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Preface
In everyday life, we often implicitly apply physical concepts to assess situations. For example, if we want to drink our cup of freshly made tea, we
assess (unconsciously) if enough time has passed for the tea to cool down.
More generally stated: we ask ourselves what the time scale of a cooling
process is.
A similar idea can be applied to length scales. For length scale problems in this scenario, one may consider that the property (temperature)
of the tea may significantly affect the temperature of our fingertips or our
mouth, but insignificant when considering the temperature of the room
or the house. Hence, the length scale at which the temperature of the tea
becomes relevant for assessing average temperature lies somewhere in between.
The examples above show intuitive understanding we all possess.
When we want to have a more quantitative understanding, we start taking measurements. For instance, when interested in the cooling rate, temperature can be measured at various times using a thermometer. When
interested in the effect of the temperature of the tea on the temperature of
the surroundings, one could place the cup in isolated boxes of increasing
size and monitor the temperature inside it. At some box size, the inside
temperature will not be significantly influenced anymore by the cup of tea.
In both cases, the proposed experiments are dedicated to investigate the
physical processes that we are interested in and find a quantitative answer
to the questions we asked.
Addressing more complex scientific problems often involves getting
clarity on the underlying length and timescales, although understanding
is often not as intuitive as with the tea example. To try and address this
type of problems, two distinctly different approaches can be employed,
which also roughly relate to the environment in which the research is carried out. The considerations that will follow in the next sections are related to these approaches, and influence the questions that are addressed
and the methods that are used in petroleum science. In other words, they
provide the motivation and boundary conditions for research in this field
and for this thesis.
The first approach is the systematic ’bottom-up’ approach, common in
academia. The starting point is often to understand the length and time

scales, and through separation thereof, decompose complex problems and
scientific questions into individual steps.
In contrast to academia, in an industrial setting, experimental designs
are not always led by scientific questions alone. Economic interests and
the relatively long history of the industry usually results in established
procedures and accepted workflows, which impacts all decisions made.
This includes decisions on research direction and experimental design.
Consequently, while sometimes things are scientifically possible, they may
not be economically viable simply because recovery techniques may be too
expensive (using expensive chemicals) or take a very long time to be effective. Alternatively, some tests simply are done because they have been
part of a standard workflow or demanded by regulatory bodies and therefore can be compared easily to existing data, whereas from a physical point
of view it may be better to examine the length and time scales with dedicated experiments.
These notions lead to the second approach, which is typically taken in
industry. It is a risk-driven approach, with the main purpose of addressing
sensitivities and (non-)technical risks in a ’top-down’ fashion. In the case
of the oil and gas industry, part of this strategy involves gaining predictive
capability of the response of an oil/gas reservoir to recovery strategies. To
do so, the petroleum industry has established several standard tests on
rock cores up to one meter in length, which are intended to bring characteristics of the reservoir down to a scale that can be sampled in the lab. The
assumption is that those laboratory tests still cover the (statistically) relevant processes and characteristics that give insight into processes relevant
for the reservoir: a clear example where length and time scales matter!
The priority for both laboratory and modelling studies is that recovery
strategies are working and made risk-free. Therefore, reservoir models
nowadays use a stochastic approach to assess the influence of variations of
input parameters to the overall output of the reservoir. The input to these
models comes from a standard laboratory workflow, which mainly focusses on the rock capillary pressure-saturation and relative permeabilitysaturation curves.
The models are statistically populated with those parameters and results are matched with production history to date. Based on this, forward
predictions and uncertainty assessments are made on how much oil can
be recovered and at what rate. Especially the ’how fast’ part reflects the

economic interests of companies, since it is an economic law that a ’profit
now’, at net present value, is almost always preferable over a profit in the
(near) future.

Part I

Fundamentals of low salinity
waterflooding
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Chapter 1

Introduction
1.1

Improved and Enhanced Oil Recovery

Traditionally, during the lifetime of a reservoir different production stages
are recognized. First there is primary production, which means oil is produced from the reservoir solely by natural driving forces, such as gas
drive or gravity drainage. After this initial stage, Improved Oil Recovery
(IOR) is required, which encompasses both secondary and tertiary recovery techniques. In secondary production, a fluid (gas or water) is actively
injected into the reservoir to maintain reservoir pressure and replace the
voidage caused by production; see Figure 1.1. Often, water, including dissolved components, is injected, which is known as waterflooding. Approximately, only one third of the resources are recovered after secondary
mode, which is not very efficient.
In tertiary recovery, also known as enhanced oil recovery (EOR), many
different injection schemes and injection fluids are used to increase the recovery factor. The efficiency can vary significantly, but all techniques aim
at improving either the macroscopic sweep efficiency or the microscopic
displacement efficiency or a combination of both; as illustrated in Figure
1.2. Sweep efficiency relates to larger-scale efficiency of displacing oil, for
instance by accessing new zones or formations of the reservoir. Microscopic displacement efficiency addresses the efficiency of displacement of
oil in every single pore by for instance stripping oil more efficiently from
rock surfaces. The idea is that when more oil is recovered from every accessed pore, the total recovery also increases.

