the

liquid became homogeneously distributed between beads as capillary bridges (as shown in

figure 3.7). The sample placed in the freezer and cooled to -20◦C, freezing the masking liquid

to prevent any movement. The frozen packing was then injected with a 0.5% solution of

CTMS (chlorotrimethyl silane) in hexane. Hexane was used as the solvent as the freezing

point of hexane (∼ -95 ◦C) is well below that of hexadecane (16 ◦C). The frozen porous

sample filled with the CTMS in hexane solution was degassed, to ensure that the CTMS

reaches all the exposed surfaces of the beads and then left to react for 18 hours in the freezer

at -20◦C. After this time the sample is warmed to room temperature, the liquids removed
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and the beads washed in isopropanol, and dried in the oven. A schematic of the method can

been seen in figure 3.8.

Figure 3.8: Schematic showing the masking of patchy beads to create a length scales smaller than a
single pore size

One method of characterising the extent of modified surface of the patchy beads is to

measure the surface coverage of the beads by the liquid bridges. Previous work on this issue

determined that at a mask volume of 2.5% of a wetting fluid (water) the surface coverage of

the beads was approximately 45% [59]. However, the system used here is slightly different,

and to ensure that there are no significant side effects caused by using different mask liquid

or the freezing step, it is also necessary to measure the amount surface coverage directly on

modified beads.

Surface modifications with silanes are particularly unsuited to visual characterisation,

either by microscopy of x-ray tomography. In order to characterises the surface coverage,

using x-ray tomography samples with x-ray contrast corresponding to the different wetting

patches are required. These samples consisted of fully coated silver beads which were masked

with hexadecane in the same manner as the silane modified beads. The exposed silver surface

was then etched away using a solution of 4:1:1 MeOH:H2O2:NH4OH for five minutes. After

cleaning and drying the beads were then dried and imaged using X-ray tomography to visualise

the remaining silver surface. In order to determine the correct mask volume, samples with

volumes from 1.0% to 2.5% were measured. The sample was imaged with a resolution of 6 µm

per voxel to allow high resolution imaging of the surface.

From the X-ray tomography the glass and silver surfaces were extracted (details of the

image processing can be found in appendix A), and the surface coverage to mask volume ratio

was calculated and is shown in figure 3.9. To match the surface wettability ratios of the other

samples, a mask volume of 2.0% was chosen, resulting in a surface coverage of 50 ± 5%.

As a caveat to this method, it should be mentioned that the etching reaction between

the etch solution and silver surfaces is highly exothermic, and forcing this liquid inside bead
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Figure 3.9: a) Calibration of surface coverage to mask volume of etched silver patchy samples. The
large error bars arise from the sensitivity of the surface layers segmentation and b) 2D slice of an
x-ray tomography of etched silver beads created with a mask volume of 2.0%. The silver surfaces are
highlighted in blue and the glass surfaces in orange.

packs with frozen liquid bridges, without destroying the integrity of these masks is not without

substantial difficulty. In fact, this could only be achieved on small samples of beads, sufficient

for characterisation, but not of the order required for testing of flow properties which requires

∼ 3 g of beads. For this reason, only the CTMS modified patchy beads were able to be used

for further experiments.

3.3.2 Janus

Janus spheres were created by modifying half of the surface of the spheres. For the different

coatings used this was achieved by two masking methods.

Gold janus beads were created by sputtering gold on the top half of beads sitting on a flat

surface. The shadowing effect provided by the neighbouring beads preventing the undersides

of the beads being coated and resulted in half coated gold spheres. A 3D volume rendering

(made from x-ray tomography images) of gold sputtered janus grains can be seen in figure 3.13.

Silver janus grains were created as described by Cassangrande et. al. [109] in which beads

are half masked using a thin film of resin (Norlands Optical Adhesive no. 89, a UV curable

glue) and the remaining exposed surface is coated. A schematic of such a scheme is shown in

figure 3.10.

To ensure there was no lasting wettability alteration of the masked side of the beads, a
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Figure 3.10: Cartoon showing resin protection method of creating janus grains.

control batch of beads was made, where the beads were first embedded in the resin layer, then

removed cleaned and dried. The wettability of these beads was measured using a capillary

pressure saturation curve and they were found to be as hydrophilic as the straight cleaned

glass beads, demonstrating there was no side-effects of the resin.

An alternative method to make janus beads using wax and water emulsions was first

trialled, but eventually abandoned due to a low yield of usable grains. Details of this methods

can be found in appendix B.
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3.3.3 Mixed

These are the easiest of the four samples to create as it involves simply mixtures of hydrophobic

and hydrophilic spheres. These are the only types of samples described here which have been

previously reported in the literature and around which theories concerning mixed wettabilities

have been built. Mixed samples were made with all four surface treatments- gold, silver,

CTMS and etched. A 3D volume rendering of a mixed sample is shown in figure 3.13. It was

postulated in chapter 1 that mixed wet samples of this type are a special case of heterogeneous

wettability, due to the presence of continuous pathways of oil wet and water wet pores. The

percolation of both phases of beads is shown in figure 3.11 which shows individual volume

renderings of the two kinds of beads. There are continuous pathways of water wettable

and oil wettable pores throughout the whole system. It is this dual percolation in mixed

samples which is most likely responsible for the agreement between contact angle averaging

modelling and mixed-wet bead pack experiments. These creation of these images from X-ray

tomography of bead packs is described in section 3.4.

(a) oil wet spheres (b) water wet spheres

Figure 3.11: Both types of spheres, yellow representing oil wetting and blue representing water wetting
are displayed here separately. From these images it can been seen that both phases have connected
pathways through the packing.
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3.3.4 Clusters

Cluster samples were made by sieving wetted beads of homogeneous wettability (both hy-

drophobic and hydrophilic clusters are prepared) through a 1 mm sieve. The beads were first

partially wet with hexadecane so that they stuck together, and the wet mixture sieved to ob-

tained clusters of a defined size. A cartoon of this process is shown in figure 3.12 a. Analysis

of cluster size was done by embedding individual clusters in PDMS (polydimethysiloxane)

and making X-ray tomography of the clusters. The beads were segmented and each individ-

ual bead identified. The 3D renderings of the individual clusters, with identified beads are

shown below in figure 3.12 b. The number of beads per cluster was counted for 20 individual

clusters. The histogram of the number of beads per cluster is shown in figure 3.12 c. From

this small number, it can already been seen that there is a large range of sizes, from 10 beads

to more than 60, with the average cluster size estimated to be ∼30 beads. The number of

clusters measured in this was was limited due to the difficult of embedding the individual

clusters in PDMS and preventing any two clusters from merging.

Figure 3.12: (a) Cartoon showing how clusters of a defined size are made by sieving through a 1 mm
mesh, (b) volume renderings of individual clusters imaged with x-ray tomography, different colours
are used to indicate different beads, and (c) histogram showing the number of beads per cluster.

A 3D volume rendering of X-ray tomography of a cluster sample is shown in figure 3.13.

What is clear from the 3D image is that, just like the mixed sample, there are percolating

pathways of both types, water and oil wet beads the entire way through the sample. What

is also clear from the tomography, is that the packing of such a sample is non-trivial in that

the clusters need to remain unbroken during the formation of the sample. To maintain the

integrity of the clusters the liquid bridges were frozen after sieving creating solid but brittle

clusters. 50% mixtures of oil wet and water wet clusters were made by mixing equal weights

of each type of cluster. This was stirred, gently to mix the clusters without breaking them.
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The clusters were then transferred into a sample tube. The renderings of individual clusters

in figure 3.12 show irregular and anisotropic shapes, and because of this the frozen clusters

do not form dense packings. To achieve a density comparable to that of the other samples, of

approximately 60% the clusters are compressed using a teflon rod. The pressure exerted on

the clusters is sufficient to either melt the frozen hexadecane bridges between the beads, or

simply break them. Layer by layer, first filling the sample tube with the mixed clusters, and

then by compressing the clusters a dense sample can be built up. This sample is then filled

with hexadecane and degassed to remove any air. In order to transfer the dense cluster sample

without disturbing the local arrangement of the grains from the cluster formation it is frozen

and transferred as a solid block from the preparation sample tube into the measurement tubes

(for example for the CPS experiments).
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3.3.5 All samples

(a) patchy (b) janus

(c) mixed (d) clusters

Figure 3.13: Volume rendering of X-ray tomographies of heterogeneously wetting samples. The samples
were dry (no liquid). The beads imaged here are 350-400 µm in diameter. For the patchy and
janus samples, with correlation lengths of less than one, there are no (or very few possibilities) of
percolating pathways of one wetting surface throughout the whole sample. In the case of the samples
with correlation lengths greater than 1 (mixed and clusters), both samples show percolating pathways
of water wet and oil wet beads through the entire sample.

Observing the volumes of all of the samples next to one another, as shown in figure 3.13
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the differences between the samples are highlighted. What is apparent for both the patchy

and janus samples, is that on single bead both types of wetting surfaces are present. For these

samples there are no, or very few possibilities for a continuous pathway of one or the other

wetting surface from the bottom to the top of the packing. This is in contrast to the mixed

and cluster systems which have continuous pathways of both wetting surfaces throughout the

packings.
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3.4 Characterisation on the sample scale

To understand the flow behaviour through these samples, it is necessary to characterise the

spatial distribution of wettabilities throughout the whole sample. This is done by measuring

the wetting correlation length, ξ from tomographic images of packings of dry grains. The

images were segmented such that each ’wetting phase’ was selected separately, set to 1 or 2,

and all background voxels were set to zero. 2D slices of the tomographies overlaid with the

two segmented wetting surfaces can been seen in figure 3.15. For most of the samples, it is

not possible to determined the wettability from the x-ray absorption (i.e silane coatings are

not visible by X-ray tomography). To overcome this model samples were designed with X-ray

visible markers which have a spatial distribution similar to the wettability distribution of the

samples of interest. 2D slices of the tomographies overlaid with the two segmented wettign

surfaces can be seen in figure 3.15.

Extraction of features from tomography images is performed using grey value thresholding,

as described in chapter 2, section 2.3. In order to be able to differentiate between water wet

and oil wet surfaces in the images these features need to have a different X-ray contrast. In the

case of the metal coatings, this is relatively straightforward, although, x-ray imaging requires

thicker layers of deposited metal than necessary for the wettability modifications. Patchy

samples created by the silver etching method could be directly used for the correlation length

calculation as the silver is quite thick ( 1 µm) is much brighter than the glass beads. For

janus samples x-ray contrast was achieved by sputtering a thick layer of gold ( 1 µm) on

one hemisphere of the bead, and imaging with a resolution of 11 µm per voxel allowing for

clear resolution and segmentation of the modified surface. The mixed and cluster samples

which have homogeneously coated beads were imaged using two types of beads with different

x-ray contrast: glass and basalt beads. Because the beads were the same size as those used

in the experimental measurements and the samples were prepared in identical ways these

models represent the mixed and cluster samples prepared with modified glass beads. Mixed

and cluster samples were imaged with a resolution of 12 µm per voxel. The different wetting

surfaces for each type of sample were extracting using a combination of filtering, segmenting

and morphological transformation techniques. The exact protocol used for each sample is

described in the appendix (chapter A). The correlation length calculations were performed

on samples containing approximately ∼1,000 beads. The results of the correlation length

calculation for the four types of samples is shown in figure 3.15.

The algorithm used for the correlation calculation compares every voxel to every voxel

within a sub-volume of the image. This works by constructing a 3D matrix where the coor-

dinates of the element of the matrix represent the difference in the coordinates between two

voxels. Each element of this matrix is a 2D matrix representing the different colour infor-

mation (AA, AB, BA, BB). The segmented image is converted into a 4 dimensional array

containing the coordinates and value of every non-zero voxel (as in the initial calculation).
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Unlike a classical auto-correlation each entry in the list is compared with every entry occur-

ring after it, i.e voxel pairs are only compared once, substantially improving the efficiency of

the calculation. As each voxel pair is checked the counter for each colour combination in the

element of the matrix is incremented according to the voxel combination (i.e AA, AB etc.).

After every voxel pair has been checked, the distances between the voxel pair are calculated

from the coordinates of the storage matrix. This step allows the distance calculation to be

performed only once also greatly improving the efficiency of the calculation. The entire pro-

cess is depicted in flow chart form in figure 3.14. The distance histograms are converted into

probability distribution fucntions by dividing the number of a given type of voxel combina-

tions found at a certain distance by the total number of voxels combinations found at that

distance. An example showing how the PDF of AA is calculated is shown in equation 3.1.

AB is used to denote both the AB and BA voxel combinations as the order is unimportant.

PDF (AA) =
AA

AA+BB +AB
(3.1)
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Figure 3.14: Graphical representation of the correlation length calculation for a 2D 3x3 pixel image.
The speed of the algorithm is greatly improved by reading each pixel pair only once, and performing
the distance calculation only once at the end, rather than for each pixel pair. From the output of the
code, the counts and distance information the PDF for each colour can be calculated.
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The correlation length code as described above calculates the probability density function

of the wetting surfaces. Simply put, the three curves plotted in each graph of figure 3.15 are the

probability of being in a certain phase after moving a distance (measured in bead diameters)

away from the starting point. The blue and orange curves represent the probabilities to

remain in the same phase- starting and ended in either a blue of orange voxel. The black

curve represents the probability to change phase, starting in either blue or orange, and ended

in the other colour, irrespective of the order. The correlation length is taken as the cross

point between the blue and orange and the black curves. At this distance the probability to

remain in the original phase (either blue or orange) is the same as to change into the other

wetting surface. Now it can be understood that ξ describes the spatial extension of wetting

patches.

From the curves shown in figure 3.15, two important pieces of information can be learnt.

The first is the value of the correlation length, which is displayed on the figure. The second

piece of information is a confirmation of the global distribution of wetting surfaces inside the

packing. The values of the blue and orange curves at a distance of zero show the relative

numbers of blue and orange voxels extracted from the tomography images. For all samples

each colour makes up 50% of the total extracted surface voxels. The composition of the mixed

and cluster samples is the most clear, as they are created by weighing set amounts of each

kind of bead on an analytical balance. As the volumes of the beads have clear x-ray contrast

the segmentation of the beads, and surfaces is relatively straightforward. Because of this, the

high amount of confidence in the sample composition, and in the surface segmentation, the

variation between the blue and orange curves can be understood as a natural error bar for

this measurement.
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Figure 3.15: The correlation lengths with the cartoons of the sample types and the tomography images
used in the calculation are plotted. From top to bottom the samples are patchy, janus, mixed and
clusters. The y-axis shows the probability density function to end up in a voxel of the same value
(blue or orange) after moving a distance d (x-axis, normalised to a bead diameter). The colours of
the curves blue and orange represent the different values of the surfaces and the black curve shows
the probability to change from a blue voxel to an orange one. The correlation length ξ is taken as the
crossing point between the blue, orange and black curves, and is indicated on the graph.
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3.5 Summary

This section has described the preparation and characterisation of a library of samples with

spatial distributions of wettability which span the length scales from sub-pore to multiple

pores. The wetting heterogeneities have been classified using a simple statistical descriptor

called the wetting correlation length. Each type of sample here had a distinct correlation

length for each wettability pattern. This is the first time a minimal descriptor has been

proposed for mixed wetting porous media. The effect of the correlation length on macroscopic

properties of samples of these types of grains will be examined in chapters 4 and 5.



Chapter 4

Capillary pressure saturation

experiments

This chapter describes the Capillary Pressure Saturation Experiments used to measure the

average wettability and the energy dissipation fluids experience as they are forced through a

porous media. The first section describes the experimental apparatus used and the protocol of

running an experiment. The second part details the results obtained for the different sample

types and explains the differences observed between the samples.

4.1 Experimental

Capillary pressure saturations curves were obtained for the mixed wet samples that were

described in chapter 3.

The experimental apparatus was designed and built in house in collaboration with Benôıt

Semin, and optimised to allow collection of multiple pressure saturation curves per sample.

This section describes the experimental set up, choice of materials for the experimental cell,

and details the measurement protocol for a Capillary Pressure Saturation curve.

4.1.1 Capillary pressure saturation apparatus

Capillary Pressure Saturation curves were measured using a self-built experimental apparatus,

sketched in figure 4.1 and how it looks in the lab in figure 4.2.

57
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(a) (b)

Figure 4.1: Sketch showing (a) the experimental capillary pressure set up and (b) 3D detailed drawing
of the measurement cell showing where the membranes are placed. The capillary pressure, Pc = Pwater

- Poil, is set difference in heights between the liquid levels in the water reservoir (1) and oil reservoir (4).
The flow of fluids is controlled by a pair of semi-permeable membranes. The hydrophilic membrane
(2) allows flow of water, but not oil, and hydrophobic membrane (3) allowing flow of only oil through
the membrane. The water pressure is controlled using a translation stage (1) where the height of the
water reservoir sets the hydrostatic pressure of water, and the movement of hexadecane in and out of
the cell is measured on an analytical mass balance (4).

To obtain the Capillary Pressure Saturation curves, a bead sample is held inside the

pressure cell, which has a cylindrical body (see figure 4.1). A hydrophobic membrane is

placed at the top part of the sample (permeable to oil but not to water) and a hydrophilic

membrane (permeable to water but not to oil) at the bottom. An oil reservoir is connected to

the hydrophobic membrane, and a water reservoir to the hydrophilic one. The oil saturation,

i.e. the volume of oil between the membranes divided by the total liquid volume, is measured

as a function of the pressure difference between the oil and water reservoirs.

In this setup, the cell body is made of brass or polyether ether ketone (PEEK). The latter

material is X-ray transparent. The cell consists of a bottom part, a central part containing

the beads and a top part. The use of three parts make the filling and cleaning of the cell

easier. The beads are contained in a cylinder of diameter 12.5 mm and height 16.7 mm, and

these dimensions are the same for both materials. The three parts are indicated in figure 4.1b.

In the case of the PEEK cell this cylinder is inside the central part of the cell. In the case of

the brass cell, a Teflon cylinder (outer diameter 18 mm) is inserted inside the central part so

that the geometry of the bead sample is the same.
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The hydrophobic membrane (Fig. 4.1(3)) consists of two layers: a thick membrane (Porex

XS-96190, pore size 7-12µm, height 1.5mm which ensures that the membrane is mechanically

strong enough and a thin membrane (Sartorius 11806-47-N, PTFE, pore size 0.45µm, height

115-145µm, which prevents any water to flow through it. The two membranes are held

together using two magnets (Supermagnete, diameter 3 mm, height 1 mm, nickel coating).

The thick membrane is in contact with the beads, because the thin hydrophobic membrane

is easily damaged when in contact with the beads. Similarly, the hydrophilic membrane

(Fig. 4.1(2)) is made using a thick Porex XS-8259 and a thin Sartorius 25006-47-N polyamide

membranes. The thin hydrophilic membrane is in contact with the beads because it is not

damaged by bead contact.

Figure 4.2: Photo of the experimental set up showing the analytical balance with the oil reservoir, and
the translation stage with the water reservoir.

The top part of the cell is filled with oil, as is the tubing connecting it to the main oil

reservoir, a glass Erlenmeyer, which is open to air. To avoid any force transmission the tubing

it fixed under the oil surface, but not touching any of the walls. This tubing is made of PEEK

and is bought from Upchurch Scientific: OD 1/16 inch (1.6 mm) , ID 0.03 inch (0.8 mm),

length ∼ 25 cm. The diameter and length of the PEEK tubing have been chosen to minimize

the pressure drop in the tubing, and thus to keep the time scale of an experiment within
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1-2 days. The typical flow speed during imbibition is approximately 0.02µ L · s−1 (max ∼
0.06µL · s−1).

A 3-way valve (Hamilton HV3) is placed at the middle of the PEEK tubing, which allows

us to fill the PEEK tubing. Similarly, the bottom part of the cell is connected to a 250

mL glass bottle open to air through a PEEK tubing (140 cm) with a 3-way valve in the

middle part. Both the water and oil reservoirs have large liquid air interface (19.5 and 18 cm2

respectively), so that the liquid level remain constant (maximum height change of 0.47 mm,

which would correspond to a pressure change of 0.05 mbar) with respect to the reservoirs,

and so that the Laplace pressure drop at this interface is negligible.

The erlenmayer containing the oil is placed on the plate of a balance (Fig. 4.1(5)) (Denver

Scientific, SI-234), 0.1 mg readout) to measure the quantity of oil removed from the the

sample as a function of time. The water pressure is set by translating vertically the water

reservoir using a 1m high translation stage (Isel, Germany). The balance and the translation

stage are computer controlled using a Labview routine.

The two fluid couples used for the experiments are listed, with the properties of the

pairs in table 4.1. The second liquid-pair, with the 2 M KI(aq) solution is used for X-

ray contrast in visualisng the liquid distributions (chapter 5). The capillary length for the

hexadecane-millipore water couple is larger than the height of the cell, and so the effects of

gravity on the imbibition/drainage can be safely neglected. In the case of the salt solution,

because of the greater density difference between the two liquids, the capillary length is

half that of the cell height, meaning that gravitational forces on liquids might play a role

during imbibition/drainage. However, as shown in chapter 5 analysis of the invading front

morphology showed that under the experimental conditions used, this is not the case.

Liquid pair ∆ρ
[kgm−3]

Interfacial tension
initial γi [mNm−1]

Interfacial tension fi-
nal γf [mNm−1]

Capillary Length
(mm) λc

Hexadecane-
Millipore Water

227 51 ± 1 35 ± 1 22.9

Hexadecane-2M
KI(aq)

558 48 ± 1 45 ± 2 8.76

Table 4.1: Physical data for the fluid-pairs used for the capillary pressure measurements. The capillary
length is calculated using the initial interfacial tension values.

The materials of the experiment have been chosen specifically because they do not release

surfactants into the oil or water phases. This was checked by measuring the surface tension

between the oil collected above the hydrophobic membrane after an experiment and millipore

water. The testing of each component is described in detail in subsection 4.1.5

The temperature of the room is regulated to be 21+/−0.5◦C throughout the experiment.
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4.1.2 Experimental procedure

Prior to the experimental runs, all air is removed from the system by degassing the beads and

the membranes. The sample beads and hydrophobic membrane are degassed in hexadecane

and the hydrophilic membrane is degassed in water. Beads are loaded into the cell under

oil, to prevent introduction of air, and all tubing is primed with fluid at the beginning of the

experiment.

The points of Capillary Pressure Saturation curves correspond to a steady state regime.

The aim is to determine the steady saturation for a set of given capillary pressure. The initial

state of the sample is in oil. The pressure of the water is increased in equal steps (usually

1 mbar) and oil is produced from the cell. At a given saturation, no more oil is produced

with further increasing pressure steps, and this amount of liquid is referred to as the residual

oil saturation.

We know the internal volume of the cell is 2.05 mL, that the porosity of the sample is

approximately 40%, and that the total fluid volume within the cell is 0.82 mL. The density

of hexadecane is 0.77 g/mL. The total mass of hexadecane which can be produced from the

cell is therefore ∼0.65 g.

The pressure is only increased or decreased (depending on the position in the ramp)

when the mass reading on the balance reaches a steady value. It is considered that the

saturation reaches a steady value when the mass reading on the balance remains constant

within a standard deviation of 0.0005 g during 200 s (see figure 4.3). At this point, the

saturation value and the capillary pressure is plotted on the CPS curve and the pressure is

increased/decreased.

As a protocol capillary pressures from -20 mbar to +20 mbar and back to -20 mbar by

1 mbar steps is chosen, (a 1 cm vertical translation of the stage corresponds to a 1 mbar

pressure change). These loops are repeated 3 to 5 times to reach a steady cycle.

This procedure, which consists in changing the pressure rapidly where the saturation is

hardly changing and changing it slowly in the pressure region where the saturation is changing

a lot allows significant gains in speed of the CPSC measurement while maintaining a high

level of accuracy. This also allows us to make several loops to check the steady behaviour of

the system, which is rare in the literature, due to the extensively long time scales otherwise

required for such a measurement, which can be matters of weeks per measurement. [23, 42].

At the end of the measurements to beads are collected dried and weighed, and the packing

fraction is calculated.

4.1.3 Calibration of the zero capillary pressure

The zero capillary pressure point is calibrated by performing a CPS experiment without beads

in the cell. An example of an empty cell experiment is shown in figure 4.4. This allows us

to account for the different densities of the liquids used, and eliminates any errors which
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Figure 4.3: Raw data obtained from CPSC experiment. Mass of oil recovered (blue) and height of
the translation stage (green) with time. The inset is a close up of each step. The convergence of the
mass curve coincides with increasing the height of the translation stage.

might be caused from measuring the heights manually. The oil saturation change at a given

translation stage height, which corresponds to the reference height (and thus the reference

pressure) sets the zero capillary pressure. The height of the stage when the water is able

to displace the oil during the imbibition phase, and the oil replaces the water during the

drainage phase gives the zero point. The height is very reproducible, with the same value

(650 mm) being observed for each of 4 calibration measurements, one of which is shown in

figure 4.4. What can been seen from this plot, is that even with an empty cell, a hysteresis

corresponding to 10 mm is measured. This is caused by the step height used for the pressure

ramp protocol, and the ideal zero point is likely between these two values. For the calibration

of the experiments the height at which the empty cell imbibies the water was used as the zero

capillary pressure value. The geometry of the set-up, that is the cell position, oil and water

levels with respect to their containers, is not changed when performing the experiments with

beads, preserving the calibration.

4.1.4 Effect of the thresholding criteria

Capillary hysteresis is a permanent hysteresis [100], which means that the hysteresis does not

vanish when the waiting time is increased. If the waiting time is too small, the measured

hysteresis would be time dependant. Therefore in order to optimise the experimental protocol

the minimum waiting time at each step, once a stable value is reached should be used.
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Figure 4.4: Measurement of capillary pressure saturation on an empty cell. The pressure at which the
oil is displaced by the water is determined to be the zero capillary pressure reference.

The minimum waiting time, used in the measurement of Capillary Pressure Saturation

curves employed in this investigation, is determined by thresholding criteria which decides

when all imbibition and/or drainage events at a given pressure have finished. The threshold is

defined as the standard deviation of the measured mass on the analytical balance for a given

counting time. In our experiments the threshold is set as 0.0005 g/200 s, that is the standard

deviation of the mass must be less than 0.0005g over a measurement time of 200 s. To check

the validity of these values as thresholding criteria, experiments were also run using values

of 0.0005 g/400 s and 0.0005 g/600 s. The different hysteresis loops recorded for these cycles

can been seen in figure 4.5. The irreducible saturations (Swater and Soil) and hysteresis loop

opening was compared for the different counting times and the differences measured between

experiments were within the experimental variation for a single experiment. Therefore the

counting time of 200 s was deemed to be sufficiently long to determined the end of drainage

and imbibition events for a given pressure.

4.1.5 Properties of the non-aqueous phase

The important properties of the non-aqueous phase is that is has a constant interfacial tension

(IFT) and that it has a low vapour pressure, so there is no loss of mass due to evaporation

during the experiment. It would also be beneficial if the liquid was non-toxic. For these

purposes, hexadecane was chosen as the oily phase.
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Figure 4.5: Three capillary pressure saturation cycles, measured for the same mixed gold sample,
taken using different thresholds (indicated by colour). The inset shows the hysteresis loop opening
value versus the threshold waiting time. The differences observed were within the experimental scatter.

Alkane content

99% hexadecane (Sigma Aldrich) and 95% hexadecane (Alfa Aesar) were trialled to determine

if the alkane fractions were important. The oils were purified by running them through an

alumina column to remove the surfactants. The interfacial tension was measured by the

pendant drop method, before and after the purification against millipore water. The results

are shown in figure 4.6 and indicate that this both a necessary and successful purification step.

The listed purity of the hexadecane refers to the alkane fraction, i.e what is the maximum

percentage of short or longer change alkanes allowed in the liquid. It is not expected that long

chain alkanes of similar length would make a large impact on the interfacial tension [110],

and after purification there was no measured difference between the two oils. Therefore it

was decided that the more economical 95% hexadecane was suitable for our experiments.

Identification and elimination of trace surfactants

The purity of the non-aqueous phase was determined by the interfacial tension (IFT) using

the pendant drop method. After it was noticed that there was a substantial drop in IFT for

the oil phase after a CPSC measurement compared to the filtered hexadecane. To isolate the

source of the contamination each component of the cell was degassed and rested in filtered

hexadecane for 24 hours and then the IFT of the liquid measured. The results of the IFT

tension measurements for each component are listed in table 4.2.

In the original design of the cell, a soft inner tubing made from Tygon-F4040A plastic,

a typical material used for transporting fuels and oils was used instead of the Teflon tubing
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Figure 4.6: Interfacial tension measurements of hexadecane 95% and 99% before filtrations and 95%
hexadecane after filtration. The unfiltered hexadecanes have a low starting value, and continue to
decrease over time. The filtered hexadecane has a much higher initial IFT and remains constant over
the 20,000 seconds of the measurement.

to create the inner cell surface. Tygon-F4040A has very good resistive properties towards

alkanes and does not swell in hexadecane, unlike many plastics. However, as can be seen from

table 4.2 measurement of the hexadecane in which Tygon-F4040A tubing had been soaked

for 24 hours had a substantially lower IFT, and was the tubing was clearly contaminating the

oil.

The only component which caused a major drop in the IFT of hexadecane with water was

the Tygon tubing. To eliminate this source of contamination all seals and the inner tubing

was changed to Teflon.

Table 4.2: Interfacial tension of millipore water/ hexadecane after each component of the cell had been
soaked in the hexadecane for 24 hours.

Cell Component IFT [mNm−1]

Filtered Hexadecane 54
PEEK tubing 53
hydrophilic membrane 52
hydrophobic membrane 54
teflon seals 50
Tygon-F4040A 21
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Bead coatings as possible sources of contamination

To investigate if the thiol and silane coatings used to render the beads hydrophobic were

potential sources of contamination samples of silver and silane coated beads were degassed in

hexadecane, rested for 24 hours and then the interfacial tension measured. The results are

shown in table 4.3. The interfacial tension of the hexadecane remained constant after soaking

the beads in the oil and therefore it was concluding, there was no significant degradation of

the coating over a period of 24 hours.

Table 4.3: Interfacial tension of millipore water/ hexadecane after coated beads had been soaked in
the hexadecane for 24 hours.

Coating IFT [mNm−1]

glass 52
Silver(thiol) 51
silane 52
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4.2 Results and Discussion

This section discusses the results obtained from the capillary pressure saturation (CPS) mea-

surements for the samples with different correlation lengths (as described in chapter 3).

First the important features of a capillary pressure saturation curve need to be identified.

Figure 4.7 is a typical capillary pressure saturation curve measured for a sample of patchy

beads. After the first initial imbibition branch of the curve, the following drainage and

imbibition fall on top of each other, indicated the experiment is now in a steady cycle. The

multiple cycles (up to six) per experiments are able to be measured due to the efficiency of

the pressure protocol used.

Figure 4.7: Measured CPSC for a patchy sample. The irreducible oil saturation, Soil, is defined as
the volume of water remaining when no more mass changes are recorded at high capillary pressure
and Swater is the corresponding irreducible water saturation occurring at low capillary pressures. The
hysteresis loop opening, ∆Pc, is taken as the distance between the imbibition and drainage curves
at the point S∗ = (Swater + Soil)/2. The colour scheme, used for all CPSC plots is red for the first
imbibition/drainage cycle. Blue for the second and green for the third. Upwards pointing triangles
represent water invasion (also referred to as imbibition) and downwards arrows refer to oil invasion
(also referred to as drainage).

4.2.1 Influence of correlation length

Capillary Pressure Saturation experiments were performed for each sample type multiple

times to ensure reproducibility. From each curve the irreducible oil Soil, irreducible water
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saturations Swater and the hysteresis loop opening ∆Pc measured as the distance between the

linear regions of the imbibition and drainage curves at S∗ = (Swater + Soil)/2 are extracted.

Representative CPS curves for each sample type are shown in figure 4.8.

(a) patchy (b) janus

(c) mixed (d) clusters

Figure 4.8: Capillary pressure saturation curves for each sample type. The patchy beads used in this
experiment had a ctms coating, and the janus, mixed and cluster samples displayed here were created
with the gold-thiol surface treatment.

Wettability according to AH and USBM

The wettability, according to the AH (Ammot-Harvey) and USBM classifications of the sam-

ples were calculated from the measured capillary pressure saturation curves. The classifica-

tions are shown in table 4.4. The sample composition is known to be mixed with 50:50 ratios

of hydrophilic to hydrophobic surfaces and the AH and USBM indexes would be expected

to be zero for all samples. Instead, what is seen, is that the samples have different qualita-

tive wetting classifications based on these measurements, although, with the exception of the
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patchy samples, the variation between multiple samples of the same sort is as large as the

deviations from 0. This might be in part due to the finite sample size, i.e larger bead packs

might generate less varied results. But, what is clearly seen, is that neither the AH, or USBM

describes the differences between the CPS curves shown in figure 4.8. As both these indices

mainly describe the average position of the curve compared to Pc = 0, this is not unexpected.

Table 4.4: Calculated wettability using Amott-Harvey and USBM methods for all samples. The
wettability classifications are ow = oil wetting, wow = weakly oil wetting, ww = water wetting and
www = weakly water wetting

.

Sample type USMB Amott Harvey wettability
Patchy -1 -0.3 ±0.1 ow
Janus -0.67 ± 0.18 -0.1 ±0.1 ow/wow
Mixed 0.3 ± 0.3 0.1 ±0.1 www
Clusters 0.4 ± 0.3 0 ±0.1 ww/www

Irreducible saturations

The irreducible saturations Soil and Swater for oil and water respectively are plotted against

the wetting correlation length to determine whether this has an impact in the amount of

trapped oil or water in the bead pack as shown in Figure 4.9. There is no clear trend observed

due to the correlation length and no systematic deviations between the irreducible saturations

for different coating types. There is significant scatter in the values of the irreducible water

saturations across all samples. The irreducible oil saturations for samples with a wetting

correlation length of less that a bead diameter, also do not show a trend, being all around

10% of the interstitial volume of the bead pack, with the exception of the cluster samples

which show high variability, also within a single experiment.

Recently studies of trapped phases in glass bead packs found that a single ganglia could

constitute the majority or the remaining phase. [54,64,111] The authors used sample sizes of

a similar order of magnitude to our experiment. Because the largest ganglia, or trapped fluid

blob will be the easiest to mobilise, it is not far fetched to imagine the scatter in residual

saturations between experiments, and in the case of the clusters samples, even during a single

experiment, could be explained by the difference of only a few ganglia. This point will be

addressed further in the following chapter, chapter 5.

It is important to remember that while the irreducible saturations measured in these

experiments may seem low compared to core flooding experiments where up to 50% of the oil

remains trapped in core [6, 112] there is a fundamental difference between CPS experiments

and core flooding. The membranes at the top and bottom of the cell which block the flow

of their respective non-wetting phase. What this means, is that even after percolation of

the invading fluid e.g water, further displacement of the other phase, e.g oil, continues with

increasing pressure until all of the oil droplets are disconnected from the oil reservoir at
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Figure 4.9: Comparison of irreducible water and oil saturations (Swater and Soil) normalised by the
pore volume within the cell. The error bars are calculated as the standard deviation between the
values of the irreducible saturations on successive cycles of the same experiment.

the top. This understandably results in a much lower residual saturation, compared to the

volume of oil remaining in the sample at the time of water percolation, or breakthrough as it

is often referred to in petroleum engineering literature. Possible ideas to measure where the

breakthrough even would occur involve conductivity measurements, such as Archie number

measurements [45]. Most of the oil in a reservoir is produced prior to the breakthrough event,

and after breakthrough problems with produced water decrease the economy of the recovery

process, so understanding which factors enhance percolation (and thus a breakthrough event)

and which inhibit is very indeed interesting. Such questions could be addresses in the future

with modifications to the existing experimental set-up. One possibility is the inclusion of

electrodes to measure the conductivity of the cell. Percolation of the water phase (with

added electrolytes) would correspond to a large increase in the conductivity of the cell.

Wetting correlation length

What is clearly sensitive towards the wettability correlation length (Fig. 4.10) is the hystere-

sis loop opening, that is the shape of the imbibition and drainage profiles. The hysteresis

decreases when the correlation length is increased. This is a very robust behaviour observed

for the three types of coating. These observations are in agreement with the experimental
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findings of Fatt and Klikkov [55], and the numerical results of Sorbie et. al [67] that changing

the spatial relationship of water and oil wet beads (that is, having the smallest fraction oil wet

and the larger beads water wet and vice versa) significantly effects the shape of the displace-

ment profile. Both of these studies correlate the pore throat size with the wettability, and

conclude therefore wettability is important. However, our results demonstrate that even in a

homogeneous pore-throat system, wetting domains play an enormous role in the multiphase

flow profile, and that the size of wetting domains is important.

Figure 4.10: Hysteresis loop opening of the capillary pressure saturation curves. There is one data
point for each individual experiment. The error bars are calculated as the difference between the
hysteresis measured for successive cycles. A monotonic decrease in ∆Pc with increasing correlation
length is observed.

As mentioned in section 4.1.4, capillary hysteresis, is a permanent hysteresis. It arises

from the dissipative work which occurs from moving contact lines over the bead surfaces.

Contact line pinning is particularly strong at junctions between wetting heterogeneities. The

number of junctions per bead is inversely proportional to the wetting correlation length, ξ.

So patchy samples have multiple pinning sites per bead, and indeed within even a pore space,

whereas for mixed samples there are no wetting junctions at which the contact lines can

become pinned. Figure 4.10 therefore demonstrates that there is a strong correlation between

the increase of pinning sites and the energy dissipation. This shows that the effect of pinning

starts to dominate when the wetting heterogeneity is of the order of a pore dimensions. This

behaviour is robust, occurring for both types of coatings. On the other hand, mixed and

cluster samples have hysteresis loop openings (∆Pc(S
∗)) on the same order as homogeneous
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samples (0.4 ± 0.1 kPa). This indicates that when the wetting heterogeneities are larger than

the pore diameter, i.e pores have constant wettability, contact line pinning does not dominate

the dynamics. In only this case, ξ ≥ 1, an accurate description of the wetting heterogeneities

does not appear to be important, and contact angle averaging techniques [36,37] are valid.