4
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F IGURE 1.1: Cartoon of the different recovery stages of a reservoir. Relevant processes
in each stage are indicated, as are the average recovery percentages in Original Oil In
Place (%OOIP). In addition, the terms Conventional Recovery, Improved Oil Recovery
and Enhanced Oil Recovery are explained. Low salinity waterflooding is a recovery
technique spanning both conventional and enhanced oil recovery.
Enhanced oil recovery techniques are categorized into thermal and
non-thermal methods. The thermal methods often aim at reducing viscosity of the oil by heating the reservoir using predominantly steam. The
non-thermal methods involve, for instance, injecting (crosslinking) polymers to plug preferential pathways or increase injection fluid viscosity,

1.1. Improved and Enhanced Oil Recovery
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F IGURE 1.2: Cartoon explaining macroscopic sweep efficiency and microscopic
displacement efficiency. Sweep efficiency can be increased by adding wells/changing well
spacing (bottom left, injectors in green, producers in red, swept part of the reservoir in
stripes) but also by increasing microscopic displacement efficiency (bottom right) or a
combination of both.
injecting surfactants to emulsify the oil phase, and changing the composition and salinity of the brine that is injected. The last technique mentioned in the list is called low salinity waterflooding and is projected to
increase recovery. However, so far, the responsiveness of crude oil, brine,
rock (COBR) systems to this technique has been difficult to predict. This
involves both the amount of additional oil and the time in which the (additional) oil can be recovered. After all, the main motivation for field application of low salinity waterflooding is the acceleration of oil recovery.
Changing the residual oil saturation is of secondary importance.

6
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Responsiveness to low salinity water and
predictive capability

Responsiveness to low salinity water is predominantly tested in the laboratory using the standard reservoir engineering workflow. In practice, this
means using some combination of coreflooding, centrifuge, porous-plate
and spontaneous imbibition set-ups which give information on production, relative permeability and capillary pressure curves and wettability
states. These serve as input for multiphase flow simulations in reservoir
models. Whereas this approach is successful for standard waterflooding
schemes and known low salinity waterflooding candidate reservoirs, it is
not suitable as a general screening tool.
Reasons for this are the duration and costs of special core analysis
(SCAL) experiments, the large parameter space to be tested to find the
optimum response, and the more stringent requirements on SCAL equipment and protocols to accurately capture the low salinity effect, if any. If
an effect occurs, standard sub-surface workflows can be used to apply the
result to the reservoir. If no effect occurs, the scientific question is “why
not?” However, in practice, if a combination of crude oil, brine and rock
does not give a response, the attempt is abandoned and a new system
comes under consideration.
Still, attempting to answer the scientific question is useful in the search
for a more efficient screening tool. The early attempts to show why a system is (un)responsive, involved linking properties of the system under
investigation (such as porosity, total acid number, salinity etc.) to a low
salinity effect (i.e the response of system when lowering or modifying the
ionic content of injected water). So far, the phenomenological parameterizations with multi-parameter sensitivity studies involving much of the
published literature has not resulted in a recognized/accepted predictive
capability. To contribute to the resolution of this issue, a more systematic
approach is followed in this thesis, which can be summarized as ’consistency across the length scales’. This is illustrated further in Figure 1.3. In
that context, the search for characteristic length and time scales in an upscaling workflow becomes a central element in determining why a system
is, or is not, responsive. In practice, this means considering what is happening in the pore space of the rock plugs, in addition to measurements

1.2. Responsiveness to low salinity water and...
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F IGURE 1.3: Cartoon of the ’length scale consistency’ framework for low salinity
waterflooding, indicating wat effects relate to what length scale, and how different length
scales can be probed.
taken outside of the rock sample. In other words, the main goal of the
scientific field should be to complement the data on the sub-pore and core
scale with observations and analyses on the length scale larger than one
pore, but smaller than a core i.e. the pore-network scale. This should lead
to explanations for the (lack of) response of a COBR system, and eventually provide a screening tool for low salinity waterflooding.
To achieve this goal, first one must realize that low salinity waterflooding is a topic involving both flow dynamics and (geo)chemical processes over multiple length and time scales. Hence, solving any issue may
be aided by following a workflow of increasing complexity. A first step
would be to separate the flow related issues from the geochemical issues.
When it comes to flow, single phase flow on core scale systems (where
the Darcy equation holds) is well understood, as is two-phase flow in
core scale water-wet and, to a large extent, mixed-wet systems (through
the two-phase extended Darcy equation). Two-phase flow on the porenetwork scale in water-wet systems has also been relatively well researched.
However, this is a recent development. Hardly any work has been

8
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done on the pore-network scale description of flow in mixed-wet systems. Yet when it comes to low salinity waterflooding, mixed-wet systems
are believed to be the most likely to respond to changes in brine salinity.
Therefore, this thesis addresses the following questions related to flow in
mixed-wet systems on the pore-network scale:
• Which displacement phenomena occur during mixed-wet flow on
the pore-network scale?
• What is the time scale of displacement events in mixed-wet systems?
• How does flow in mixed-wet systems relate to that in water-wet systems?
Subsequently, (geo)chemical processes and wettability alteration issues
are considered:
• What does wettability alteration look like at the pore-network scale,
and how can it be described?
• Is wettability alteration sufficient to cause oil mobilization?
• What is the time scale of wettability alteration?
• Which factors influence the occurrence of a change in wettability
state?

1.3

Thesis outline: a length scale based approach to
low salinity waterflooding

These questions also give rise to the different parts of the thesis:
Part I - Fundamentals of low salinity waterflooding
First, the status of low salinity waterflooding research is described
in a literature review according to a ‘length scale consistency’ framework in Chapter 2. The review outlines the development of low
salinity waterflooding research over the years, including also the results of this thesis in its core. From the review, it becomes apparent that the pore-network scale is the correct length scale to address

1.3. Thesis outline
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the issues still present in the topic of low salinity waterflooding. A
simplified representation of part of the review was incorporated in
the Introduction (Chapter 1). Thereafter, the workflow of increasing
complexity, outlined in the previous paragraphs, is followed.
Part II - Imbibition in mixed-wet systems
Chapter 3 and 4 describe flow in mixed-wet systems at the porenetwork scale. This was done by conducting coreflood experiments.
In this case, the dynamic experiments were conducted at the Paul
Scherrer Institute of the Swiss Light Source in Villingen, Switzerland.
Chapter 5 deals with the pore scale equivalent of spontaneous imbibition experiments. Both standard Amott tests and tests on smaller
samples were conducted in collaboration with the Center for X-ray
Tomography of Ghent University and XRE.
Part III - Factors influencing the low salinity response
In Chapter 6, the low salinity effect and factors influencing it are
demonstrated in 2D single-channel micro-models. The micro-models
are made chemically more representative to sandstones by adding
clay minerals to their geometry. Subsequently, the influences of clay
presence, ageing, injection mode, and type of oil on the response to
low salinity water were monitored.
Part IV - Concluding remarks and outlook
Chapter 7 strings the findings of the previous chapters together, and
places them in relation to the questions posed in this Introduction.
Appendices
Finally, the Appendices A-C cover the use of micro-CT scanners as
non-destructive imaging technique and the accuracy of image segmentation. Subsequently, the use and development of equipment is
described in Appendix D. This allows us to complement the standard reservoir engineering workflow with pore scale information.
A coreflooding cell and flowloop, and two spontaneous imbibition
cells were developed, all suitable for use in micro-CT scanners.
Most chapters have been published in journals or conference proceedings and therefore start with an ’Abstract’ section. This also means all
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chapters are standalone, i.e. can be understood without reading the entire
thesis. An overview of publications associated with this thesis is given
here:
Chapter 2
Bartels, W.-B., Mahani, H., Berg, S., and S.M. Hassanizadeh, Literature review of low salinity waterflooding from a length and
time scale consistency perspective, submitted to Fuel.
Chapter 3
Rücker, M., Bartels, W.-B., Berg, S., Mahani, H., Georgiadis, A.,
Brussee, N., Coorn, A., van der Linde, H.A., Ott, H., Singh, K.,
Bonnin, A., Hassanizadeh, S.M., and M. Blunt, The Effect of
Wettability on Pore Scale Flow Regimes, submitted to Geophysical
Research Letters.
Chapter 4
Bartels, W.-B., Rücker, M., Berg, S., Mahani, H., Georgiadis, A.,
Fadili, A., Brussee, N., Coorn, A., van der Linde, H., Hinz, C.,
Jacob, A. Wagner, C., Henkel, S., Enzmann, F., Bonnin, A., Stampanoni, M., Ott, H., Blunt, M., and S.M. Hassanizadeh, 2016,
Micro-CT study of the Impact of Low Salinity Waterflooding on
the pore-scale fluid distribution during flow, SCA2016-017, This
paper was presented at the International Symposium of the Society of Core Analysts held in Snow Mass, Colorado, USA, 21 –
26 August, published.
Bartels, W.-B., Rücker, M., Berg, S., Mahani, H., Georgiadis, A.,
Fadili, A., Brussee, N., Coorn, A., van der Linde, H., Hinz, C.,
Jacob, A. Wagner, C., Henkel, S., Enzmann, F., Bonnin, A., Stampanoni, M., Ott, H., Blunt, M., and S.M. Hassanizadeh, 2017,
Fast X-Ray Micro-CT Study of the Impact of Brine Salinity on
the Pore-Scale Fluid Distribution During Waterflooding, Petrophysics, 58 (1), 36-47, published as invited publication related to the
SCA best paper award.
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Chapter 5
Bartels, W.-B., Rücker, M., Boone, M., Bultreys, T., Mahani, H.,
Berg, S., Hassanizadeh, S.M., and V. Cnudde, 2017, Pore-scale
displacements during fast imaging of spontaneous imbibition,
SCA 2017-005, This paper was presented at the International
Symposium of the Society of Core Analysts held in Vienna, Austria, 27 August – 1 September, published.
Chapter 6
Bartels, W.-B., Mahani, H., Berg, S., Menezes, R., van der Hoeven,
J. A., and A. Fadili, 2016, Low Salinity Flooding (LSF) in Sandstones at Pore Scale: Micro-Model Development and Investigation. Presented at SPE Annual Technical Conference and Exhibition, 26-28 September, Dubai, UAE. doi:10.2118/181386-MS,
published.
Bartels, W.-B., Mahani, H., Berg, S., Menezes, R., van der Hoeven, J.
A., and A. Fadili, 2017, Oil Configuration Under High-Salinity
and Low-Salinity Conditions at Pore Scale: A Parametric Investigation by Use of a Single-Channel Micromodel. SPE Journal.
doi:10.2118/181386-PA, published.
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Chapter 2