Influence of surface roughness on capillary hysteresis

Bead samples with rough surfaces, the silver and etched samples were investigated to deter-

mine the effect of surface roughness on the measured capillary hysteresis. The results are

shown in figure 4.11. Surface roughness, and implicitly, contact angle hysteresis does not

appear to play a large role in determining the capillary pressure hysteresis. It was initially

thought that because in general rough surfaces exhibit higher contact angle hysteresis rough

samples would also show increased capillary hysteresis behaviour. However, the same trends,

decreasing hysteresis with increasing ξ, were also observed for both the silver samples and for

etched glass beads coated in silane. This is consistent with the previous findings that surface

roughness [113] and contact angle hysteresis [50] are minor effects, compared to the advancing

contact angle which appeared to be the control parameter for the measured capillary pressure

saturation curves. As there is no significant difference between the advancing contact angles

for samples of the sample treatment variety (gold, silver, silane) it can be concluded that the

spatial arrangement of wetting surfaces, that is, the wetting correlation length that is the

major factor influencing the hysteresis in the capillary pressure saturations measurements.

One possible explanation the lack of increase of capillary hysteresis with surface roughness

is that thick wetting films which can form on rough surfaces can reduce the contact line pinning

on the beads surfaces [113]. Dullien et al. visualised these thick films inside etched bead packs

by adding styrene monomer to the oil phase which was polymerised with UV at the end of

the experiment. The beads were extracted and the surfaces imaged with SEM. In the case

of thick wetting films, it is expected that the dominant mechanism for capillary hysteresis

is again the contact line pinning at the wetting junctions, which would also be a natural

boundary for wetting films.

Summary

To summarise the main result of this section: the hysteresis loop opening, ∆Pc(S
∗) is sen-

sitive towards the wetting correlation length, particularly when the size of the wetting het-

erogeneities is less than a single pore. The average hysteresis loop opening values for each

sample type, average over several experiments are plotted in figure 4.12. Another way of

describing the correlation length would be to refer to the density of contact line pining sites.

Assuming that an interface moving over a chemically heterogeneous surface becomes pinned

at the boundaries of two different wetting surfaces, then it is fair to say that the density of

pinning sites is inversely proportional to the correlation length. That is, the smaller the spa-
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Figure 4.11: Hysteresis Loop Opening of the capillary pressure saturation curves, for all sample types,
the smooth samples, gold and CTMS and the rough samples silver and etched. Each data point
represents an individual experiment. The error bars are calculated as the difference between the
hysteresis measured for successive cycles. Again, a monotonic decrease of ∆Pc with increasing ξ is
observed.

tial wetting domains are, the more boundaries that exist within the same area, and therefore

a higher density of pinning sites. The pinning of contact lines seems to depend more on the

spatial extension of the wetting areas than more local quantities such as surface roughness..

Experiments by Dufour and Baret have directly observed contact line pinning on single

janus beads at the gold-thiol/glass junction (figure 4.13). A bead is pulled through a hex-

adecane/water interface and at the wetting domain boundary contact angle pinning can be

observed by an increase in the contact angle.

Assuming that contact line pinning is the major source of capillary hysteresis in these

heterogeneous systems, simple sketches of the pore structures of the different samples help

to clarify why there is more hysteresis in the patchy and janus samples, compared to the

mixed and clusters. A schematic of the different possibilities for pores containing wetting

heterogeneities is shown in figure 4.14. For clarity the picture has been drawn in 2D and

the pore is approximated by the triangle between three beads, whereas in a 3D bead pack

a good approximation of a pore would be the tetrahedra formed between four beads. The

clusters and mixed samples are comprised of pores of both types of homogeneous wettability,

as well as mixtures of both types of beads. The difference between the clusters and the mixed
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Figure 4.12: Averaged values for the hysteresis loop opening for each sample type. Error bars are
calculated as the difference between all cycles of all samples. The trend of decreasing hysteresis loop
opening with increasing correlation length is robust; with the same trends observed for each sample
regardless of the coating type.

sample is that the cluster sample would contain more of the homogeneous pores (both oil

and water wet) compared to the mixed sample. The janus samples have pores which are

all a kind of mixed wettability. It is possible, that the beads could arrange such that they

also formed a homogeneous pore structure (i.e all blue faces in, all yellow faces away from

the pore) however, this kind of ordering is not widespread as evidenced by the correlation

length for janus bead packs which do not show any further correlations after a bead diameter.

Much more likely is that the beads are oriented so that for at least one, but potentially on

of the beads, the boundary to the wetting heterogeneity is present inside the pore. This is

also true for the patchy sample, but as the heterogeneities are small still, there could be two

heterogeneities arising from the same bead inside the pore. From this sketch it is clear to see

that an interface moving through a patchy pore could be pinned several times significantly

increasing energy dissipation. For the mixed and cluster samples there are no sharp domain

lines inside the pore. This is most likely the reason why contact angle averaging theories

appear to be valid for the mixed type samples, as contact line pinning is not the dominant

source of dissipation. In natural systems however, which do not contain only smooth surfaces



4.2. RESULTS AND DISCUSSION 75

Figure 4.13: Pinning of the contact line at the wetting domain boundary on a single janus grain, diam-
eter of 350 µm, measured by Renaud Dufour. The bead is pulled slowly through a hexadecane/water
interface and the contact angle measured on a goniometer. As the interface reaches the domain bound-
ary pinning is observed, evidenced by the step between the two equilibrium contact angles of the gold
and glass surfaces.

like bead packs, wetting transitions are quite likely to occur inside pores, and have sharp

boundaries so simple mixed bead models poorly represent natural mixed wet porous media.

Figure 4.14: 2D cartoon illustrating possible pores that can be formed by the different beads. The
potential for pinning sites within the pore is highest for the patchy and then the janus samples. The
two colours blue and yellow represent the surfaces of different wettabilities. Pinning sites are located
at the junction of the two colours.
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4.2.2 Influence of cycle number

As mentioned in section 4.1.2, one of the benefits of this experimental protocol is that the

dramatically reduced time scales allows for the measurement of multiple loops of the capil-

lary pressure saturation curves. This allows the opportunity to also investigate the ageing

behaviour of the fluid distributions inside the medium as the liquids are pumped in and out.

Hysteresis loop opening

Looking first at the evolution of the hysteresis loop opening with multiple cycle number

(figure. 4.15) it can been seen that the hysteresis loop opening is quite stable with a slight

tendency to decrease with increasing cycles. One possible explanation for this is the formation

of wetting films [113,114], allowing the liquid to invade more easily and might allow an easier

reconnection of similarly wetting pores.

(a) (b)

Figure 4.15: Hysteresis loop opening ∆Pc(S
∗) for (a) different samples, representing all coating types,

at each cycle number and (b) averaged over every experiment of that sample type. There is no
significant trends with cycle number of the capillary hysteresis.

Irreducible saturations

The final oil and water saturations (Soil and Swater) as a function of the cycle number are

also investigated and the results are shown in figures 4.17 and 4.16. Again no systematic

variation of the residual saturations with progressing cycles is observed. With the exception

of the cluster samples, the saturations remain fairly constant throughout an experiment. At

this point it not possible to determine if it is the same ganglia which are always trapped.

We can conclude from this that once the capillary pressure saturation curves reach second

or third cycle they are in a stable state and very reproducible loops are obtained. What is
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Figure 4.16: Swater for all samples with progressing cycle number. There is no detectable trend for the
samples, and the irreducible water saturations remain fairly constant throughout single experiments,
with the exception of one cluster sample.

Figure 4.17: Soil for all samples with progressing cycle number. There is no detectable trend for
the irreducible values with cycle number. There is considerably more scatter in the values measured
between experiments compared to the residual oil values, but again in general, with the exception
of one of the cluster samples, the irreducible oil saturations remain fairly constant throughout an
experiment.

however not clear is that just because the macroscopic behaviour remains stable that micro-

scopically the same process (i.e same fluid path through the same) is occurring repeatedly on

each cycle.

4.2.3 Effect of porosity

It was mentioned in chapter 2 that the liquid movement through a single pore can be approx-

imated by a capillary, and modelled using a standard capillary pressure equation 2.2 (where
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r is the typical pore throat radius). From this equation is it clear that the size of the pore

will affect the pressure, and a logical extension is that the porosity of a bead pack will affect

the capillary hysteresis. It would be difficult and also impractical to pre-measure the weight

of the beads prior to an experiment, as making sure ever pre-weighed bead ended up inside

the experimental cell would be practically impossible, so rather, the porosity of the samples

are estimated by the height of beads in the cell when filling, and controlled by measuring the

weight of dried beads recovered from the sample after the experiment. Figure 4.18 shows the

hysteresis measured for each sample type, with the approximate porosity values. The porosi-

ties shown here are calculated using the the known volume of the cell, assuming it is a perfect

cylinder. However, from tomographic imaging of the cell, some bending of the membranes

could be observed, resulting in the volume being less that the estimated volume. Therefore

the calculated porosities are likely higher than the actual values. The porosity could be esti-

mated locally from the bead pack images taken with the tomography. The values measured

by image processing from the tomography images of bead packs are given in table 4.5. These

values are on the same order as those calculated from the mass of the beads.

Figure 4.18: Hysteresis loop opening vs porosity

Again the residual saturations were also plotted against the porosity of the sample, but

no trend was observed.
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sample porosity %

patchy 43
janus 39
mixed 36
clusters 45

Table 4.5: porosity of bead samples measured from x-ray tomography

Figure 4.19: Residual saturations plotted against the porosity of the sample. Similarly to the corre-
lation length the residual saturations do not appear to depend strongly on the density of the bead
pack.

4.2.4 Layered samples

So far all the samples discussed had a mixed wettability with a random spatial arrangement,

and a correlation length much smaller than the sample size. It was found that the once

the wetting heterogeneities reached the order of a pore size they no longer dominated the

capillary hysteresis of the sample. It is also interesting to see if this effect persists when the

heterogeneities also become very large. A proposed idea to explain the validity of contact

angle averaging techniques for mixed samples is the presence of continuous paths of both

water and oil wet surfaces. Sample containing very large heterogeneities may not have such

paths available, in which case the size of the heterogeneity may again be important. To

test this hypothesis layered samples were prepared and an example CPS curve is shown in
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figure 4.20. The layers were created by filling beads up to a certain height of the cell, and the

wetting correlation length is assumed to be on the order of the sample size. The filling order

was hydrophilic/hydrophobic.

Figure 4.20: CPSC measurements of a layered sample with a hydrophilic/hydrophobic filling order.
There is a clear step in the middle, which is attributed to contact line pinning at the junction of the
wetting layers. The colors of the curve correspond to red: first imbibition and drainage, blue: second
cycle and green: third cycle. Upwards arrow correspond to imbibition data points, and downwards
triangles correspond to drainage.

What can be seen here, is again a clear effect of the correlation length. Although the

correlation length is much larger than pore size these curves look significantly different from

the mixed samples and homogeneous cases. For samples of two layers a clear step can be seen

at the wetting junction, most likely also attributed to pinning of the interface. Again, this

occurs in layered samples because there is a sharp change in the wettability of the sample

which the moving liquid front must cross. While a correlation length for these samples was not

measured, as the heterogeneity is itself on the order of the sample size, these samples indicated

that it is not just small wetting heterogeneities which must be accounted for but also very

large ones. While locally each section of the packing can be treated as homogeneous, a global

average contact angle treatment of these samples would clearly not capture the behaviour

measured here.

Dynamic X-ray tomography imaging of water invasion into a layered sample have shown

that first the water invades all the water wet layers and then only secondly the oil wet

layers [93]. This appears to also be the case in our samples. This presents an interesting

experimental technique or creating samples in which the invasion of water into the porous

media from different directions can be controlled. This is illustrated in figure 4.21. For

instance a sample of hydrophobic or mixed wet beads with hydrophilic layers on the top and

bottom will be invading from both sides, and by using vertical layers at the sides, invasion
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Figure 4.21: Schematic showing how vertical and horizontal layers of beads (shown in blue) could be
used to create samples where the liquid front invades from several sides of the sample, rather than
just from the bottom. Water is shown in blue, oil in orange, and the arrows show the possibility for
the front to invade the central part of the sample the bottom and sides.

from all sides at once. This could be used to control the invasion process to create advancing

interfaces with specific properties [115], or alternatively useful when comparing experimental

results to numerics with periodic boundary conditions.

4.3 Summary and open questions

In this section I have explained the investigation of a series of porous samples with the same

average wettability, but different spatial arrangements of the wetting surfaces. These spatial

arrangements, which are defined by the wetting correlation length ξ, correspond to the density

of contact line pinning sites within the pore space.

For the samples with correlation lengths of less than 1, high values of capillary hysteresis

in the system are measured. This correlation between high hysteresis values and contact line

pinning sites indicates that contact line pinning is the dominant mechanism of dissipative

work as the interface is advanced through the sample. This effect is found for samples with

different coatings and surface roughness, and does not appear to depends specifically on the

contact angle of the individual surfaces, provided the surface patches are either hydrophilic

or hydrophobic (do not have a contact angle of 90◦).

For samples with correlation lengths close to one (mixed and cluster samples), signifi-

cant deviations of the hysteresis loop opening from those of homogeneous samples was not

observed. The proposed explanation of this is due to the lack of contact line pinning sites

within single pores. Accurate descriptions of the wettability at this length scale appear to

be less important. For these samples, with wetting heterogeneities on the order of the pore,
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models which use contact angle averaging appear to still be valid. Once the heterogeneity

becomes very large, such as the layered sample, the correlation length again appears to be

important with differences in the CPSC observed. However as the heterogeneity is on the

order of the sample size it is difficult to separate this effect from potential finite size effects

of the measurement.

What has been clearly demonstrated in this chapter is that the wetting correlation does

affect the fluid displacement profiles of the two phases through mixed wetting porous media.

It is also known that the hysteresis opening is related to the interfacial area. It is still not yet

clear what effect the correlation length has on the advancing interface, which has significant

impacts on the residual oil saturations.

To address this issue fluid-fluid distributions for the four sample types was imaged with

X-ray tomography at different water saturations. These experiments and the findings are

discussed in the next chapter (Chapter 5).



Chapter 5

Tomographic imaging of liquid

fronts

As discussed in chapter 4 it was found that the wetting correlation length controls the flow dis-

sipation. To further understand this process, and the mechanism behind the flow dissipation

the fluid-fluid distributions inside the packings were imaged.

In this chapter, X-ray tomography is used as a tool to visualise the liquid-liquid distri-

butions inside the different model porous media in combination with the capillary pressure

saturation experiments described in the previous chapter. The images were processed and the

moving liquid fronts extracted. These fronts were analysed using the Minkowski measures,

which are quantitative shape descriptors, and the differences of the the moving fronts through

different samples are related to the correlation length ξ.

It is useful to remember that although the goal of the experiments is to understand local

flow properties of individual pore displacements, these experiments are carried out at low

capillary numbers (∼ 10−6) and are in the quasi-static regime.

5.1 Combined imaging and CPS measurements

For the X-ray experiments a second cell, made of PEEK (Poly-ether-ether-ketone) was used as

it is transparent to X-rays and resistant to solvents. PEEK is a very hard plastic, and will not

deform under pressure (unlike softer plastics such as Teflon). Most importantly, PEEK does

not release surfactants/plasticisers into the hexadecane, unlike many plastics, which would

contaminate the oil. Therefore it is suitable for use in these experiments. A 3D drawing of

the cell is shown in figure 5.1 b.

The CPS experiment is performed, according to the procedure described in the previous

chapter. When the liquid reaches a certain saturation, determined by the balance reading, the

cell is disconnected from the two liquid reservoirs using the two three way valves to prevent

any liquid loss, or introduction of air. The sample is then placed inside the Nanotom, while

83
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(a) (b)

Figure 5.1: (a) 3D drawing of the PEEK cell used for these experiments and (b) photograph of the
same cell connected to the CPS-apparatus.

taking care to ensure the same alignment is used between successive imaging of the same

sample and a tomography is taken. The cell is then reconnected to the oil reservoirs, all

tubing is flushed to remove air bubbles and the experiment is re-started. An example CPS

curve, made with this stop-start protocol is shown in figure 5.2 and the corresponding images

are shown in figure 5.3. Ideally a full cycle could be imaged, but due to possible introduction

of air bubbles in the reconnection stage sometimes this is not possible, leaving the cycle

incomplete. In this case, a new sample is prepared and the experiment is started again.
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Figure 5.2: CPSC curve from combined CPS-tomography experiment on a janus sample. The labels
a), b), c) and d) indicated the points where the experiment was paused and the images made. The
corresponding snapshots (a-d) are shown below in figure 5.3.

(a) irreducible water (b) secondary imbibtion (c) irreducible oil (d) secondary drainage

Figure 5.3: Snapshots of the CPS experiment, imaged with X-ray tomography, at the points labelled
on the CPS curve in figure 5.2. The black phase is the hexadecane, the grey disks are the glass beads
and the white phase is the water with 2 M KI added to increase x-ray absorption.
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5.1.1 Identification of the liquid phases

After acquisition of the images, the physical data is extracted from the images using an

work flow similar to the one illustrated in chapter 2. Noise is removed from the images via

bilateral filtering, and the individual components (water, oil and beads) selected via grey

value thresholding.

In order to evaluate the quality of the segmentation the volumes of the segmented phase

were compared with the liquid volumes measured from the analytical balance. This com-

parison is shown in figure 5.4. The volume of the segmented phase is then compared with

the measured mass from the balance. The error bars are obtained by varying the grey value

thresholds to the minimum and maximum values that still produce a visually good segmen-

tation, and determining the difference in segmented volume. For more detailed explanation

of this, see appendix A. This methodology, external validation of the image processing, has

been previously reported [46,59] and is considered necessary to reduce potential errors.

Figure 5.4: Water saturation of the sample calculated by image segmentation compared with the water
saturation calculated from the mass measurements during the CPS experiment.

Figure 5.5 shows the water distributions inside the four different sample types at low water

saturations (∼ approximately 30%). It is very difficult to see a difference between the water

distributions in the four packings, with the exception that the droplets in the cluster packings

appear to be larger. Therefore in order to understand why the samples behave differently, the

connectivity of both the liquid phases should be considered. This is discussed in the following

section (section 5.2.

Having developed a generic processing work flow for all images and successfully segmented

the two liquid phases the images can now be analysed. The purpose of these experiments is
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Figure 5.5: 3D volume rendering of sample beads (white) and water (blue) at low water saturations.
A segment of the volume has been removed to allow visualisation of the interior liquid structure. Little
difference between the samples can been seen by eye.

to elucidate the mechanism behind the flow dissipation. As stated in chapter 4, the proposed

mechanism for flow dissipation is contact line pinning at the heterogeneity junctions. If this

local effect is causing larger scale changes in the flow, it is expected to be related to the

interfacial area [116]. Therefore, the first parameter of interest is the interfacial area.
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5.2 Identification of the active interface

Invasion of a pore by either water or oil can only happen at the water-oil interface. Therefore

it is the interface which controls the capillary pressure saturation behaviour, and the shape

and size of the interface should be related to the hysteresis loop opening, ∆P (as described

in chapter 4). For a drainage or imbibition event to happen, the liquid must be able to

provide a pressure at the interface. This can only happen if the invading liquid is connected

to the reservoir and the displaced liquid is connected to the drainage point. Indeed, this

is why droplets become trapped in porous media. Once the droplet is disconnected from

the continuous fluid phase, there is no mechanism to further apply pressure on it and it is

unlikely move. Strictly speaking, droplets might be mobilised due to a viscous pressure drop

and inertial effects which might be caused by the local increased velocity of fluid moving into

a pore during a Haine’s jump. However, we assume any such effects to be relatively minor.