Literature Review of Low
Salinity Waterflooding from a
Length and Time Scale
Consistency Perspective

Abstract
In recent years, research activity on the recovery technique known as low
salinity waterflooding has sharply increased. The main motivation for
field application of low salinity waterflooding is the improvement of oil
recovery by acceleration of production (’oil faster’) compared to conventional high salinity brine injection. Up to now, most research has focused
on the core scale by conducting coreflooding and spontaneous imbibition
experiments. These tests serve as the main proof that low salinity waterflooding can lead to additional oil recovery. Usually, it is argued that
if the flooding experiments show a positive shift in relative permeability
curves, field application is justified – provided the economic considerations are also favorable. In addition, together with field pilots, these tests
resulted in several suggested trends and underlying mechanisms related
to low salinity water injections that potentially explain the additional recovery.
W.-B. Bartels, H. Mahani, S. Berg, and S.M. Hassanizadeh, this chapter was submitted to Fuel.
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While for field application one can rely on the core scale laboratory
tests which can provide the brine composition dependent saturation functions such as relative permeability, they are costly, time consuming and
challenging. It is desirable to develop predictive capability such that new
candidates can be screened effectively or prioritized. This has not been yet
achieved and would require under-pinning the underlying mechanism(s)
of the low salinity response.
Recently, research has intensified on smaller length scales i.e. the subpore scale. This coincides with a shift in thinking. In field and core scale
tests the main goal was to correlate bulk properties of rock and fluids to
the amount of oil recovered. Yet in the tests on the sub-pore scale the focus is on ruling out irrelevant mechanisms and understanding the physics
of the processes leading to a response to low salinity water. Ultimately
this should lead to predictive capability that allows to pre-select potential
field candidates based on easily obtained properties, without the need of
running time and cost intensive tests.
However, low salinity waterflooding is a cooperative process in which
multiple mechanisms acting on different length and time scales aid the
detachment, coalescence, transport, banking, and eventual recovery of oil.
This means investigating only one particular length scale is insufficient.
If the physics behind individual mechanisms and their interplay does not
transmit through the length scales, or does not explain the observed fast
and slow phenomena, no additional oil may be recovered at core or field
scale.
Therefore, the mechanisms are not discussed in detail in this review,
but placed in a framework on a higher level of abstraction which is ’consistency across the scales’. In doing so, the likelihood and contribution of
an individual mechanism to the additional recovery of oil can be assessed.
This framework shows that the main uncertainty lies in how results from
sub-pore scale experiments connect to core scale results, which happens
on the length scale in between: the pore-network scale.
On the pore-network scale two different types low salinity responses
can be found: responses of the liquid-liquid or the solid-liquid interfaces.
The categorization is supported by the time scale differences of the (optimal) response between liquid-liquid and solid-liquid interfaces. Differences in time scale are also observed between flow regimes in water-wet
and mixed-wet systems. These findings point to the direction of what
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physics should be carried from sub-pore to core scale, which may aid in
gaining predictive capability and screening tool development. Alternatively, a more holistic approach of the problems in low salinity waterflooding is suggested.

2.1
2.1.1

Low salinity waterflooding and predictive
capability
Definition and motivation of low salinity
waterflooding

Recovery techniques commonly described as low salinity waterflooding
aim at improving recovery by reducing and/or modifying the ionic content of injected brines (Loahardjo et al., 2007; Austad, Rezaeidoust, and
Puntervold, 2010; Ashraf et al., 2010; Morrow and Buckley, 2011; Fjelde,
Asen, and Omekeh, 2012; Sandengen and Arntzen, 2013; Mahani et al.,
2015a; Mahani et al., 2015b; Vasconez, Sabyrgali, and Mackay, 2016). The
same group of recovery techniques have been described by other terms
such as Smart waterflooding (Rezaeidoust et al., 2009; Yousef, Al-Saleh,
and Al-Jawfi, 2011; Awolayo, Sarma, and AlSumaiti, 2014; Didier et al.,
2015), LoSal (Lager et al., 2008a; Webb, Lager, and Black, 2008), Advanced
Ion Management (Gupta et al., 2011; Vo, Gupta, and Hehmeyer, 2012), or
Ion Tuning (Xie et al., 2015; Xu et al., 2016). A cartoon of a successful application of this technique is shown in Figure 2.1, in which the effect of
low salinity water injection is indicated as a dashed orange line.
The main motivation for field application of low salinity waterflooding is the acceleration of oil recovery, i.e. getting oil out by injecting less
volumes of water due to improvement in sweep efficiency. From a commercial perspective reducing the residual oil saturation is of secondary
importance (Nasralla et al., 2016b; Mahani et al., 2017). The acceleration
and/or residual oil reduction can be achieved by injecting low salinity water directly after primary depletion (secondary mode) or after a secondary
high salinity brine waterflood (tertiary mode). Both scenarios are depicted
in Figure 2.1.
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F IGURE 2.1: Cartoon of secondary and tertiary low salinity waterflooding. The low
salinity schemes are shown as orange dashed lines. The increase in recovery factor in a)
and b), the dual-step water-cut in c), and the decrease in water-cut in d) are all
manifestations of a response to low salinity waterflooding.

2.1.2

Development of low salinity waterflooding research

Over the past fifty years, particularly since 1990, the activity around this
group of techniques has increased, which is reflected in the number of
publications related to the topic displayed in Figure 2.2. Prediction of the
future trend is difficult, and can be influenced significantly by the uptake
and actual field deployment of the technology by the industry.
The first studies on intentional use of low salinity water to improve
recovery were published by Reiter (1961) and Bernard (1967), although
studies related to the role of salinity in clay swelling, and consequently on
recovery efficiency in waterflooding, have been around longer (Hughes
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F IGURE 2.2: The increase in number of publications since the mid 50’s. The graph
was created combining query data from Publish or Perish (Harzing, 2007), Query: “low
salinity” oil brine ion water flood NOT surfactant polymer coast plant bio, with the
references in this paper, and a manual search on low salinity waterflooding. Each bin
represents papers published in the interval including the lower boundary up to the upper
boundary (e.g. 1955 ≤ publication year < 1960).
and Pfister, 1947; Martin, 1959). In parallel to the development of literature revolving around low salinity waterflooding, the literature on wettability and wettability alteration in a more general context has evolved,
but a detailed review thereof is beyond the scope of this work. The reader
is referred to Anderson (1986a), Anderson (1986b), Anderson (1986c), Anderson (1987a), Anderson (1987b), Anderson (1987c), and Abdallah et al.
(2007).
Despite the significant interest in the topic of low salinity waterflooding and the progress made over the past decades, it cannot be predicted
reliably which crude oil, brine, rock (COBR) system is responsive to low
salinity waterflooding, what the amount of additional oil would be, and
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in what time the (additional) oil can be recovered. It is possible to demonstrate effective individual mechanisms in model systems that lead to a response, and it is possible to upscale Special Core AnaLysis (SCAL) experiments to the field scale for fields that are known to be responsive.
However, based on the literature cited in this review, the contribution of
individual mechanisms on short length scales to core scale additional oil
recovery, has not been quantified yet in a consistent way. It may be that
this is an ambitious goal to reach in the short term due to intrinsic complexity of the process and the different approaches followed to research
the topic.
Papers referred to in this review show that in industry a risk-driven
workflow is used, usually following a route from the application side
down to the smallest required level of detail, to assess feasibility for field
deployment. This is a sharp contrast with a more fundamental-science
driven workflow in academia, where starting from a more detailed picture
mechanisms are systematically building on top of each other, approaching the application side. This issue is illustrated in Figure 2.3. The fact
that there is not a clearly formulated motivation and problem statement
contributes to the difficulty of taking meaningful steps: it means that the
problem(s) is/are not clearly defined enough to progress to solving complex cases and attempt modelling of the complete problem set.

2.1.3

Conventional reservoir engineering workflow and
correlations

As will be described in more detail in the next paragraph, feasibility of
low salinity waterflooding for a field/reservoir is assessed by following
the conventional reservoir engineering workflow (Ahmed, 2010; McPhee,
Reed, and Zubizarreta, 2015; Rotondi et al., 2014; Suijkerbuijk et al., 2014),
leading to reservoir modelling with two-phase flow equations.
These reservoir models are used to assess the risk of recovery strategies, especially regarding the rate and amount of recovery. Therefore,
reservoir models nowadays use a stochastic approach to assess the influence of variations of input parameters to the overall output of the reservoir
(see e.g. Deutsch and Srinivasan, 1996).
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F IGURE 2.3: Different approaches to low salinity waterflooding research are shown in
the central column, including typical tools used by industry and academia. The industry
often uses a top-down approach, with the main goal gaining predictive capability on oil
recovery of natural systems. Academia uses generally a bottom-up approach, with as
main driver scientific interest and as goal understanding the influence of salinity on
wettability and fluid flow. Both have not yet achieved predictive capability yet, but
combining the efforts on the intermediate length scale – the pore-network scale – may
provide insight. The pie charts indicate the number of publications in each length scale.
The number of publications related to the pore-network scale experiments are
significantly less than the number of publications on sub-pore and core/reservoir scale
experiments.
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The models are statistically populated with parameters obtained from
well logs, production history, correlations between rock and fluid properties and recovery, routine and SCAL laboratory workflows, where the
focus of SCAL is on obtaining rock capillary pressure and relative permeability curves. Based on this input, forward predictions and uncertainty
assessments are made on production rate and oil recovery factor.
Although the SCAL workflow varies significantly between institutions,
in general the low salinity effect is represented through (salinity dependent) flow parameters like relative permeability-saturation and capillary
pressure-saturation functions. These are typically experimentally determined in the laboratory through predominantly SCAL techniques, such
as corefloods, centrifuge experiments, and porous plate tests. If these tests
show a shift in relative permeability curves to a higher relative permeability for the oil phase and/or a lower relative permeability for the water
phase, field application is justified from the experimental side (see e.g.
Sorop et al., 2015; Nasralla et al., 2016a). Subsequently, the reservoir is
further subjected to economic evaluation.
Implicitly the assumption is that the flow in laboratory samples (cm-m)
is representative for the flow in the reservoir (up to km). This is justified, as
the conceptual description of flow is the same, i.e. two-phase Darcy equation with relative permeability and capillary pressure curves. The major
difference is the level of heterogeneity. Therefore, the laboratory results
in turn are presumed to be suited for (heterogeneity) upscaling. However, uncertainty in the geological structure, geological heterogeneities,
and natural variability in experimental outcomes may reduce the representativeness; hence the stochastic approach taken in modelling.
In addition, the shift in relative permeability curves for the tested COBR
system may not be the optimal shift that can be achieved. This is true even
for fields that are known to be susceptible to low salinity waterflooding,
for which the conventional approach detailed above provides sufficient
information to start field implementation. However, to optimize the injection brine, a large number of SCAL experiments should be conducted,
which is not feasible because of constraints in time and availability of rock
samples (Kennedy, 2015; McPhee, Reed, and Zubizarreta, 2015).
Therefore, it is often attempted to link the response of a system to parameters of the rock and fluids that are more accessible and are routinely
taken, such as salinity, ionic strength, divalent cation content, mineralogy