Therefore, oil-water interfaces which arise from these disconnected droplets are not expected

to contribute very much to the capillary hysteresis, and rather the active interface, or liquid

front, between the two connected liquid bodies is expected to contribute. A chart showing

the work flow is presented in figure 5.6, and example images from each step are shown in

figure 5.7.

Image processing

The active interface of the drainage/imbibition processing was identified using the following

steps. Firstly the water and oil phase are segmented. The most important thing of this

step is that the interfaces of the regions are clearly visible. The inclusion or exclusion of

voxels due to noise are not so important as they are eliminated in the further processing

steps. Each phase is first segmented using grey value thresholding. Then, each binary image

is converted to a label image which assigns a different number to each connected region; this

is visualised with different colours (see figure 5.7 a). The largest region from each section

is identified and selected. This region is then dilated by 1 voxel using a 3D-18 neighbours

criteria. The overlapping regions of these two selections are then calculated and said to be

the active interface. The size of the interface is calculated by counting the number of voxels

in the overlapping regions.
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Figure 5.6: Work flow for identifying the active interfaces. The images corresponding the the letters
a-e are displayed in figure 5.7
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(a) labelled water phase (b) labelled oil phase

(c) largest connected region dilated (d) largest connected region dilated

(e) active interface identified

Figure 5.7: Example images showing the identification of the active interface for a water invasion into
a sample of janus beads.
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5.2.1 Active interface at 30% water saturation

The active interface is extracted from each of the samples and overlaid on top of the image.

An example 2D slice for each sample is shown in figure 5.8. Already from the 2D slice it

can be seen that there are qualitative differences in the shapes of the active interfaces, with

the patchy and janus interfaces looking smooth, and the mixed and clusters have rougher,

more fingered interfaces. To fully appreciate the macroscopic differences in the interfaces it

is better to visualise the interfaces in 3D. This is shown in figure 5.9.

(a) patchy (b) janus

(c) mixed (d) cluster

Figure 5.8: Identification of the active interfaces from tomography images containing approximately
30% water. The active interface is highlighted in red.
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Figure 5.9: 3D volume rendering of sample beads (white) and the active interface (red) at approxi-
mately 30% water saturation. The interface is dilated by ten voxels (equal to one grain diameter) for
visualisation purposes.

5.2.2 Active Interface at 50% water saturation

The same general trend for interfaces at higher water saturations is also observed. Figures 5.10

and 5.11 show the 2D and 3D representations of the interfaces at 50% water saturation in

each of the samples. The patchy and janus samples still have more compact fronts whereas

the mixed and clusters show a larger extent of fingering.

Although it has not been specifically measured, from the imaging of the tomography fronts,

it is easy to extrapolate that the samples have different percolation thresholds, for example,

the images of the mixed active interface at only sim30% water saturation reveal that the
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(a) patchy (b) janus

(c) mixed (d) cluster

Figure 5.10: Tomography of samples with 50% water content measured during the CPSC experiment.
The active interface is identified and highlighted in red.

active interface extends the entire length of the packing, whereas for the other samples,

this doesn’t occur until higher saturations. By 50% water saturation, all four samples show

percolation. A specific investigation of the effect of the wetting correlation length on the

percolation threshold could be interesting for future studies, but is however not presented

here.
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Figure 5.11: 3D volume rendering of sample beads (white) and the active interface (red) at 50%
water saturation. The interface is dilated by ten voxels (equal to one grain diameter) for visualisation
purposes. The same trend as for the low saturations is conserved with samples with small correlation
lengths having smoother interfaces.
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Just by looking at the images of the invading fronts, it seems that the shape of the

active interface depends upon the correlation length. However to fully discern the effect of

the wetting correlation length on the propagation of the invading phase, it is necessary to

determined quantitative descriptions of the active interface. The obvious starting place, is to

compare the sizes of the interfaces for the different samples. This was achieved by counting

the number of voxels in each interface and plotting the size against the water saturation (see

figure 5.12).

It is helpful to first consider how such a curve should look. At the beginning when there

is only one phase (oil) present in the system, obviously the interfacial area between water

and oil is zero. As the water content increases, so too must the interface. At a certain point

however, when there becomes more water than oil, this interface must decrease again, and

finally at the end of the water invasion when there is only oil remaining in trapped droplets

the interface should be again at a minimum. Therefore, it is expected that the active interface

starts at a very low value, increases to a maximum around 50% water saturation and then

decreases again as the oil content decreases. This shape of the interfacial area curve has been

reported in studies with homogeneously wettable bead packs [46–48].

The evolution of the interface during the CPS experiment is shown in 5.12. Only the

interface between the water and oil connected to the liquid reservoirs, and not including any

interfaces arising from disconnected droplets is considered. While the expected shape of the

size of the interface with respect to water content is observed for the janus samples, the

other data all falls within the noise and the expected trends are not seen in figure 5.12. This

parameter, the interfacial area, is extremely sensitive towards the segmentation parameters,

as indicated by the error bars. In fact, most of the data all falls within this range. For the

patchy samples, there is no trend detected above the noise, and the values obtained for the

interfacial area are seemingly constant, at least within the noise.
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Figure 5.12: Active interfacial areas for water and oil, for different sample types. Upwards triangles
represent images taken during water invasion, and downwards triangles represent images taken during
oil invasion. The error bars represent the range of areas calculated for different ‘good’segmentation
values.

While it is observed that for low and high water saturations the interfacial areas are

lower there is no trend observed in the active interfacial areas with ξ. Therefore, simply, the

interfacial area alone is not sufficient to explain the CPS experimental results and a more in

depth shape description is necessary.
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5.3 Minkowski measures of water-oil interface

As shown in section 5.2 the interfacial area alone is insufficient to describe the development of

the liquid fronts. Therefore, a more sophisticated analysis is required. Rather than describing

each individual feature on a local scale, it would be preferable to describe the enveloping shape

for the liquid front at the sample scale. To do this, a coarse graining technique [117] is used

to analyse the overall shape of the liquid front.

To quantitatively analyse the shape of the liquid fronts in more detail the first three

of the Minkowski measures [118]- volume, surface area and the Euler characteristic, χ, are

employed. Interfacial curvatures were not measured as the resolution of the tomography is

not high enough to accurately extract the curvature of individual liquid bridges [47].

5.3.1 Inflation of the interface

The idea of coarse graining the interface works like this: each voxel of the extracted interface

is used as a seed. From these seeds spheres of radius c are grown. c is expressed in terms of

bead diameters. That is, c = 1, is the same diameter as a typical bead. Practically this is

achieved by thresholding a euclidean-distance-map (EDM, see appendix A) of the seed points.

(a) original (b) c = 0.1 (c) c = 0.2 (d) c = 0.3 (e) c = 0.4

(f) c = 0.5 (g) c = 1.0 (h) c = 1.5 (i) c = 3 (j) c = 5

Figure 5.13: Dilation of interfaces by factor c (c = number of voxels/no. of voxels for a bead diameter).
Interfaces are dilated by placing a sphere of radius c, at each seed point. Minkowski scalars (volume,
surface and Euler characteristic) are calculated on the dilated images. Here XZ slices from janus
sample at 50% water saturation are shown.



98 CHAPTER 5. TOMOGRAPHIC IMAGING OF LIQUID FRONTS

The interface shape is characterised by the union of all the spheres, counting the re-

gions from overlapping spheres only once. In practise the sphere-growth method is the same

principle as dilating the active interface. This can been seen in figure 5.13.

The Minkowski measures of the extracted interfaces were calculated using Bilimbi, an

open source software package [119, 120], with a modification which converts voxel data to

triangulated surfaces required for calculating surface areas and euler numbers. These measures

are used to obtain quantitative shape information about the liquid fronts. First the general

features of all curves will be explained, and the differences between the curves for different

samples .
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5.3.2 Volume and surface area measures

Volume

The first and most intuitive measure, to understand is the the collective volume curve (fig-

ure 5.14). It is simply union of all voxels in the collection of spheres grow around every

seed, (That is, voxels in overlapping spheres are only counted once). As the dilation factor

is increased the volume increases, as expected. At first the volume increase is linear as the

separate regions are growing. Then as the regions start to merge the growth of the volume

decreases. The increase in volume continues until all the holes are filled inside the object. At

this point the growth of the volume becomes very slow, as the object can only grow from its

surface. Eventually, for sufficiently large sphere radius (for these samples this occurs at c =

20) the entire volume of the image would be filled and there would be no more growth. So

in all cases, both low water saturations (∼ 30%. figure. 5.14 a), and 50% water saturation

(figure 5.15 a), there is initially a rapid growth of volume, slowing as the spheres begin to

overlap and converging at the total volume of the image.

(a) volume (b) surface area

Figure 5.14: First two Minkowski measures for samples with low water saturations: (a) the volume
and (b) surface area scalars, plotted as a function of the sphere radius, c.

In this way, it can be understood that the volume of the collective spheres at any given ra-

dius conveys information about the initial spatial distribution of the seeds. For values around
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c=1, the collective volume derived from seeds which are far apart will be larger than that of

seeds which are close together. This is because the growing spheres from widely distributed

seeds will only begin to overlap at larger sphere radii compared to a dense distribution of seed

points. Seeds which are close together overlap quickly and thus the collective volume will grow

at a slower rate. Interfaces which are highly fingered will have more internal holes than in-

terfaces which are compact. Therefore it is expected that highly fingered interfaces continue

to have large volume gains, also at higher sphere radii compared to compact interfaces.

Applying this information to our four different samples, it can be deduced that the mixed

sample exhibits the most fingered interface, with seed points being the furthest apart. The

collective volume continues to grow rapidly until very large sphere radii indicating a rough

interface. The cluster sample shows a reasonably fingered interface, with seed points not as

widely disperse as the mixed sample, but more so than the janus and patchy. The janus

and patchy samples, the samples with wetting correlation lengths of less than one, which

exhibited large values of capillary hysteresis have the most compact fronts. The difference in

the interfaces between with respect to ξ are more pronounced for the low water saturations

than the 50% water saturations. This is because at 50% water saturation all the front has

percolated all samples, and the maximum interfacial area has already been reached.
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(a) volume (b) surface area

Figure 5.15: First two Minkowski measures for samples with 50% water saturation: (a) the volume
and (b) surface area scalars, plotted as a function of the sphere radius, c. Shows smoothening of the
interface for small correlation lengths.

Surface area

The evolution of the collective surface area curves with increasing sphere radii can be under-

stood in a similar way to the collective volume curves. The surface area value is calculated

as the enveloping surface of all the spheres.1

The evolution of the collective surface area with increasing sphere radius also proceeds as

expected. Initially the surface area grows rapidly until all the spheres are joined into a single

object. The surface area also includes the internal surface area of the enveloping shape of the

interface. Once all the spheres are joined, further sphere growth begins to close the internal

holes of the interface, causing the total surface area to decrease again. Eventually the surface

area converges to a finite value as the collective spheres form a solid object. The first shape

information that can be interpreted from these curves comes from the height of the peak.

1Specifically this is done from the triangulated surface using the marching cubes algorithm, which locally
approximates the shape of the object inside a cube with a polygon which is selected from a library of possible
shapes. This method has been reported several times as suitable for analysis of the type presented here.
[28, 46,47]
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For samples which have dense seeds it would be expected that the peak position is earlier

compared with samples with more dispersed seeds. At low water saturations (figure 5.14 b)

we see that janus and patchy samples have peaks corresponding to ∼ c = 0.3, compared to

mixed and cluster samples with peaks at ∼c = 0.8. At 50% saturations there is no detectable

difference in peak position (figure 5.15 b). The second piece of information comes from the

height of the peak. The more fingered an interface is, the more internal surface area it will

have as the spheres begin to overlap. Applying this interpretation to the collective surface

area curves displayed in figures 5.14 and 5.15 the same trends as determined by the volume

scalar can be seen. Mixed samples have the most diffuse and fingered interfaces, followed by

clusters and then janus and patchy which have quite compact fronts.

These curves also explain why no trends could be detected from just the voxel counting

of the interface. The total shape, cannot be described from this one number alone. The

volume and surface areas of the seed points are all quite similar, and further more, depend

very strongly on the exact thresholds used for the segmentation. What described the shape

however, is not the number of seeds, but how they are spatially distributed. It was only by

analysing this feature that the differences in the shapes of the interface could be quantitatively

differentiated.

Sensitivity towards segmentation

Realising now that the initial seed values are very sensitive towards the thresholding param-

eters used in the identification of the active interface, it is pertinent to ask, how sensitive are

the Minkowski measures towards the threshold values? One of the steps in the identification

of the active interface is the selection of the largest connected region. It is easy to imagine

that small changes in the thresholding values could distort which regions are included in this

selection, and which not. In fact varying the threshold parameters slightly the number of

voxels included in the extracted liquid front can double. Of course, the segmentation is al-

ways controlled by the known volumes of the phases (see fig. 5.4), but very small errors in

volume, might still have a large impact on the surface area.

To evaluate how sensitive the Minkowski measures are, liquid fronts were extracted using

different values for the oil and water thresholds (for details see appendix A) and the Minkowski

measures calculated. The number and size of the segmented volumes was found to be highly

sensitive on the thresholding parameters. This result can been seen in figures 5.16 which

displays the sensitivity of the initial seeds on the threshold parameters. On the other hand,

the Minkowski analysis is robust towards these errors as shown in figure 5.17. The overlapping

of the Minkowski measures for the three interfaces extracted with different thresholds confirm

that this method of shape analysis is robust towards the segmentation parameters.
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Figure 5.16: Volume of the largest connected blob, (black) and number of individual blobs (red) identi-
fied for segmentations using different thresholds. The volume of the blobs is sensitive to the threshold
parameter used changing on the order of 10%, whereas the number is highly sensitive changing by a
factor of two..

Imbibition vs drainage: up vs down

Lastly, the Minkowski measures can be employed to determine any differences in the fronts

between the water invasion (imbibtion) or oil invasion (drainage). By eye, it is not obvious

that the interfaces from these samples have the same shape. The interfaces, dilated to a value

of c = 1, imaged at 50% water saturation are shown in figure 5.18. The collective volume

and surface area curves for a mixed sample at 50% and 75% water saturation are shown in

figure 5.19. No difference is observed in the collective properties of the fronts.

This symmetry in the front morphology is possible in these packings because the system

itself is inherently symmetric- that is, there are equally many wetting and non-wetting pores

regardless of which fluid is invading. This symmetry is not observed in samples with homo-

geneous wettability [46]. What might potentially be symmetry breaking in our experimental

set up is gravity, as there is a difference in density between the two phases, particularly so in

the case of the salt solutions used for the tomographic imaging. However, no differences be-

tween the Minkowski measures for the drainage and imbibition of mixed samples at the same

water saturations are observed, it can be concluded that gravity, and the density difference

of the liquids, does not play a significant role in the obtained results. This indicates that the

front morphology, after the first imbibition at least, is influenced primarily by the sizes of the

wetting domains, through contact line pinning, and not by the history of the invading liquids.
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(a) volume measure (b) surface area measure

Figure 5.17: Collective volume and surface area measurements of the interface for janus sample using
different segmentation protocols. For small c, there are small differences in the curves, however these
difference become increasingly small with increasing c, and the final values of the Minkowski measures
are identical for the three different segmentations used. The surface area appears to be more sensitive
than the volume measure but both measures are robust to small differences in the segmentation
protocol.

(a) water invasion
flow upwards

(b) oil invasion
flow downwards

Figure 5.18: Mixed sample at 50% water saturations imaged during the water invasion and oil invasion
parts of the CPS cycle.
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This is in agreement with the observation that after the initial water invasion, the cap-

illary pressure saturation curves do not substantially change between subsequent imbibi-

tion/drainage cycles. This suggests that once the system has been ‘initialised’, that is both

phases have been in contact with the beads, the distribution of wettabilities dominates the

flow behaviour. not the sample history, at least at the sample scale.

(a) volume measure (b) surface area measure

Figure 5.19: Collective volume (a) and surface area (b) curves for mixed sample with 50% (red) and
75% (black) water saturations for both water (upwards arrows) and oil (downwards arrows) invasion.
There is no difference in the shapes of these interfaces due to directionality of the fluid invasion.

The collective volume and surface area curves obtained for the four different sample types

confirm the impression that the roughness, or extent of fingering of the liquid front is pro-

portional to the wetting correlation length. At this point, there is still one more Minkowski

measure which can provide quantitative shape information about the moving interfaces, that

is the Euler characteristic.

5.3.3 Euler characteristic

Roughly speaking the Euler characteristic, χ, describes the number of holes a collection of

objects have. It is topologically invariant and describes the shape of the object regardless of

bending, or twisting. For a closed surface, such as a sphere, the Euler characteristic, written

as χ is 2. For every hole that appears in the surface 2 is subtracted from the characteristic,

so for example a torus, or doughnut shape, has an Euler characteristic of χ = 2 − 2 = 0,

a double torus has an Euler characteristic of χ = 2 − 2 − 2 = −2 and a triple torus has a



106 CHAPTER 5. TOMOGRAPHIC IMAGING OF LIQUID FRONTS

χ = 2 − 2 − 2 − 2 = −4. The Euler characteristic is additive, that is the Euler characteristic

of a collection of objects is the sum of all the Euler characteristics of the individual objects.

This is illustrated in figure 5.20. The Euler characteristic of a hollow sphere, that is an object

with two closed faces, but no holes, or handles is the sum of two spheres: 4.

(a) six rum balls
(multiple spheres)
χ = 12

(b) Truffle, (sphere)
χ = 2

(c) Doughnut, (torus)
χ = 0

(d) Pretzel (triple
torus)
χ = −4

Figure 5.20: Euler characteristic of different shapes2

Figure 5.21 shows the Euler characteristic, χ, of the active interface inside a packing of

janus beads at 50% water saturation. It is useful to first describe the general evolution of the

Euler number with the increasing dilation factor and then compare the differences between

packings. In the beginning, (label A) with a sphere radius of c=0, there are many separate

objects. The Euler characteristic is the number of object minus the number of handles. For

the janus sample the individual pieces of the interface have several handles in them, and the

initial point is a negative number. However, is should be noted, that this value is highly

sensitive to the segmentation protocol and does not really provide any information about the

front shape. The section from A and B shows a sharply decreasing χ. As the spheres at each

seed point are dilated, the individual objects begin to merge. This has two effects: as the

objects begin to merge, there are less total objects, so the positive contribution to the euler

characteristic is decreased; and secondly the number of holes per object increases. At this

point there are less objects, and in general each object has more holes so the overall result is

for an increasingly negative χ.

The section between labels B and C of figure 5.21 shows a sharp increase in χ. For these

values of c there are only a few objects, one very large object with many handles, and still

a few separate small objects. As the spheres continue to grow the handles within the object

start to become separated from each other, creating enclosures. The effect of these enclosures,

2Photo credit for images:
a) http://www.babble.com/best-recipes/easy-no-bake-chocolate-rum-balls/,
b) http://beerntsens.com/viewproduct.asp?Productno=293,
c)http://www.npr.org/blogs/health/2012/04/17/150823790/seniors-in-medicare-doughnut-hole-more-likely-
to-stop-heart-drugs
d) http://http://originalsuperpretzel.blogspot.de/2013/01/add-super-twist-to-big-game.html3
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Figure 5.21: Euler characteristic for the inflated interface of a janus sample.

can be calculated by remembering the Euler characteristic of the hollow sphere. The hollow

sphere which has two fully closed surfaces has a χ = 4. So as the spheres continue to grow,

more and more of the handles are either converted into enclosures (become separated from

the background), or they are simply filled in. χ becomes increasingly positive until it reaches

its maximum, which for all samples occurs at a sphere radius of c=1 voxels. After reaching

the a high positive value due to multiple enclosures inside the collective interface, χ then

decreases as all the holes and enclosures become filled in and the collective interface becomes

a single, solid object. This can been seen in section between labels C and D in figure 5.21.