2.1. Low salinity waterflooding and predictive capability

21

(e.g. clay content), porosity, permeability, initial water saturation, ageing
time, total acid number, total base number, and interfacial tension (e.g.
Suijkerbuijk et al., 2012; Aladasani et al., 2014; Sohal et al., 2017).
Some of the aforementioned parameters find their origin on sub-pore
or pore scale, but try to complement core scale data. For instance, local
mineralogy is a property which is pore or sub-pore scale. Unfortunately,
including these extra parameters did not change the result of the multivariate statistics applied to the wider body of literature, which has not
yielded clear favorable rock and fluid parameters. An example of this can
be found in Figure 2.4 and Aladasani et al. (2014) for sandstone rocks, and
Sohal et al. (2017) for carbonate rocks, although Suijkerbuijk et al. (2012)
found that initial wettability and the presence of divalent cations in formation water influences the effectiveness of low salinity waterflooding.
Lack of correlation is somewhat expected, because even for normal waterflooding such a correlation does not exist, let alone for low salinity waterflooding which is undoubtedly a more complex process. There are multiple possible reasons for that. It simply might be that there are important
parameters that have not been considered. An additional issue may be
the implicit selection of the length and time scales in the experiments, by
following the standard reservoir workflow. Alternatively, the scatter may
be an effect of the different standards, methods or samples used as data
basis for the statistics from the literature. It may also point to an inconsistency between the core scale effects, such as shifts in relative permeability
and additional recovery, and the predominantly sub-core scale parameters that are monitored, such as local mineralogy, pH, and acid numbers.
Since the description of effects below the core scale follows different physical concepts (Navier-Stokes flow with interface dynamics, surface forces,
electrochemistry, etc. compared to the two-phase Darcy equation), this is
not too surprising. Another possible reason is a mismatch in time scales
between core scale observations and natural time scales of the sub-pore
level effects (Mahani et al., 2015b; Joekar-Niasar and Mahani, 2016).
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F IGURE 2.4: An example of residual oil (Sor ) correlations computed by multivariate
statistics on sandstones by Aladasani et al. (2014). They found a weak correlation of
65% between the experimental and predicted residual oil saturations.

2.2

Necessity for length scale consistency

2.2.1

Recent trends in low salinity waterflooding
experiments

Some recent experiments in the low salinity space on smaller length scales
than the core scale, see section 2.2.2, are believed to be more relevant for
understanding the underlying mechanisms of low salinity waterflooding.
In other words, these experiments deviate from the standard workflows
which mainly conduct core scale experiments. This trend has exposed
many disciplines predominantly situated in academia to petroleum industry workflows. These disciplines include for instance surface science, colloid science, chemistry, and molecular dynamics, see Figure 2.3. On one
hand this gives much more information, on the other hand it may also reduce focus and create possibilities for confusion. In the end, to address the
predictability issue in low salinity waterflooding, information on smaller
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length scales should be used to gain insight in reservoir behavior. Especially, in helping to gain the ability to predict beforehand which reservoirs
are responsive and how much additional oil can be recovered. This is a departure from the common risk reduction workflow of the industry which
is based on easy accessible parameters and properties, see section 2.1.3.
However, the increase in number of publications, which was shown in
Figure 2.2, has only led to partial solutions of the problems. There are still
gaps in understanding to fill and consolidation steps to take. To improve
clarity and avoid confusion, the definition of what is considered a low
salinity effect should be refined. After all, an increase of recovery when
reducing salinity is only valid for length scales at which recovery can be
measured; recovery is not relevant when conducting, for instance, atomic
force microscopy measurements. Therefore, a distinction is made between
low salinity effect (LSE) and low salinity recovery (LSR). A LSE can be
different for each length scale and mainly reflects the response of a system
upon exposure to low salinity water. LSR is therefore a possible LSE on
core and reservoir length scales.
In the following sections, the LSE found using different sub-pore scale
techniques is addressed, followed by a discussion about systems that potentially show additional recovery (LSR) on core scale systems and larger.
Additionally, emphasis is placed on the protocols of SCAL experiments.