Now that the general features of the Euler characteristic curves with respect to the inflating

interfaces (sphere radius) can be understood, the implications of the differences between the

curves can be related to the interface shape. The Euler characteristic describes a more

local property, that is the number of holes and inclusions of the interfaces compared to the

volume and surface area measures. Unfortunately this also means it is more sensitive to the

exact segmentation, particularly at values of low dilation (small c) as there are many ‘nearly

’connected objects. Therefore the most robust and reliable portion of the curve to analyse

is when all the objects are already connected after several dilation steps. The collective χ

curves are plotted again, with the relevant area magnified in figure 5.22.

The height of the peak at c=1 in fiugre 5.22 is proportional to the number of completely

included areas inside the interface, which is again proportional to how rough the interface is.

The enveloping front shapes for mixed samples have more holes than for janus, and for patchy

the least number of holes are incorporated into the interface. For the 30% saturated samples,

the Euler characteristic for the clusters has a different shape, with the trough occurring at
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(a) 30% water saturations (b) 50% water saturations

Figure 5.22: Euler characteristic of the collective interface. The insets show the tails of the distribu-
tions, and at high values of c which describe the enveloping shape of the interface.

higher c, than for the other samples. To understand this feature label images of the interface

and background were made for the cluster and janus samples. These are shown in figure 5.23

at c=0.3, c=0.6 and c=1. The behaviour of the janus sample, fits the general profile previously

described. At c=0.3, nearly all objects are connected, and there are many holes in the objects.

The cluster samples however show many different objects (indicated by the different colours in

the label image of the interface). This means that the original seed points are further apart,

and at this dilation factor, have not yet merged. At a dilation of c=1, all the individual

objects are now connected. However, unlike the other samples no peak is observed. It is now

useful to compare the label images of the background for both samples. The labelled image

of the janus sample shows several enclosures (that is, where the parts of the background have

become cut of from the edges). These enclosures are highlighted in green. The cluster sample

however, has none of these enclosures. This can be interpreted from the fact that the seed

points begin further apart than for the janus sample and for clusters, at the dilation factor

in which the handles close up, the interior volume is also filled. The insets to figures 5.22 a

and b, show that for the interfaces at 30% water saturation, for c ≥ 2, where the collective

spheres approximate well the enveloping shape of the interface, clusters and mixed samples

have larger Euler numbers, and patchy and janus samples have smaller. In the case of the

50% saturations, all the samples fall onto the same curve from c = 3.

The Euler characteristic is consistent, although less straightforward to interpret, with

the information provided by the volume and surface area measures. The roughness of the

developing front depends upon the wetting correlation length of the samples.
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Figure 5.23: Labelled images of the collective interface and background for janus and clusters samples,
for sphere radii of c=0.3, c = 0.6 and c=1. The labelled images of the interfaces show separated objects
in different colours. In the first row, for clusters there are many separate objects, resulting in a high
positive Euler characteristic, whereas for janus, almost all objects are joined. At c=0.6, both samples
show similar characteristics, one large object for the interface, and completely connected background.
For c=1, for the janus sample, it can be seen that portions of the background have become isolated due
to the merging spheres at the interface. These sections are highlighted in green. This is not observed
for the cluster sample.
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Physical interpretation

How can this observation be understood? These experiments are performed at low capillary

numbers, which means that the advanced of the liquid is dominated by capillarity. Therefore

the roughness of the fronts is due to capillary fingering, which occurs due to local geometry of

the pores at the interface. As mentioned in chapter 2 from the ideal capillary pressure equation

we can predict that the front advance proceeds through first the small wettable pores , than

large wettable pores, and then large non-wettable pores and lastly the small non-wettable. If

the front always progresses through the pores in this order (dynamic x-ray experiments show

that for invasion of a non-wetting fluid this appears to be the case [93] it can be understood

how the fingering develops. In the case where there are heterogeneities within the pores,

contact line pinning halts this advance and suppresses the fingering effects. The smoothening

of the fronts are therefore consistent with the increase in dissipation of the interfacial advance

measured in chapter 4. Both the increase in dissipation and the smoothening of the interface

can be attributed to the pinning of contact lines at the wetting-non wetting surface junctions.

X-ray tomography imaging of the fluid interface at intermediate water saturations has been

used to correlate the shape of the invading liquid front with the energy dissipation measured

by the CPS experiments. It can also be employed to investigate the liquid distributions at

the irreducible saturations.
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5.4 Analysis of droplets at the irreducible saturations

This section addresses questions regarding the irreducible saturations. From the CPS exper-

iments the volumes of trapped phase inside the packings did not appear to depend upon the

wetting correlation lengths, and a large experimental scatter was observed. While there were

no differences in the total volume of trapped phase due to correlation length it is perceivable

that droplets comprising of the same total volume might be distributed in different ways.

For applications such as oil recovery, the mobilisation of trapped ganglia is considered very

important as up to 70% of the oil can remain trapped in these ganglia or droplets inside

the reservoir [6]. Therefore, X-ray tomography was used to investigate the structure of the

trapped droplets, to understand why the volume of trapped phase does not appear to depend

on the wetting correlation length, and to explain the large scatter measured in these volumes

between experiments.

Previous studies of this nature have found that very large amounts of the irreducible

saturation can be in only a few ganglia [54, 64, 111] this was proposed in chapter 4 as a

possible explanation for the scatter observed between experiments.

At the points during a CPS experiment when the irreducible water or oil saturation is

reached (see figure 5.2, the sample cell is disconnected from the experimental apparatus, and

imaged. By eye, it would be difficult to determine if there are any differences between the

droplet shapes and sizes for different porous sample types, so again numerical analysis is used

to quantify any differences in the droplets. 2D slices of the irreducible oil saturations are

shown below in figure 5.24.

(a) patchy (b) janus (c) mixed (d) clusters

Figure 5.24: Irreducible oil saturations- the oil is dark grey, beads grey and water the brightest phase.
The oil/water interfaces are highlighted in red.

There is a large range of values for the droplet sizes found in the packings and it is

found that the largest droplet can comprise most of the irreducible phase. This is shown in

figure 5.26 for the irreducible water and oil saturations of different packings and the results

found here are comparative to literature results for systems of similar sizes [54,64,111]. This

confirms the previously stated suspicion that the scatter between experiments could arise
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(a) patchy (b) janus (c) mixed (d) clusters

Figure 5.25: Irreducible water saturations- the oil is dark grey, beads grey and water the brightest
phase. The oil/water interfaces are highlighted in red

from the mobilisation or trapping of just a single ganglia between experiments causing large

differences in volumes of the irreducible phase. These values suggest that the sample size is

simply too small to obtain any reasonable statistics on the trapped droplet distributions. To

make any statements about the structure of the trapped phase with respect to the porous

media properties, larger systems are required to obtain more statistics.

Figure 5.26: Bar graph showing the size of the largest droplet of the irreducible phase, normalised
to the total volume of the irreducible phase. The largest droplet often comprises the majority of the
trapped phase

The first analysis was extraction of the droplets themselves and calculating the size

distributions- shown below in figure 5.28. To understand the shapes of the trapped water

droplets at the irreducible water saturation from a cluster sample were rendered in 3D and

are shown in figure 5.27. The shapes of the droplets are dictated by the constraints of the

bead packings, and do not appear to depend on the wetting correlation length.
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Figure 5.27: Individual water droplets, or ganglia, extracted from a cluster sample at the irreducible
water saturation. Droplets range in size from leftmost: approximately one a pore volume (0.35 of a
bead volume), to rightmost: spanning many pores (∼ 500 bead volumes.

(a) residual water (b) residual oil

Figure 5.28: Normalised cumulative size distributions of residual oil and water droplets.

What can be immediately seen from figure 5.28 is that there is no monotonic trend in the

droplet sizes based on the correlation length. The scatter seen between the samples is of the

same order as the scatter of these values which was observed in the CPS experiment. For

completeness the Minkowski shape analysis was also performed on the liquid-liquid interfaces

arising from the trapped droplets (shown in figures 5.30 and 5.29), but as expected from

figure 5.26, the interfaces are dominated by one single large droplet. Thus, no structural

difference in the trapped droplets due to the correlation length were able to be observed.

These measurements show is that the system size is too small to capture reasonable

statistics regarding the distribution of trapped droplets. For a system of a similar size, this

same problem was recently reported by Georgiadis and coworkers [54]. This observation

is also consistent with the experimental scatter measured for the residual saturations (as

described in chapter 4). While these experiments do not rule out that there is an effect of

the wetting correlation on the structure and distributions of trapped ganglia in the porous

media, at this time no effect was able to be observed. An alternative method, using ripened

emulsions inside mixed and janus packings was used to prepare droplets with a narrower size
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Figure 5.29: Minkowski scalars of the residual oil saturations

Figure 5.30: Minkowski volume and surface area scalars of the residual water saturations

distribution. However as the amount of trapped phase was very small, these results are not

comparable. The experimental details and results are described in appendix C.
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5.5 Summary

This chapter has dealt with the investigation into the liquid front morphology development

during a capillary pressure saturation experiment using X-ray tomography. Samples were

imaged at set stages of the imbibition and drainage cycles and the fronts analysed using

the Minkowski measures. The front morphology at both ∼30% and ∼50% water saturations

was observed to be dependant on the wetting correlation length ξ. The smoothening of the

fronts is consistent with the hysteresis measurements made in chapter 4. Flow dissipation at

small ξ is dominated by the pinning of contact lines at the wetting heterogeneity junctions.

The fronts imaged at small ξ are smoother, caused by pinning of contact lines at wetting

heterogeneity junctions. For larger ξ more fingered fronts are obtained, as there is less pinning,

and dissipation of energy can is no longer dominated by contact line pinning.

Secondly the structure of trapped droplets at the irreducible saturations was investigated.

By the mass measurements (chapter 4) there was no trend seen due to the correlation length,

and a very large experimental scatter. It was found that very large volumes of irreducible

saturation were present in just a few ganglia- in agreement with the literature [54,64,111]. This

is proposed as an explanation for the large experimental scatter in the irreducible volumes,

as the difference between successive experiments can be explained by mobilisation, or not,

of a single ganglia. Perhaps some differences could be revealed with higher resolution x-ray

tomography, where contact angles and average curvature (Minkowski tensors [47,120]) might

be extracted, but the major problem appears to be due to the limited system size.
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Chapter 6

Wettability of polymer brush

modified surfaces

In this chapter polymer and polyelectrolyte brushes are used to investigate two different ques-

tions regarding wetting heterogeneities in natural porous media. The first question regards

the LoSal effect, and if it is possible to create a surface which exhibits a water in oil contact

angle shift in the presence of salts. The second question address creating surfaces, and even-

tually bead pack with very small wetting heterogeneities (relative to a pore size) in order to

study systems with very small wetting correlation lengths.

Firstly in section 6.1 a general introduction to polymer and polyelectrolyte brushes is and

the synthesis of the brush systems used in these experiments is presented. Then the wettability

of the brush systems in the presence of salt solutions is measured and the potential for such

systems to mimic the LoSal effect is described in section 6.2.1. Lastly in section 6.3, the use

of partially modified surfaces is presented as a means to create surface with heterogeneities

on a small length scale.

The work described in this chapter was performed in a 2 month period during a short

scientific stay at the BioMaGUNE in San Sebastien, Spain, under the supervision of Dr.

Sergio Moya.

6.1 Polymer and polyelectrolyte brushes

Polymer brushes are polymers which are densely tethered to a surface. The close proximity

of the polymers to one another forces them to adopted a straight conformation, pointing

away from the surface- like the bristles of a brush, resulting in the name polymer brushes.

This brush structure occurs when when the film is placed in a good solvent, that is, the

polymer and solvent favourably interact. More formally put, the conformation of the brush

is the result of the force balance between the osmotic force exerted on the brush by its

neighbouring brushes and the elastic free energy increase which occurs when the chains become

117
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overstretched [121, 122]. The conformation of the polymer depends on its interaction with

the solvent. In a good solvent (strong/favourable interactions between the solvent and the

brush) the polymer has an extended stretched conformation, whereas in a poor solvent the

brush adapts a coiled conformation. These conformation changes can be used to tune the

wettability of a brush modified film [123–125].

When the polymer chain is charged, such in the case of polyelectrolyte brushes there are

additional electrostatic repulsions which contribute to forcing the polymer into a straight con-

figuration. The addition of salt allows for these charges to be screened, reducing electrostatic

repulsion and allowing the polymer to adopt a coiled conformation. [126]. This effect may

also be produced by changing the species of the counter ion in solution. [126].

The chosen system for this investigation were polyelectrolyte surfaces which have been

experimentally shown to have a counter ion dependant wettability [127–129]. However, al-

most all systems reported with a switchable wettability are air/water systems [127–131], and

often require the addition of ’large cations’, charged organic molecules which may also act as

surfactants.

Typically there are two approaches used for polymer brush synthesis- the grafting to

and grafting from methods. The grafting to approach uses polymers which were grown in

solution and are then attached to the surface. While synthetically straightforward, stearic

repulsions between large polymers reduce the efficiency of coupling reactions, and limit the

density of films which can be formed in this way [123,132]. The other approach, the grafting

from method, grows the brush directly on the surface. Grafting from preparation of brushes

results in homogeneous films of homogeneous composition and well controlled thickness [132].

The thickness of the film grown using the grafting from method can be controlled using

‘living polymerisation techniques’ . Depending on the desired products, this can be achieved

in different ways such as: living anionic or cationic polymerisation [133], or ring opening

metathesis polymerisation (ROMP) [134]. The most popular technique, and also the method

used in this work is a living radical polymerisation.

6.1.1 Living radical polymerisation

Living radical polymerisation is where the growth of the polymer chain occurs via radical

addition, and the chain growth is controlled using a radical transfer mediator, or catalyst. In

a standard radical polymerisation the competing effects of polymerisation and termination

reactions result in polydisperse products. The standard radical polymerisation process is

indicated in figure 6.1. For applications where a small polydispersity of product is required,

it is desirable to control the growth process via living techniques. In the case of surface

initiated polymerisation, living radical polymerisation is employed to ensure brushes of the

same length, thus yielding homogeneous coatings.

Living radical polymerisation refers to polymerisation techniques which control the growth
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Figure 6.1: reaction schematic of radical polymerisation. The initiator molecule decays, in the presence
of an external stimulus such as UV light, or heat forming two radicals. These radicals react with the
monomer unit, denoted by M, propagating the chain growth. Two radicals can recombine at any time,
terminating the reaction. If there is no control of the termination reactions the resulting polymers
have a large polydispersity.

of the polymer by blocking the termination reaction. The radical is transferred from the

growing polymer to new monomer through a catalyst. There are a range of these techniques

such as NMP (Nitroxide-mediated polymerisation), RAFT (Radical addition-fragmentation

chain transfer), and ATRP (Atomic transfer radical polymerisation).

Each method has advantages and drawbacks and depending on the desired products dif-

ferent methods are more suitable. Several comparisons of these different methods have been

published, and such an example can be found in reference [123]. For this work brush growth is

achieved by ATRP. ATRP uses the equilibrium between a dormant and active catalyst (usu-

ally copper(II)/copper(I)) to control the rate of polymerisation. The advantages of of ATRP

are that it works at room temperature, does not require anhydrous conditions, requires initia-

tors that are easy to synthesise. The only potential difficulty is the oxygen sensitivity of the

Cu(I) catalyst, meaning the reaction must be performed under inert conditions, however this

also provides an easy method of quenching the reaction, as exposure to air will oxidise the

Cu(I) catalyst terminating the reaction. The growth of brushes on a surface is achieved by

first tethering the initiator to the surface, by forming a self assembled monolayer of APTES

(3-aminopropyltriethoxysilane) to which the initiator molecule is couple. This is known as

SI-ATPR (Surface Initiated Atomic Transfer Radical Polymerisation).

For growth of polymer brushes on surfaces SI-ATRP, which stands for Surface Initiated

Atomic Transfer Radical Polymerisation is used. The control of the radicals, and thus the

addition of new monomer to the polymer chain is facilitated by the equilibrium between

the active Cu(I)-bipyridyl complex and the dormant Cu(II)-bipyridyl complex resulting low

polydispersity polymers. The reaction schematic is drawn in figure 6.2.

6.1.2 Synthesis of brushes

The synthesis of the brushes can be divided into three steps. First the substrates need to be

activated. This is achieved by forming a monolayer of APTES (3-aminoproplytriethoxysilane).

Then, the polymerisation initiator, in this work BIBA (bromoisobutyrylbromide) is attached
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Figure 6.2: Reaction scheme of ATRP. The initiator is tethered, via APTES, to the glass surface,
here represented as the solid black rectangle. First the catalyst solution is added to the reaction
vessel containing the activated surfaces. The transfer of a radical from the initiator to the Cu(I)-bipy
complex results in the surface tethered radical and a Cu(II)-bipy complex, and from here chain growth
at the surface proceeds. Monomer (here methylmethacrylate is drawn) is added to the solution and
chain growth proceeds via radical addition. The equilibrium between the Cu(I)-bipy complex and the
dormant chain and the Cu(II)-bipy complex and the active chain controls the growth of the polymer.
Termination of the polymer growth occurs when the Cu(I) catalyst is quenched by exposure to oxygen.

to the silane. After tethering of the initiator to the surface the polymer brush can be grown

using ATRP. The following paragraphs describe the details of each step.

Preparation of substrates

Silicon and glass wafers were pre-cleaned by sonnicating in acetone (5 min), then ethanol (5

min), then nanopore water (5 min), dried under nitrogen and then cleaned in the Plasma

cleaner (20 min).

To initiate the glass slides for polymerisation the cleaned slides were immersed in a 1%

APTES solution in toluene (30 min) at room temperature. Following this, the slides were

cleaned by sonnication in acetone (3 min) and then ethanol (3 min) and then dried in the

oven at 60◦C (4 hours).

Wafers were then placed in a conical flask, taking care that none of the wafers touch,

and the flask was placed in an ice bath. 15 mL of DCM (Dichloromethane) and 0.6 mL of

TEA (triethylamine) was poured on top of the wafers. These concentrations are such that

the initiator is in excess, and up to ten 1 x 2 cm glass slides were initiated in such a solution.
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0.6 mL of BIBA (bromoisobutyrylbromide) was added to 15 mL of DCM in a seperating

funnel. The neck of the funnel was placed inside the neck of the flask and sealed to prevent

any vapour from escaping. The BIBA solution was then added drop wise to the flask with

the wafers (over approx. 10 min). After 2 hours the flask was removed from the ice bath and

allowed to warm to room temperature over night. The reaction solution was then decanted

and the wafers rinsed in nanopore water, sonnicated in acetone and then ethanol, (1 min

each), and then dried under N2.