2.2.2

Oil adhesion and detachment from solid surfaces:
the sub-pore scale

The dependence of oil adhesion/detachment to mineral surfaces on brine
chemistry has been reported repeatedly. Contact angle measurements on
(model) surfaces (Buckley et al., 1997; Liu and Buckley, 1999; Yang et al.,
1999; Berg et al., 2010; Lebedeva and Fogden, 2010; Alotaibi, Nasralla, and
Nasr-El-Din, 2011; Fogden and Lebedeva, 2011; Fogden, 2011; Lebedeva
and Fogden, 2011; Nasralla, Bataweel, and Nasr-El-Din, 2011; Nasralla
and Nasr-El-Din, 2014; Mahani et al., 2015b), zeta-potential measurements
(Buckley, Takamura, and Morrow, 1989; Alotaibi, Nasralla, and Nasr-ElDin, 2011; Fogden and Lebedeva, 2011; Fogden, 2011; Nasralla and NasrEl-Din, 2014; Mahani et al., 2015a; Jackson, Al-Mahrouqi, and Vinogradov,
2016; Mahani et al., 2017), and Atomic Force Microscopy measurements
(Basu and Sharma, 1996; Buckley et al., 1997; Basu and Sharma, 1999;
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Yang et al., 1999; Drummond and Israelachvili, 2004; Hassenkam et al.,
2011; Hassenkam et al., 2012; Matthiesen et al., 2014; Hilner et al., 2015;
Shi et al., 2016) show for systems responsive to altering salinity a change
towards oil release, i.e. more water-wet contact angles, a larger difference
in solid-liquid zeta potentials between high and low salinity systems, and
a reduction of adhesion forces.
The results show a strong dependence on the initial wettability state
of the systems and that a response to low salinity waterflooding could be
found in most COBR systems. However, it is unclear whether the response
(LSE) will lead to additional recovery (LSR), since the systems under investigation are all below representative elementary volume (Bear, 1972).
Therefore, these experiments inherently cannot explain why responses on
the core scale and larger sometimes do not occur. After all, there might be
effects on the scale of multiple pores and/or related to the connectivity of
the oil phase that are not observed in these small scale experiments.

2.2.3

Production of oil from rock:
the core and reservoir scale

Reservoir tests: observations and results
Depending on the mode of low salinity injection (secondary or tertiary
mode), the response of the reservoir could have different signatures or
profiles. This can be modelled theoretically using Buckley-Leverett analysis
(Buckley and Leverett, 1942; Jerauld et al., 2006). In secondary mode low
salinity waterflooding, the breakthrough time is delayed compared to high
salinity waterflooding, and the water-cut at the producer follows a dualstep profile similar to that in Figure 2.1c. The dual-step characteristic is
related to the oil production originating from the reduction of remaining
oil behind the displacement front, i.e. microscopic sweep efficiency improvement. In tertiary mode, the low salinity effect reverses the water-cut
profile as additional oil is produced. This is shown in Figure 2.1d and
Figure 2.4b.
Observations on the field scale show that the timing of oil bank production coincides with low salinity water breakthrough (Vledder et al.,
2010; Seccombe et al., 2010; Mahani et al., 2011), as can be seen from the
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inter-well pilot test done by BP in the Endicott field in Alaska shown in
Figure 2.5.
Additionally, log-inject-log tests show that in the near-wellbore zone
the residual oil saturation is reduced after the injection of low salinity water (Vledder et al., 2010; Callegaro et al., 2015). Single-well-chemical tracer
test pilots by Yousef, Al-Saleh, and Al-Jawfi (2011) showed that the low
salinity effect observed in the laboratory can be reproduced in the field.
Skrettingland et al. (2011) reported that lack of response may be caused
by an initially water-wet system. Additionally, some historical field evidence can be found in Robertson (2007). These results show a change in
the fractional flow when low salinity water breaks through, in line with
the expectations from Buckley-Leverett theory. Furthermore, it shows oil
remaining after high salinity brine injection is not true residual oil, since it
can be further reduced by injecting low salinity water.
Furthermore, Lager et al. (2008a) and Lager, Webb, and Seccombe (2011)
showed changes in the ionic composition and pH of the effluent coinciding with the breakthrough of low salinity water, suggesting ion exchange
mechanisms may be driving the LSE. This mechanism was unlikely to be
dominant as suggested by Suijkerbuijk et al. (2013), because cation stripping due to ion exchange can delay the low salinity effect, requiring additional pore volumes (PV). Yet, in the field case shown in Figure 2.4a, the
additional oil came at the time of the breakthrough of low salinity water.
Another mechanism that got traction is fines migration. Zeinijahromi
et al. (2015) successfully history matched production data of the Zichebashskoe reservoir assuming a fines migration regime. However, fines migration is generally considered unfavorable since the formation damage is
irreversible and may lead to production loss (Bennion et al., 1998; Blume,
Weisbrod, and Selker, 2002).
Core scale tests: observations and results
Both corefloods and spontaneous imbibition experiments are conducted in
secondary and/or in tertiary mode. Figure 2.6 and Figure 2.7 show typical
results of successful tests. If those tests are conducted on responsive COBR
systems, an increase in recovery factor is observed given the same pore
volumes injected (PVI), or at a fixed water-cut (typically ranging between
0.95 – 0.98, Mahani et al., 2017). As already mentioned before, the recovery
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can be related to a change in production rate (i.e. production acceleration),
as well as reduction of residual oil saturation as shown for coreflooding in
the curves of Figure 2.6a. In all those tests, if there is a low salinity effect
it is usually produced within several PVI (e.g. Zhang and Morrow, 2006;
Soraya et al., 2009; Suijkerbuijk et al., 2014) – an observation discussed in
more detail in section 2.4.2.