For characterisation purposes, the contact angle of glass slides modified with an initiator

layer was measured to have an advancing angle of 90±5◦ and a receding angle of 60±5◦ for

air/water systems. The preperation and initiation of the glass sides is the same for all the

polymer brush systems used in this series of experiments. Several types of polymers van be

grown from these initiated substrates depending on the monomer (and solvent) used in the

subsequent steps.

PSPM, Poly(3-sulfopropylmethacrylate)

The structure of PSPM is shown in figure 6.3. PSPM Brushes: Initiated glass slides were de-

oxygenated by blowing N2 through a conical flask containing the wafers. Solvent was prepared

with 9 mL of DMF (dimethylformamide) and 6 ML of H2O and degassed by bubbling N2

through the solvent for 30 min. 8.9 mg of Cu(II)Cl2, 33.2 mg Cu(I)Cl and 123,67 mg Bipy

(bipyridine), added to 5 mL of Solvent in a dry flask. 1.576 g of monomer was transferred to

the flask with with wafers and washed using 5 mL of solvent. The catalytic solution was then

added and brushes were grown for 2 hours. After this time the reaction was quenched by

opening the flask to air, the films collected, rinsed in nanpore water and dried with N2. PSPM

brushes prepared in this way had a dry film thickness measured by AFM and ellipsometry of

26 nm.

Figure 6.3: Molecular structure of PSPM Poly(3-sulfopropylmethacrylate)

PMETAC, Poly([(2-methacroloyloxy)ethyl]triammonium chloride))

The structure of PMETAC is shown in figure 6.4. PMETAC Brushes:In a round bottom flask

30 mL of solvent was made up from 15 mL of MeOH and 15 mL of nanopore H2O and is

degassed by bubbling with nitrogen gas for 30 min. 100 mg of CuCl and 300 mg of bipy

(bipyridine) were then added to a second degassed 2-neck flask with 5 mL of degassed solvent
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under stirring. The initiated wafers were placed in a conical flask, and oxygen removed blowing

nitrogen through the flask. 3.34 mL of METAC monomer was added to the catalyst solution

and then immediately transferred to the wafer containing flask. Brush growth proceeded for 2

hours and then the polymerisation was quenched. The wafers were rinsed in nanopore water

and dried with N2. Brushes prepared in this way had dry film thickness’s measured by AFM

and ellipsometry of 3 nm.

Figure 6.4: Molecular structure of PMETAC Poly([(2-methacroloyloxy)ethyl]triammonium chloride))

PMMA, Poly(methylmethacrylate)

The structure of PMMA is shown in figure 6.5. A flask containing the initiated glass slides

was de-oxygenated by flushing with N2 for 30 minutes. The solvent consisting of 9 mL DMF

and 6 mL H2O was concurrently de-oxygenated by bubbling with N2 for the same amount

of time. To 10 mL of the de-oxygenated solvent 33.2 mg of Cu(I)Cl, 8.9 mg of Cu(II)Cl2

and 123.67 mg of Bipy were added. The catalytic solution was transferred with a cannula

to the flask containing the glass slides. To the remaining 5 mL of de-oxygenated solvent

424 mL (398.87 mg) of MMA (Methylmethacrylate) was added and then transferred directly

to the flask containing the slides. Polymerisation proceeded for 2 hours before quenching

the reaction. The films were collected, rinsed in ethanol and dried under N2. The dry film

thickness was measured by ellipsometry to be 47 nm.

Figure 6.5: Molecular structure of PMMA (Polymethymethacrylate)

Block co-polymers

Block Co-polymers were prepared by sequential polymerisation reactions of the same surfaces.

The first block was grown using the procedure as listed above, then the substrate rinsed and
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dried, and then placed back inside a flask with a nitrogen atmosphere. The new monomer

and catalyst solutions were then added and the second and third blocks allowed to grow for 2

hours. The easy attachment of multiple blocks to the polymers is facilitated by the bromine

group which remains at the end of the polymer chain (shown in figure 6.2), and is used to

re-initiate the polymerisation. For addition of PSPM blocks, only the Cu(I) catalyst was used

without addition of the Cu(II) compound, as the initiation of the bromine from the polymer

is not as efficient as from BIBA. Polymerisation of PSPM as a monoblock using only the

Cu(I) catalyst, with no additional Cu(II), resulted in 53 nm thick films.

Di and triblock copolymers were synthesised: PMMA-PSPM, PSPM-PMMA, PMETAC-

PMMA, PMETAC-PMMA-PMETAC, PSPM-PMMA-PSPM, and PSPM-PMMA-PMETAC.

6.2 Stimuli sensitive wettability and the ‘LoSal’ effect

Smart surfaces, or surfaces which can change their wettability in the presence of an external

stimuli, have been gaining more and more attention in the last decade due to applications

such as smart membrane material [135], drug delivery, or biocatalysis [136]. Polymer brushes

are a popular way to create surfaces which exhibit wettability changes in response to their sur-

rounding environment. Contact angle shifts of these systems have been achieved by changing

solvents [124,125,137], temperature [138,139], UV light [140,141], or salinity [127–131].

As discussed in chapter 1, the wettability of a surface inside porous media dictates the

flow patterns of immiscible liquids through such media. Mixed wettability inside natural

porous media, such as aquifers or oil reservoirs occurs due to the adsorption of organic com-

pounds to the rock surfaces during diagenesis. The previous chapters described the wetting

heterogeneities in for model systems that were created using simple hydrophobic surface

coatings. However, the wettability of natural systems, caused by for example asphaltene ad-

sorption [142,143] also changes in the presence of different liquids. This has been empirically

observed in what is called the LoSal effect [75]. The LoSal effect refers to an increase in the

amount of recovered oil when a core is flooded with low salinity water, compared with sea

water flooding. The increase in oil has been ascribed to a local change in contact angle at the

rock surface when low salinity water is used [76,77]. Recent work on this topic has shown that

the presence of divalent cations increases adsorption of organic compounds, such as stearic

acid or crude oil components at liquid liquid interfaces [78, 79] and mineral surfaces [80, 81].

It has been found that when these surfaces are washed with low salinity water these organic

compounds can be removed.

While this mechanism has been examined on a molecular level, using chemical force spec-

troscopy [80, 81], ellipsometry and AFM [78, 79], the effect of a change in contact angle on

the morphology of trapped droplets inside a porous media has not yet been examined. Ex-

periments on two phase flow in 2D micromodels [144] and in 3D homogeneously wetting bead
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packs [93] have observed significant changes in final oil saturations and front morphology

of the invading liquid when the three phase contact angle is increased above 90◦. Empirical

studies of core floods with low salinity water report that the most significant oil recovery gains

occur when the rock is initially mixed wet, and becomes more water wetting [76, 77]. There-

fore we also expect that morphological changes in trapped droplets, leading to remobilisation

of ganglia occurs also around contact angle shifts close to 90◦

The bead packs used for the flow experiments (as described in chapters 4 and 5, consist

of approximately 150,000 beads. To conduct experiments on this scale, with treated beads

which had a coating that exhibited a wettability change in the presence of salt the coating

methods needs to be upscalable. The following section describes the attempts to achieve a

switchable wettability using the polymer brush films.

6.2.1 Wetability of Polymer Brush films

The advancing and receding contact angles for all the different brush types synthesised (sec-

tion 6.1 were measured against air and oil and are shown in figure 6.6. Advancing and receding

contact angles were measured by increasing and decreasing the volume of a sessile drop on

a plain surface (drop volume ∼20 µL with ±2 µL increases/decreases), in air and under oil.

The images are collected using Data Physics OCA5 goniometer and drop profiles fitted using

a circle profile using the commercial software SCA. For every contact angle measurement, of

each brush/solution system described in this chapter, at least ten measurements were taken

and the average and standard deviation were plotted.

As seem in figure 6.6, the end group of the brush appears dominates the wettability of the

surface. Block co-polymers ending in PSPM are hydrophilic in both oil and water and have

contact angles similar to PSPM. For PMETAC the contact angles seem to be more sensitive

to the prior blocks. This is easy to understand because PSPM grows faster and the brush

component is much longer compared to the PMETAC blocks. In oil, the PMETAC block

appears to collapse and the contact angles measured for PSPM-PMMA-PMETAC appear like

those measured for the single PSPM blocks. In general, the contact angles of all polymers

except the PMMA ending blocks appear hydrophilic in both air and oil (CA < 90◦) and the

contact angle hysteresis of all systems is large. In order to reproduce the LoSal effect we are

searching for a system which becomes increasing hydrophobic in the presence of salts. As

mentioned previously, we expect contact angles shifts occur either side of 90◦ to be the most

interesting to test mobilisation of droplets trapped inside bead packs.

The contact angles measured against water have the brush surface in the hydrated state.

To achieve the contact angle shift, salt solutions are added to the polymer brush surfaces,

to collapse the brushes and increase the hydrophobicity of the surface. The contact angles

measured in air are in agreement with previously reported values of 28◦ for PSPM [128], 78◦

for PMMA [145] and 40◦ for PMETAC [146].
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Figure 6.6: Advancing and receding contact angles measured in air and water (green) and oil in
water (red) for polyelectrolyte brush films. The error bars show the standard deviation between ten
measurements.

While the PMMA brushes and PMMA terminated blocks give the highest contact angles,

and indeed the only ones above 90◦, PMMA is uncharged (see figure 6.5). Therefore, it

seems unlikely that increasing ionic strength will facilitate a further collapse of the brushes.

Therefore the initial investigation focussed on the polyelectrolyte brushes in saline solutions.

To force a hydrophobic collapse of the brushes the polyelectrolyte films were soaked in salty

solutions for ten minutes, rinsed quickly in nanopore water, to prevent salt crystallisation

upon drying/addition of oil and then placed in an oil bath. The advancing and receding

contact angles against the salt solutions were then measured.

Salt type

Polyelectrolyte brushes have a wettability which depends upon the conformation of the

brushes. For these surfaces it has been shown that changing the type of counter ion of

the brush can dramatically change the conformation of the brushes [126, 127, 147–149], and

thus the air/water contact angle.

Figure 6.7 shows the contact angles measured for PSPM and PMETAC polyelectrolyte

brushes in the presence of different salt solutions. Salts were chosen that would appear in
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natural sea water (NaCl, MgCl2, MgSO4, CaCl2, KCl and LiClO4) and selected such that

both anions and cations could be tested. The effect of these salts on the polyelectrolyte films

was investigated by first soaked in a 1 M solution of the different salts, and the advancing and

receding contact angles of the salt solution in oil (octadecane) were measured. The results of

these measurements are shown in figures 6.7.

(a) PSPM (b) PMETAC

Figure 6.7: Advancing and receding contact angles measured on (a) PSPM and (b) PMETAC surfaces
after soaking in 1 M salt solutions. Each data point consists of more than ten measurements, and the
error bars are the standard deviation.

PSPM is a negatively charged polyelectrolyte and so the interaction of the salt is largely

through the cations. A larger shift in contact angle is observed for monovalent larger cation,

K+, compared to Na+ and Li+. Both the divalent cations tested appear Mg2+ and Ca2+

appears to cause an increase in advancing contact angle. This indicates that both the size of

the ion and the valency are important.

For PMETAC systems, all of the contact angles measured in salt solutions under oil

showed lower contact angles compared with those obtained in after soaking in water (see

figure 6.7b). This is not intuitive to explain. The PMETAC may be so poorly solvated by

the oil, that the brushes are already in a collapsed state when the salt solution is added.

PMETAC has a positively charged backbone, so the counter ions in solution will be anions.

Unlike the PSPM, there does not seem to be a difference between the monovalent and divalent

anions, in the advancing contact angles for PMETAC. What is instead seen is the effect of

increasing concentration of Cl− ions, (MgCl2 and CaCl2 have 2 M of Cl−), although this is

not particularly strong. There does not seem to be a strong difference between wettabiliy of

PMETAC filsm soaked in salt solutions with either monovalent or divalent cations.

What is noticeable for both mono-block brush systems are the large values for contact

angle hysteresis, for PSPM on the order of 10◦ and for PMETAC as large as 30◦. While for

capillary pressure saturation experiments (see chapter 4) it has been determined that advanc-
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ing contact angle rather than contact angle hysteresis is the control parameter for the fluid

displacement profile [49, 50], what effect this would have on changing droplet morphologies

due to a local contact angle change is unclear.

Even for the collapsed state of the brush, indicated by the contact angle shift, the contact

angles are still very hydrophilic ∼35◦ for PSPM and ∼50◦ for PMETAC as seen in figure 6.7.

From the initial contact angle survey of the different brush types (figure 6.6), PMMA and

PMETAC-PMMA had much higher contact angles. Therefore it was considered that using

blocks of polyelectrolytes and PMMA might be able to create a contact angle shift from

hydrophilic to hydrophobic. The idea is that when the polyelectrolyte block collapses the

PMMA will then dominate the wetting characteristics. Brushes consisting of differently wet-

ting blocks have been reported [150] to have solvent dependant conformations caused by phase

segregation of the differently wettable blocks. Four tri-block polymers films were created,

PSPM-PMMA-PSPM, PMETAC-PMMA-PSPM, PSPM-PMMA-PMETAC and PMETAC-

PMMA-PMETAC.

PMMA, PMMA-PSPM and PMETAC-PMMA-PSPM

First the mono-PMMA block brushes and the di-block PMMA-PSPM were tested for sen-

sitivity towards NaCl. The results are shown in figure 6.8. Then the tri-block structure

PMETAC-PMMA-PSPM was also tested for salt sensitivity and the results are shown in

figure 6.9.

The PMMA showed little sensitivity towards the NaCl with a slight decrease in advancing

contact angle, whereas the PMMA-PSPM behaved exactly like the PSPM mono block, with

a decrease of the same order on addition of NaCl. Therefore it was concluded that the

PSPM block on top of the PMMA was of a thickness which meant, even on PSPM collapse,

the PMMA was not visible to the liquids. This was also seen for the tri-block structure

PMETAC-PMMA-PSPM (figure 6.9). This suggests that for a switchable wettability due

to the presence of a lower block in the brush structure the upper block needs to be short.

The chain length of any polyelectrolyte could be optimised by changing either the reaction

conditions (i.e percentage catalyst used) or the growth time. However, due to the limited

time for these experiments that was not investigated further. Rather, the tri-block systems

ending in the short PMETAC blocks were used (PSPM-PMMA-PMETAC and PMETAC-

PMMA-PMETAC).

PSPM-PMMA-PMETAC

Before the wettability testing with different saline solutions could be formed, an unforeseen

problem concerning the PSPM-PMMA-PMETAC films was encountered. The problem with

this system was the extreme ageing of these films when measured under oil. This is perhaps

why oil/water contact angles are rarely reported in the literature. Figure 6.10 shows the
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(a) PMMA (b) PMMA-PSPM

Figure 6.8: PMMA and PMMA-PSPM contact angles measured water in oil and NaCl in oil. Neither
systems exhibits a strong wettability change due to the presence of salt.

Figure 6.9: Change in contact angles for salt solutions measured under oil. The triblock system appears
to behave like the mono PSPM block, in that, for at least this system, the contact angles seem closest
to PSPM and the top block appears to dominate the wetting behaviour.

ageing behaviour of a PSPM-PMMA-PMETAC film for water in oil contact angles measured.

These measurements were made by placing new droplets on the surface that was being aged



6.2. STIMULI SENSITIVE WETTABILITY AND THE ‘LOSAL’ EFFECT 129

Figure 6.10: Ageing behaviour of PSPM-PMMA-PMETAC films under oil. The contact angle increases
dramatically over the first ten minutes, then appears to reach a stable value. The change in the
advancing contact angle is significant, from very hydrophilic to hydrophobic, although the receding
contact angle appears to remain constant at around 20◦.

in the oil. In the beginning hydrophilic contact angles are recorded, but within 10 minutes

the advancing angle has increased to something hydrophobic. After 10 minutes the contact

angle appears to be is relatively stable at around 110 degrees.

The initial contact angles measured are on the order of those measured for PSPM in oil,

where are the final ones are more similar to those of PMMA. Therefore it appears that when

measured directly after placing in the oil the brush behaviour is dominated by the PSPM

block, but after ageing in the oil, it could be expected that the PSPM block collapses, and

the brush behaviour is then dominated by the PMMA block. PMMA does not appear very

sensitive towards salt concentration, as it does not qualitatively change when soaked in 1 M

NaCl (see figure 6.8). Therefore the PSPM-PMMA-PMETAC system, which appears like

PMMA after ageing for more than ten minutes in oil is not a promising system and further

salt tests were not carried out. The cause of the ageing is no doubt very interesting, but

unfortunately for now, the mechanism could not be determined. Perhaps, as was suggested

for the PMMA-PSPM system, this response might be due to the relative lengths of the

brushes. In this case tuning the relative lengths may provide a means of optimising the

desired response. However, at this time, this was not investigated.
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PMETAC-PMMA-PMETAC

The other brush system which showed promising behaviour from the oil/water contact angles

was the PMETAC-PMMA-PMETAC block system. Like the PSPM-PMMA-PMETAC block

system, the contact angle measured under oil were smaller than those measured under air,

suggesting that when this system is in air, the PMMA block is very visible to the droplet, and

under oil the PMETAC block dominated the interaction more. Unlike the PSPM-PMMA-

PMETAC system, this system did not dramatic changes in the contact angle over time. The

advancing and receding contact angles under oil for the tri block polymer matched those of

the single PMETAC block. However, unlike the single PMETAC block, the tri block polymer

was observed to have an increase in contact angle with the addition of salt. The contact

angles measured of 1 M salt solutions under oil for PMETAC-PMMA-PMETAC films are

shown in figure 6.11. Again, the contact angle hysteresis is very high. However, this system

does show a shift in the advancing contact angle in the presence of salt to values close to

90◦. Therefore these systems may be of interest to create switchable wettability inside a bead

pack. To further investigate the effect of salt concentrations the contact angles were then

measured against 0.1, 0.5 and 1 M concentration. The results of these experiments are shown

in figure 6.12. The behaviour appears quite complicated. For MgCl2 and LiClO4 the contact

angles decrease with increasing salt concentration. For NaCl there are slight increases with

increasing salt concentration, but the most interesting solution is the MgSO4 which exhibits

a significant increase between 0.1 M MgSO4 and 0.5 M MgSO4. To understand what is

happening to the polymer brush film with the increasing salinity experiments for this system

(PMETAC-PMMA-PMETAC in MgSO4 solutions), QCMD measurements of the film were

made.
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Figure 6.11: Contact angles of salt solutions (1 M) measured against PMETAC-PMMA-PMETAC
polymer brush films under oil. The advancing contact angles are shown in black and the receding
contact angles shown in red.

Figure 6.12: Contact angles of salt solutions with different concentrations measured against PMETAC-
PMMA-PMETAC polymer brush films under oil. The most interesting salt solution appears to be
MgSO4, as the film becomes increasingly hydrophobic with increasing salt concentration.
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6.2.2 QCMD experiments

To directly observe the effect of the salt on the films, polymer brushes were grown on QCMD

(Quartz Crystal Microbalance with Dissipation measurement, from Qsense) sensors and then

flushed with salt solutions to measure the response of the film. Collapse of polyelectrolyte

PMETAC and PSPM films with addition of salt has been previously observed using simul-

taneous ellipsometry and QCMD, where the loss of mass was observed to coincide with a

decrease of film thickness [148, 149] and is attributed to the loss of water molecules from

the hydrated bruses upon collapse. QCMD is therefore an interesting way to observe the

behaviour of the block co-polymer systems when introduced to saline solutions.

Quartz Crystal Microbalance measures the resonance of a quartz crystal using the piezo-

electric effect. The resonant frequency of the crystal is proportional to the mass, and thus as

more mass is deposited during polymerisation on the crystal the frequency changes propor-

tionally. The dissipation of the resonance can be related to the viscoelastic properties of the

film on the substrate, and as a rule of thumb, a decrease in dissipation indicates an increase in

the rigidity of the film. By fitting the QCMD data, quantitative analysis of the deposited films

is possible, however in the proof of concept experiments shown in this section only qualitative

behaviour is discussed. Figure 6.13 shows a photo and schematic of the experimental set up

used and two QCMD sensors on which the polymer brushes were grown. Figures 6.14 shows

an example experiment where the growth of PSPM was monitored using QCMD. The rate of

change of the frequency of the QCMD sensor is proportional to the rate of mass deposition,

or in other words polymer growth [147,148].

(a) photo of the QCMD set up (b) QCMD sensors

Figure 6.13: Experimental QCMD set up (a) and (b) sensors used to monitor the growth of polymer
brushes. The catalyst and monomer solutions are pumped from (1) to (3) into the QCMD chamber
(3) using a peristaltic pump (4). The mass deposited on the QCMD sensor, a silicon wafer on top of a
quartz piezo, is measured by the change in the frequency of the sensor. For this set-up there are four
QCMD chambers, and four experiments can be run in parallel.

Once the brushes are grown and the polymerisation quenched, the sensors are placed again

inside the QCMD. An example of a salt flushing experiment can be seen in figure 6.15, where
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Figure 6.14: PSPM brush growth was monitored by QCMD. The blue curve represent resonant fre-
quency of the sensor and the red curve represent the dissipation of the frequency. The decrease in
frequency during the reaction time is proportional to the mass deposited on the film. The different
stages of the reaction are indicated in on the figure.

increasing concentrations of MgSO4 were flushed through the QCMD cell. From the con-

tact angle experiments described in section 6.2.1 it was determined that PMETAC-PMMA-

PMETAC interacted with MgSO4 to produce the type of wettability switch of interest for

potential applications of this study. This system was now tested with QCMD to determine

what the effect of the MgSO4 on the brush film is, and if the change in contact angle, can

indeed be correlated to the expulsion of water from the film due to polymer collapse. The

results of this experiment are shown in figure 6.15.

What seems quite interesting is that the mass response appears to be fast with the change

in solution as shown for the 0.1 M MgSO4 and 0.5 M MgSO4 injections as shown in fig-

ure 6.15b.

Studies on the loss of water content from PMETAC films [149] found that the loss of

water by PMETAC films at 0.1 M NaCl was approximately 30%, and this did not increase

largely with increasing salt concentration. This is perhaps also why a contact angle shift

for the PMETAC-PMMA-PMETAC system can be observed from H2O to 0.1 M MgSO4 but

there are not very large further increases in the advancing contact angle for increasing salt
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(a) QCMD experiment

(b) Solution changes (c) Contact angle measurements

Figure 6.15: (a) Response of tri-block co polymer PMETAC-PMMA-PMETAC to MgSO4 solution
of 0.1 and 0.5 M and 1 M concentration. An increase in frequency corresponds to a decrease in mass.
When the salt solution is added, there is a positive frequency shift. This indicates a loss of mass on the
sensor, caused by collapse of the film and expulsion of the adsorbed water molecules inside the film.
(b) zoomed in views of the transition between 0.1 M MgSO4 and H2O and H2O and 0.5 M MgSO4. It
appears that there is a finite time required for changes in the brush film to occur. (c) Contact angle
response to different concentrations of MgSO4 measured under oil for a PMETAC-PMMA-PMETAC
film.

concentration (shown in figure 6.15c). After rinsing with water the third time, the frequency

shifts to negative values compared to the original water rinsing. This might be a sign of

ageing of the film, or a kind of hysteresis behaviour, and further study of the film behaviour

would be required to characterise this. The film was then flushed again with 1M MgSO4,

and again a decrease in mass of the film is observed, but the experiment was then stopped as
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the mass changes were no longer considered to be reliable due to the unknown state of the

brushes.

Before implementation of these types of coatings into bead packs, a considerable amount of

work is still required to better characterise the interactions between the block co polymers and

the salt solutions. However, so far it has been possible to create a ‘switchable surface’ which

exhibits the right qualitative behaviour. This response could be optimised by tuning the

relative lengths of the brushes or perhaps the grafting density. Another possibility which was

no investigated here, is forming mixed films of brushes, rather than the blocks. Such systems

of, for example PMMA and PMETAC may also interesting to study in this context.
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6.3 Heterogeneous surfaces with small characteristic length

scale

The second part of this chapter deals with creating wetting heterogeneities on surface which

have are randomly distributed and have a small length scale.

The main body of work in this thesis dealt with wetting heterogeneities that were on

the order of a bead size (correlation lengths from 0.25 to 2). It was found that for smaller

correlation lengths the heterogeneities appeared to dominated the flow dissipation and control

the shape of the invading liquid front. For the larger heterogeneities, with correlation lengths

greater than 1, the wetting heterogeneities don’t appear to change the local flow behaviour. It

appears that at around correlation lengths of one, a transition occurs, between strong pinning

on contact lines at boundaries to the wetting heterogeneities, and systems in which contact

angle averaging simplifications appear to be valid. There is however, potentially another

transition region, when heterogeneities become very small.

In natural samples heterogeneities exist on all length scales. These can be very small

(just a few µm) as shown in chapter 1, figure 1.1 and have been measured by chemical

force spectroscopy. Small heterogeneities on the surface lead to local contact angle hysteresis

(as described in chapter 2). This is caused by local pinning of the contact lines at these

heterogeneities. For two phase flow through bead packs, heterogeneities on the order of a bead

size significantly influence the invading liquid morphology due the pinning of contact lines.

However, as these heterogeneities become smaller, the effect of contact line pinning should

also decrease. It could be expected that once heterogeneities become very small, contact lines

moving over the heterogeneous surface would also not become pinned, and rather, the fluid

would experience a type of average surface energy and hysteresis. In the following section, a

method to prepare surfaces with small, but controllable length scale of wetting heterogeneities

is discussed.

6.3.1 Towards smaller length scales

Towards this end, creating surfaces with small wetting heterogeneoties, that are controlled

but randomly spatially distributed (not patterned), a self-assembly approach was tested. Self

assembled monolayers of two types of silanes were made, one containing a chemical handle

(an amine group, APTES) and the other a passive silane (propyltriethoxysilane, PTES). The

structures of the two silanes used are shown in figure 6.16. To the active silane an initia-

tor molecule for a polymerisation reaction was attached and from these tethered initiators

polymer brushes were grown using the reaction protocols outlines in section 6.1.2.

For a fully activated surface, that is, if every silane had a polymer growing from it,

the polymers form a brush like configuration. That is, they are forced outwards by the

size exclusion effects from their neighbours, and have a structure somewhat resembling a
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Figure 6.16: APTES, 3-aminopropyltriethoxysilane the active silane and PTS, propyltriethoxysilane
the passive silane used in the formation of mixed silane layers.

hairbrush. In this case however, there are very few polymers and each polymer is free to

take its energetically minimal conformation. In a wetting solvent, the polymer would have an

extended form, and in a non-wetting solvent, the polymer would collapse, forming mushroom

like structures on the surface [150].

For these specific experiments, a 1:99 ratio of active silane (APTES) to passive silane

(PTES) was used. While this does not mean there is 1% active silane deposited on the

surface, perhaps they do not mix, or the adsorption of one is energetically more favourable.

Unfortunately, this was not investigated at this time, although XPS experiments indicated

there can be substantial variation between the solution composition and the eventual surface

composition. The polymer used was PSPM. PSPM completely modified surfaces were mea-

sured to have a contact angle of 30◦ (see figure 6.6. Patchy films were imaged with AFM and

the surface heterogeneities can be seen in figure 6.17. The size of the patch was controlled

by the growth time of the brush, and the number of patches controlled by the percentage

of initiator present on the surface. It can be seen in figure 6.18 that the patch heights, are

much higher than what would be expected for a fully coated PSPM film, which after 2 hours

is only ∼30 nm thick. One possible explanation for this, is that the isolated brushes are in

contact with much more monomer than in the film growth and the reaction is not sterically

hindered by the presence of neighbouring brushes. For instance ATRP synthesis of free PSPM

in solution polymers on average 130 nm long [151] after 45 minutes reaction time. Another

contibuting factor might be the relatively large amount of catalyst present as same reaction

concentrations were used as for a fully initiated film. Contact angle measurements showed

a direct correlation between the growth time of the brush (i.e size of the patch) and the

average contact angle measured for the system. This is shown in figure 6.19. The contact

angle measured for just the silanated film (prior to the addition of the initiator of polymer

growth) was measured to be 73±4◦. These results, shown in figure 6.19, indicate that even at

a low density of attachment the PSPM patches dominate the surface, and after 15 minutes of

growth, the contact angles of ∼ are similar to those measured for a fully covered PSPM film.

While it is clear from figure 6.19 that the growth time of PSPM is correlated the to

the average contact angle measured, the effect of the size of the patches alone cannot be
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Figure 6.17: AFM images showing increasing size of patches on the surface of a treated silicon wafer.
The time of the growth period is indicated above the AFM image.

Figure 6.18: Patch heights and widths were extracted from AFM line profiles. The large error bars
(standard deviation) result from the small number of patches measured per sample.

commented upon. This is because, as the PSPM chains become longer, the total amount of

surface they can cover also increases. Therefore the decrease in contact angle, is probably

due to a general increase in the coverage of the surface by the hydrophilic polyelectrolyte,

rather than the increase in patch size. Samples with the same total coverage but different

patch sizes could be made by tuning the original amount of initiator.

These are some proof of concept results, and more work is required, however it does appear
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Figure 6.19: Measurement of contact angles (water in octadecane) show a decreasing average contact
angle with increasing patch size, and after 20 minutes of growth, the PSPM patchy surface has a
contact angle similar to that for a completely covered PSPM surface.

to be a interesting way to access very small, but still randomly distributed correlation lengths.

This technique is also scalable, and such coatings can be made on non-planar surfaces, suitable

for bead pack modifications.

Creating a patterned wettability of a defined length scale might also be achieved using

micro-contact printing. Patterns with domain sizes as low as hundreds of microns are pos-

sible [152], although the up scaling of such a process seems limited, and treatments to bead

surfaces for sample scale testing seems difficult. Therefore the above mentioned method has

great potential for testing the full parameter space of the correlation length; not just on flat

surfaces, but also on bead packs.
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6.4 Summary

This chapter described the initial investigation into creating a switchable wetting surface using

polymer brush films which would exhibit a wettability change from hydrophilic to hydrophobic

in the presence of oil and water due to the salinity of the water phase. This was attempted

using polyelectrolyte brushes grown on glass surfaces. In this work, only small salts were used,

and not large organic ions which may act like surfactants. Although the hydrophobic collapse

for polyelectrolyte brush systems such as PSPM and PMETAC has been previously observed

under air [127, 128], a wettability transition was not measured under oil. This is most likely

due to the poor interaction of the polyelectrolytes with the oil, forcing them already into a

collapsed state, prior to the addition of salt solutions.

To overcome this a wetting transition based on the partial phase separation of a block

copolymer between water and oil was then attempted. A wettability transition of a tri-block

PMETAC-PMMA-PMETAC brush system was able to be observed upon the addition of salt,

and in particular the addition of MgSO4 trigged a concentration dependant response of the

brushes which could also be measured by QCMD. For tri-block copolymers it appears that

the relative lengths of the blocks are important as when long PSPM end blocks were used, no

wettability transition was observed. The desired response of the brushs could be potentially

optimised by tuning the lengths of the different blocks.

A second system was prepared in which patches of PSPM were grown on partially activated

surface. The location of the patches depends on the self organisation of a mixed silane layer.

This results in brushes tethered at random points on the surface. The preliminary results

suggest that the size of the patches can be controlled by the growth time of the brush. The

water in oil contact angle of the patchy surfaces was also found to be proportional to the

growth time, and therefore the amount of polymer on the surface. Despite the low amounts

of brushes grown (1% surface can tether a brush) the surface appeared very hydrophilic, and

after 15 minutes growth exhibited the same contact angles are a fully coated PSPM surface.

Mixed silane films appear to be a useful way of created randomly distributed patterns, and

in conjunction with living polymerisation techniques such as ATRP, patches of a tunable size

can be created.
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Conclusions and outlook

7.1 Conclusions

This thesis describes, to the best of the author’s knowledge, the first experimental investi-

gation into the effect of wetting heterogeneities, with defined spatial domains, inside porous

media. The effect of the wetting heterogeneities was measured on the sample scale flow

properties of two immiscible liquids.

At the beginning of this work, four questions were asked:

• What is the effect of pore scale wetting heterogeneities on the sample scale flow prop-

erties?

• What are useful model porous media systems to investigate this?

• Is there a model surface which mimics the LoSal effect?

• What are the implications for natural systems?

These questions were investigated by measuring model bead packs with wetting hetero-

geneities from sub-pore domains to heterogeneities which spanned several neighbouring pores.

The effect of these domains was measured by capillary pressure saturation curves and x-ray

tomography. It was found that sub-pore scale wetting heterogeneities cause an increase in

energy dissipation of two phase flow through a porous media, due to the pinning of contact

lines at the heterogeneity junctions.

A useful model system to investigate this effect, needs to capture the relevant parameter

space for the size wetting heterogeneity. Because previous studies had only focussed on

heterogeneities above a pore, it was decided here to look below and above this particular

size. This study was the first of its type to introduce wettability heterogeneities on individual

grains, where the patch sizes were systematically varied from the space of less than a single

pore, to extending of several neighbouring pores. All of the samples had the same average

141
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wettability. In this way the specific question of the role of ξ was able to be addressed,

isolated from any further effects potentially caused by different average wettabilities inside the

packings. The samples, were able to be described using a simple scalar quantity, the wetting

correlation length ξ, a measure of the average wetting domain size inside bead packings

comprised of ∼150,000 beads.

Two separate measurements were used to quantify the effect of the wetting domain sizes

of the flow properties of two immiscible fluids. First the capillary pressure saturation curves,

a standard measurement of wettability at the sample scale, were measured. These curves

showed a monotonic increase in capillary hysteresis for samples with decreasing correlation

lengths. This trend was robust towards difference surface treatments of the glass beads used,

and no significant effect of surface roughness was observed. The second measurement, imaging

of the liquid front, showed smoothening of the invading liquid fronts inside samples with small

correlation lengths. Both of these observations can be understood as dissipation of the flow

of the invading liquid, caused by contact line pinning at the wetting heterogeneity junctions.

The correlation length, which describes the average size of these domains, is proportional to

the density of pinning sites and therefore is a useful descriptor of the mixed-wet systems.

Previous studies of mixed wettability, had only focussed on heterogeneities which were

larger than single pores. The parameter space studied here appears to capture the transition

from a size of heterogeneity where pinning of the interface occurs and dominates the flow

dissipation (i.e ξ <1 janus and patchy), to a size of heterogeneity where the average wettability

appears to acceptably describe the local environment (i.e ξ ≥ 1, mixed and clusters).

Using the living radical polymerisation method SI-ATRP, two types of coatings on glass

surfaces were developed. The first used block copolymer brushes to create a wettability

transition in the presence of saline solutions. The change in wettability could be attributed

to the collapse of the polymer brushes, coinciding with expulsion of water from the brush

films. This type of surface was proposed as a potential candidate to investigate the LoSal

effect on a pore and larger scale. The second type of treatment created using SI-ATRP used

mixed silane films with only small percentages of initiator to create very hydrophilic islands

on an otherwise more hydrophobic surface. It was found that the average wettability of the

surface could be controlled by the growth time of the polymer brush islands. This appeared

to be a useful way of creating samples with ξ � 1. These proof of concept experiments

demonstrate the utility of surface modifications using polymer brushes and are suitable for

upscaling for the coating of glass beads for bead pack experiments.

What are the implications of these results for natural systems? The first, and most

obvious, is that for a sample with unknown distribution of wettabilities, assumptions based

on the validity of contact angle averaging simplifications may not hold. While it is not easy to

measure the wettability distributions of unknown rock samples, it is relatively easy to measure

the geometry (i.e pore throat network) using x-ray microtomography. Furthermore numerical
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predictions of capillary pressure saturation curves for rocks with the exact same geometries

can be compared to the experimentally measured ones to better asses the wetting condition.

Based on the results of this work strong deviations from the predicted hysteresis loop opening

would suggest the presence of sub-pore wetting heterogeneities. In this way, understanding

how the wetting heterogeneities affect the shape of the capillary pressure saturation curve,

even for simple bead packs, can contribute to the characterisation of samples with unknown

wetting distributions.
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7.2 Ongoing and future work

Percolation thresholds

In this work it was reported that there is no significant difference between the irreducible

saturations for samples with different correlation lengths. However, this does not mean that

there are no significant implications for potential applications such as oil recovery. In a core

flood, or indeed in the field, there is no hydrophobic membrane at the top of the sample

preventing the outflow of water. Thus, once the percolation threshold is reached, that is–

water has a complete connected pathway through the entire porous media– both water and

oil be produced. In industry this is referred to as the ’breakthrough’ event. Once there

is a complete connected water pathway through the media, the path of least resistance for

incoming water is simply along these channels. Indeed, the breakthrough event corresponds

with a dramatic reduction in produced oil [153], not to mention other problems such as

the what to do with the produced water. Therefore, understanding when breakthrough is

going to happen is crucial to predicting the economic viability of a project. While it was

not specifically investigated in this work, the tomography indicated that there are different

percolation thresholds for samples with different correlation lengths. Indeed, compact fronts

would be expected to percolate at larger saturations compared with highly fingered fronts.

Investigation of effect of the correlation length on the percolation threshold could be performed

by more frequent imaging (either in increments of 5% water saturation, or indeed continuous

imaging) or by incorporation of electrodes in the CPS cell to measure percolation by the

conductivity of the cell. Percolation of the aqueous phase (with added electrolytes) should

coincide with a sharp increase in conductivity.

Small limits of ξ

For very small correlation lengths it is expected that interfaces moving over surfaces with

very small heterogeneities would experience an average surface energy, rather than feel the

effect of each individual patch. The development of a potential technique to probe very small

wetting heterogeneities was described in chapter 6 but no testing of moving interfaces was

yet performed. Coating bead packs with such, or similar surfaces is one way of mapping the

size limits of the wetting heterogeneities to cause pinning of the interface.

Non-random wetting correlations

The model porous media investigated in this work are all spatially random, that is, for wetting

correlation lengths smaller than a grain there is no larger ordering, and no correlation between

the size of the opening in the porous media and the wettability. This is not necessarily the

case in natural mixed wetting porous media. As described in chapter 1, the development

of mixed wettability inside an oil reservoir follows certain chemical processes [142, 143, 154],
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which is believed to result in a porous media where the small throats are oil wet and the

pore bodies are water wet. This process is represented in figure 7.1. In the previous chapters

the design and characterisation of samples with random spatial heterogeneities is discussed.

Here the word random refers to the fact that there is no orientational ordering of the beads.

However, it is also possible to create samples where the patches of opposite wettability are

exclusive located at the contact points between beads. Such samples will have the small gaps

between beads wet by water and the larger pore bodies will be oil wet.

Figure 7.1: Cartoon of a pore (represented by the triangle) inside an oil reservoir which develops mixed
wettability of a distinct pattern due to the history of occupying fluids. The pore is initially filled with
water. As the oil is formed underground it rises due its lower density and is able to invade the larger
pores. Over time chemical components from the oil phase move onto the surface of the pore wall,
changing the wettability of the surface. The resulting pore has water wet gutters, or throats, and an
oil wet pore body.

The beads are created in the same way as the patchy samples (see section 3.3.1), that is

small quantities of liquid is introduced as a mask, prior to surface modification. To create

the correlation between the wettability of the surface and the size of the pore opening, the

beads are held in place while the silane solution and mask are removed (by drying). Great

care is then taken to introduce the hexadecane back into the packing without disturbing the

contacts of the beads. In this way, samples can be created where the throats, that is the

contact points between the beads, which create the smallest openings, are water wet, and

the rest of the pore body is wet by oil. These samples are called ‘Knackstedt ’ as they were

inspired by the methodology presented in reference: [155]. This is the closest approximation

of the natural mixed wettability scenario [26] illustrated in figure 7.1. Tomography taken of

a ripened emulsion inside such a packing revealed that the oil preferred to reside in the oil

wetting pores, and not in the water wet contact points between beads. An example of this

is shown in figure 7.2. Such a system may also be of interest to prepare bead packs with

‘trapped ganglia ’for mobilisation studies.

Previous experimental work to address this kind of distribution of wettabilities was creat-

ing using bead packs made of large oil wetting beads, and small water wetting beads- to create

smaller water wetting pore and larger oil wetting pores. However, apart from any potential

aggregation/segregation effects which are common for bidisperse bead packs, studying the
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(a) 2D slice from tomography image (b) 3D volume rendering

Figure 7.2: a) slice from tomography image showing beads with a patterned-mixed wettability beads
filled with water (white) and oil (black) and b) 3D volume rendering of an oil droplet, contained inside
the oil wetting pore body formed between four beads, but not wetting the bridges, which are water
wetting.

fluid behaviour on monodisperse bead packs with a wetting heterogeneity allows the specific

effect of the wetting heterogeneity to be studied and decoupled from any effects caused by

the wider distribution of pore sizes.

For completion, opposite wetting samples, with oil wetting throats and water wetting pore

can also be made. Reverse-Knackstedt beads can be made by stirring through small amounts

of silane. Characterisation of such samples would be possible by tagging the silanes with a

fluorescent molecule, e.g rhodamine, and visualising the bead pack using confocal microscopy.

This step would be necessary to ensure there is not migration of the silane during the curing,

and indeed all the silane remains in the location of the liquid bridges. Figure 7.3 shows

fluorescently tagged janus beads. Such images could also be used for reverse-Knackstedt

beads to characterise the location and spatial extension of hydrophobic patches.

Figure 7.3: Fluorescent janus beads were prepared by first half coating the beads with APTES and
then attaching rhodamine-isothiocyanante as a fluorescent tag. This is proposed as a method of
characterising the reverse-Knackstedt beads. Scale bar is 250µm.
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Imaging processing details

A.1 Glossary of image processing terms

voxel
A three dimensional pixel. 3D volume images are made up of volume pixels, i.e voxels.

binary image
A binary image consists of only black and white voxels. They are typically made by
thresholding a greyvalue image.

thresholding
Thresholding refers to the binarisation of an image by setting all values above a certain
grey value to 1 and all below to 0. The thresholding value used is determined from
the grey value histogram and the accuracy of the segmentation determined by visual
inspection.

neighbourhood
The neighbourhood of a voxel defines how many of the surrounding voxels are consid-
ered connected to it. In 3D, the neighbourhood can be 6 (voxels which share a face
are connected), 18 (voxels which share a face or an edge are connected) or 26 (voxels
which share a face, edge or corner are connected). Neighbourhoods are important for
morphological transformations such as erosion and dilation.

dilation
Dilation is the expansion of a binary region by a set number of voxels. This can be done
with different neighbourhood criteria. The choice of neighbourhood criteria will change
result, meaning that this operation is not shape preserving.

erosion
Erosion refers to the procedure of reducing the size of an object by one layer at the
boundaries. Like dilation, erosion depends on the choice of neighbourhood and is not
necessarily shape preserving.

Label image
A label image is an image where each discrete region within the image is given a sep-
arate number. Connected regions are labelled by the same number. In this work a 26
neighbourhood criteria is used for label images.
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Bilateral filter
An edge preserving filter which replaces the greyvalue of each voxel by a weighted
average within a given kernel size. The weights used for averaging depend on the
nearest distance to a boundary. In this way, voxels corresponding to the edge of an
object are excluded from the filtering, and unlike standard median filters, the edges of
the image remain unblurred.

despeckle filter
The despeckle filter is used to remove isolated speckles on noise. It works by calculating
the mean and variance of voxels within a certain volume. Then voxels within this
specified size are replaced with the mean value of all voxels within that area if the
difference between the input and the mean is greater than the variance in the area.
Otherwise the voxels are unchanged.

Euclidian distance map
Calculates a Euclidean distance map (EDM) based on voxelised data. The Euclidian
distance map is a grey valued image, calculated from a binary image, where the value of
the voxel represents the distance to the boundary of an object. The distance map can
be calculated for either phase- inside, where the grey values represent the distance from
the center of an object to its boundary and the background remains black; or outside
where the objects remain white, and the greyvalue of the background corresponds to
the distance between a background voxel and a boundary of an object. Thresholding
an ‘inside ’distance map can be used to erode images, and thresholding an ‘outside
’distance map can be used to dilate images. Unlike erosion and dilation there is no
shape dependence on the neighbourhood criteria.

hole fill
Hole filling algorithm works by flooding the background of an image step-wise until all
areas which cannot be connected to the background in any way are determined. Then
these holes are retrospectively filled. The algorithm used here, uses a 26 neighbours
criteria for determining which areas can be reached, and which not.

closing
Closing is the combination of a dilation followed by an erosion step. The purpose of
this is to close holes and voxels which are separated by a small gap. During the dilation
step where all regions are expanded by the set number of voxels, regions which are close
together but not touching will be merged. The newly merged areas remain connected
during the subsequent erosion step.

opening
Opening refers to a sequential erosion and then dilation step. The effect of opening is
to remove small connections between large objects.

binseperate
The binseperate command computes watershed lines for a binary image and then sub-
tracts these lines from the image returning separated features. Watershed lines are
calculated by first creating an Euclidean distance map of the image. The distance map
is then inverted. The grey value image can be considered like a topological map. Now,
the darkest voxels in the inverted distance map will correspond to centres of the objects
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in the original image. These points are used as seeds for water flooding of the image.
The seeds grow (or the regions are flooded) until two regions hit each other. The line
of contact it taken as the watershed line.

logical and
This voxel by voxel operation takes two binary images and returns an image containing
only the non zero voxels which are in both images.

logical sub
Performs a logical subtraction of one image to another.

logical not
performs a point wise inversion of a binary image
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A.2 Image processing of samples for correlation length calcu-
lations

Mixed Correlation

To calculate the mixed correlation length samples were made with glass and basalt beads.
Basalt beads have a higher X-ray absorption and so appear brighter in the tomography. This
makes the segmentation of the different surfaces much easier. Glass beads and basalt beads
were segmented separately using grey value thresholding. The holes from the beads (naturally
occurring in the sample) were removed from the image using the hole fill filter and then the
basalt bead surface was identified by eroding the beads by one voxel and subtracting that
from the segmented beads.

The segmentation of the glass beads proved slightly more difficult, as the grey values of the
surface of the basalt beads matched perfectly with the grey values of the bulk glass, however
these erroneous surface voxels were removed by applying an 1 voxel sized opening (erosion
followed by a dilation step) transformation. The hole-filling algorithm, while successful for
the basalt beads, was not able to remove all of the defects in the glass beads, as many of
the air pockets also extend to the surface. These defects were removed using a closing filter
with a kernel size of 3 x 3 x 3 voxels. Following these image processing steps, the segmented
glass beads surface was extracted by subtracting a 1 voxel eroded image of the beads from
the bead volume.

Cluster correlation

Basalt and glass clusters were made using NOA glue as the binding agent, and sieved with a
1 mm sieve before UV curing. They were then packed and compressed inside a sample tube
and imaged using X-ray tomography. The different types of beads were identified using the
same protocol as described for the mixed sample and the correlation length calculated from
the extracted surfaces of both types of beads.

Janus correlation

To obtain the correlation length for janus beads, glass beads sputtered with a thick layer of
gold (approx. 1 µm) were imaged and the surfaces extracted. The gold surface was extracted
by grey value thresholding and the glass surface was extracted by first segmenting the whole
beads, dilating the surface to also include to gold layer and then subtracting the bead image
from the dilated image. This gives ring around the edge of the bead. Then the gold layers
are subtracted from the glass surfaces giving the two surfaces of the coated and uncoated
hemispheres separately segmented.

Patchy correlation

Etched silver samples (preparation is described in section 3.3.1) were used for the calculation
of the ξ for patchy samples. These samples were also used for calibrating the mask volume
to surface coverage. X-ray tomography was taken with resolution of 6 µm. The silver layers
were segmented using grey value thresholding. Noise was removed using a despeckle filter.
The extraction of the silver voxels was non trivial. This can be easily seen by first looking
at the grey value histogram for a 2% masked sample, shown in figure A.2a. The air/beads
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threshold is simple, and it is taken as the minimum between the two large peaks at a grey
value of 7500. Thresholding of the silver layer is more complicated as there is no separation
of the silver layers and the beads. This is because the outside most voxels of the glass beads
are brighter than the bulk glass. These brighter glass voxels, cross into the darkest voxels of
the silver layers. To determine the ‘correct ’threshold value threshold images were made for
the lowest grey value (no, or few bead voxels are included) which appeared to appropriately
select the silver voxels and the highest grey value (no silver voxels are visably not included).
The middle point between these two values was taken as the ‘best ’threshold value. Images
showing a 2D slice with the segmented silver layers overlaid for the lowest (blue), central (red)
and highest (green) thresholds are shown in figure A.2b-d.

(a) thresholded (b) filtered and opened (c) surfaces extracted (d) silver and glass

Figure A.1: Workflow showing the detection of the non-silver surface voxels for patchy samples

Once the silver layers have been identified, the surfaces of the beads also have to been
selected. This is done, by first segmenting the bulk glass. The grey values at the edge of
the silver layers, correspond to some of the grey values of the bulk glass. This is shown in
figure A.1a. The voxels labelled as glass are overlaid over the original tomography in blue.
These erroneous voxels are easily removed using an opening step (just the like the foil on the
kinder surprise egg from chapter 2). It can be seen in figure A.2, that the silver layers are
quite thick. Therefore the bulk glass beads were dilated by 2 voxels, using an 18 neighbour
criteria (so that the glass beads now encompass also the silver layer), and then the original
voxels of the bead volume are subtracted from the dilated image. The silver voxels were then
subtracted from the glass surface voxels to remove the overlapping regions. The images for
the various stages of this work flow are shown in figure A.1.

The ratio between the now labelled glass and silver pixels were used to calibrate the surface
coverage with respect to the volume of masking described in chapter 3, figure 3.9. The error
bars for the surface coverage, were calculated from segmentation of the silver and beads using
the highest and lowest possible grey values. The image processing sequence was repeated for
all samples with different masks and the dependence of the surface coverage and correlation
length for the different masking ratios calculated.
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(a) grey value histogram with greyvalues corresponding to the air, beads and silver layers indicated.
The grey dashed line shows the threshold value for the beads and the air. The inset shows the region
where the silver layers start. There is no clear separation of the peak making segmentation difficult.
The blue and green dashed lines indicate the lowest and highest visually acceptable segmentation.

(b) lowest value (c) central value (d) highest value

Figure A.2: Grey value histogram and example ‘acceptable ’ segmentations of silver layers for a patchy
sample made with 2.0% masking volume.
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A.3 Image processing used for analysis of active interfaces and
liquid fronts

As described in chapter 5, section 5.1.1, the volumes of each liquid were calculated from the
segmentation of the phases. The correct segmentation was chosen using a similar methodology
as for the silver surfaces described in section A.2 and the error bars (see figure 5.4) are
calculated from the differences in volume of the highest and lowest segementations. An
example for a liquid fronts in a janus bead pack is shown in figure A.3.

(a)

(b) (c) (d)

Figure A.3: (a) Greyvalue histogram showing the values for minimum and maximum visually accept-
able segementations. The actual segmentation value was taken as the half way point between these
two values (center value).(b)-(d) The segmentations overlaid over the raw data are shown, water phase
in blue, and oil phase corresponding to the colour of the line indicating the value of the segmentation
(i.e max, center, min)
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Appendix B

Alternative janus preperation

The first method was to half embed the grains in wax droplets by pouring the grains through
a layer of molten wax into a bath of cold water. The glass spheres, which are heavy sediment
through the wax, dragging it with them by capillary forces. As the beads and wax hit the
water, the contact area between the water and wax aims to be minimised, and the beads move
to the outside of the wax droplet, forming Pickering emulsion like droplets. The molten wax
solidifies in the cold water resulting in solid droplets covered by glass spheres, called ’divers’.
(see fig. B.1). This method was inspired by the formation of ’Cartesian divers’ in hexane and
water [156], but hexane was substituted with paraffin wax (sigma aldrich) to allow collection
of the divers, and surface modification of the glass beads (in this case by deposition of silver,
and addition of hexadecane thiol).

Figure B.1: Sketch of experiment procedure for formation of janus beads using the diver protocol. Left:
glass spheres are poured through a layer of molton wax and sediment into a bath of cold water forming
diver particles. Right: The glass beads on the surface of the wax droplets are modified. Removal of
the wax results in half coated spheres.

To make sure there was sufficient removal of the wax from the uncoated surface, a control
sample of janus beads was made, using the diver protocol, but without depositing silver and
hexadecane thiol. After removal of the wax, qualitative testing of the spheres, by pouring into
water, showed them to be water wetting. This was confirmed quantitatively using capillary
pressure saturation measurements.

Based on the methodology of Jiang and Granick [157], it was also found that it was
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possible to influence the amount of surface coverage of the grains by changing the composition
of the water solution underneath the wax layer. Addition of different surfactants were able to
influence the penetration of the glass beads into the wax layer, which in turn, influenced the
coverage of the beads, as shown in figure B.2. The amount of surface coverage was quantified
by first taking pictures of individual beads, and then counting the surface pixels which were
coated. For each type of coating 50 beads were examined.

Figure B.2: (a) A cartoon showing increasing depth of penetration of glass beads into the wax with
increasing hydrophobicity of the glass and (b) shows the amount of silver coverage on janus beads
created with different surfaces the wax/water interface. Each data point consists of the average of 50
beads. Error bars represent the standard deviation of measured beads.

However a significant drawback to the diver method of masking was the small amount of
samples recovered. The large beads, are held only loosely within the solidified wax droplets
and often fall out during the coating process.

A perceived advantage of the water/wax masking method is the ability to upscale and
produce large amounts of particles. However it turned out that for tomography purposes, the
silver layers prepared on the wax droplets were not of good enough quality to be properly
visualised. The binding of the glass beads inside the wax droplets is not very strong, and
after multiple coatings and washings (3-5), so many beads had fallen out and could not be
used, that the yields of samples prepared were inefficient.

Figure B.3: Three glass beads (diameter = 250 µm) from wax droplets with different penetration
depths.
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Ripened emulsions in janus and
mixed packings

In order to introduce randomly distributed droplets into a mixed wet packing where the minor
phase (or irreducible phase) was of a total constant volume to specifically probe the effect
of the wetting correlation length, oil in water emulsions were injected into bead packings.
These emulsions were ripened inside the packing and imaged with x-ray tomography. The
emulsions were prepared by sonnication of dodecane in water for 30 minutes. This process
creates an oil in water and water in oil emulsion where the minor phase contributes a few
volume percent [158].

(a) water and dodecane prior to sonnication

(b) after 30 minutes sonnication

Figure C.1: Before and after sonnication images of water and dodecane. The dispersion of one phase
into the other can been seen by the milky appearance of the emulsion.

Dynamic light scattering (DLS) measurements of dodecane droplets in water were used to
measure the size distribution of the dispersed phase. The dodecane droplets have an average

157



158 APPENDIX C. RIPENED EMULSIONS IN JANUS AND MIXED PACKINGS

radius of 100 nm, and over the time period of the 10 measurements lasting in total ∼5 min,
there was no significant ripening.

In our experiments however, we need x-ray contrast, so salt, in this case 1 M CsI was
added to the aqueous phase. Unfortunately, this causes a rapid increase in the ripening
of the emulsions. To reduce ripening of the emulsions prior to injections in the packings,
the emulsions were cooled to zero degrees (freezing point of the dodecane (-9◦ C , and 1 M
CsI -3.7◦ C). However the addition of salt decreases the stability of the emulsions. DLS
measurements of dodecane in 1 M CsI(aq) showed ripening from an average radius of 1 µm
to 4 µm over the time perious of 10 measurements. It should be noted, that although these
droplets seem large, a droplet with radius 4µm still only comprises of 0.003% of a bead volume.

Figure C.2: Cumulative volume vs. individual droplet size for ripened emulsions inside janus (green
curves) and mixed (purple curves) bead packs. In general the droplets formed inside the janus bead
packs are smaller than those formed inside mixed packs.

From the cumulative volume distributions it appears that the droplets inside janus pack-
ings have a smaller individual characteristic volume than inside the clusters. This is intuitive
as the droplets forming on the wetting surfaces inside mixed packings would have larger wet-
table areas on which to spread as they are growing. Further proof of this concept would be to
examine the droplets ripened inside patchy and cluster packings to determine if the wetting
correlation also controls the growth of droplets.

The advantages to the sonnicated emulsions techniques is that we are able to introduce
similar amounts of the minor phase into the packings in a random way, allowing us to dis-
criminate between the effect of the wetting heterogeneity on the surface and the individual
flow characteristics of each experiments, as in the case of the irreducible saturations form
the CPSC, where such large experimental scatter was observed, it is difficult to compare
structure of droplets. A disadvantage to the emulsions method, is the very low amount of
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residual phase which can be introduced in this manner. Even the largest droplets found in the
systems have a volume of only 5 grain diameters, compared to the CPSC experiments where
extended ganglia can be up to hundreds or even thousands of grain volumes (remember that
the sample comprises of ∼150,000 grains). The even distribution of the droplets, not all of
the phase being collected into a single ganglia allowed differences to be observed, however this
is a property not necessarily true of natural systems. Furthermore, it may only be true that
the correlation length dictates droplet sizes for droplets which are growing through ripening
processes, and in a flow experiment, geometrical constraints are more important for pinch-off
events, which separate droplets from the connected fluids. Trapped droplets arising from
ripened emulsions inside the bead packings are not a realistic natural model system, due to
the small amount of trapped phase, and the lack of very large droplets in the system. What
was shown however is that it is possible create droplets with a characteristic size by changing
the wetting properties of the porous media. Such a systems might also be useful to investigate
the effect of the sizes of the trapped phase on their ability to be re-mobilised.
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