F IGURE 2.5: Example of successful field result in the Endicott field in Alaska. a)
shows the increase in oil production rate accompanied by the decreasing water-cut in b)
(Seccombe et al., 2010) whereas c) shows the decrease in remaining oil saturation
(McGuire et al., 2005).
This does not mean that at the reservoir scale the same PVI is required.
Firstly, the region near the wellbore sees many PVs. Secondly, as discussed
in section 2.1.3, the coreflooding experiments are mainly used to extract
relative permeability functions based on numerical simulation of experimental data (oil production curve, pressure drop over core, in-situ saturation profiles versus PVI). Thus the laboratory results cannot be directly
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applied to the field. The proper approach to translate laboratory data to
the field is to use the relative permeability curves (inferred from the coreflooding) in the reservoir simuation model to perform field evaluation and
desgin.
For proper quantification of low salinity additional oil, it is essential to
conduct both secondary and tertiary low salinity waterflooding to extract
high salinity and low salinity relative permeability funtions (Suijkerbuijk
et al., 2014; Sorop et al., 2015; Nasralla et al., 2016b). To account for the
capillary-end effect (Huang and Honarpour, 1998; Masalmeh et al., 2014),
which is a laboratory scale artefact, multi-rate injection beyond 1 ft/day
and in-situ saturation monitoring, as indicated in Figure 2.6, are necessary
to reduce the uncertainty in the relative permeability measurements.
In Figure 2.7, all-faces-open spontaneous imbibition tests (Amott tests)
from Sorop et al. (2015) are shown. In this test, the production rate and total production is measured whilst the sample is submerged in high salinity brine. When no additional oil is produced, the surrounding brine is
switched to low salinity water. The magnitude of the response is a measure for the change in wetting state and a qualitative indicator, if a COBR
system is responsive to low salinity water. Other groups have also conducted these tests, see works of e.g. Zhang and Morrow (2006), Ashraf
et al. (2010), and Yildiz and Morrow (1996).
Usually, it is found that the additional recovery for low salinity waterflooding is larger in secondary mode than in tertiary mode corefloods
(Thyne, Gamage, and Hasanka, 2011; Suijkerbuijk et al., 2014; Masalmeh
et al., 2014; Sohal et al., 2017). A potential reason for this is that mobile oil
saturation is less in tertiary mode than in secondary mode. Low salinity
water may access different parts of the pore space leading to an increased
sweep efficiency. Another reason may be reduced trapping probability
(Wang and Alvarado, 2017) and therefore prolonged connectivity at the
back of the oil bank. This would be in line with Liu et al. (2017), who
showed that connectivity is one of the key parameters for relative permeability. The length and time scale discussion is continued in section 2.4.
It is also in agreement with observations that low salinity water increases
viscoelasticity of the liquid-liquid interface (Alvarado et al., 2014; Alves
et al., 2014; Chávez-Miyauchi, Firoozabadi, and Fuller, 2016; Morin et al.,
2016; Wang and Alvarado, 2017), see also section 2.3.
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F IGURE 2.6: Cartoon showing the recovery factor, RF, versus injected pore volume,
PV, in coreflood experiments in secondary (a) and tertiary mode (b) at increasing flow
rates, FR A-D. In a) the LSE/R with (light blue line) and without (dashed line)
Sor change are shown compared to a standard high salinity waterflood. In b) the
production curve with a LSE in tertiary wwaterflooding is shown, together with the
expected pressure drop (dash-dot line). Pressure drops that are higher for low salinity
water than for high salinity brine for the same flow rate imply formation damage.
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Additionally, during tertiary mode experiments, the low salinity water
may mix with the high salinity brine already present, which may lead to
a smoother salinity gradient near the front. This may potentially reduce
its effectiveness. Finally, it may be that in tertiary mode processes with
a longer-time scale play a more important role. The last reason will be
expanded in section 2.4.2.

F IGURE 2.7: Spontaneous imbibition test of a system responsive to low salinity water
in secondary and tertiary low salinity modes, compared to a base line study of high
salinity brine only (Sorop et al., 2015).

General observations from SCAL experiments In addition to the findings directly related to low salinity waterflooding, there are four important
general observations regarding protocols of SCAL experiments. Variations
in these protocols may influence the outcome of low salinity waterflooding experiments and therefore should be carefully considered:

30

Chapter 2. Literature Review of Low Salinity Waterflooding...
• Globally, experimental protocols are not standardized. Different groups
use different protocols, which makes it difficult to compare results
of different studies directly and find commonalities. For instance,
the core initialization procedure and the ageing time may vary. Another example is the use of initial oil permeability at connate water
saturation to normalize relative permeability curves, whereas other
groups use the brine permeability for this. This is related to the debate whether experiments on cores with preserved or restored wettability provide more accurate representations of the reservoir. The
groups using preserved cores use the normalization procedure with
initial oil permeability.
• The capillary-end effect is often not considered or not reported even
though it can be present in many core scale tests. Oil produced
from the capillary-end effect can be a significant volume fraction in
coreflooding experiments. This is of importance in mixed- to oilwet cores, where the imbibition capillary pressure has an extended
negative part. The mixed- to oil-wet rocks are seen as more important prospects for low salinity, because mixed- to oil-wet reservoirs
usually make up a larger part of the reservoir portfolios of oil and
gas companies. Additionally, non-water-wet systems tend to have
higher remaining oil saturations, which means they have a higher
fraction of oil that may be targeted by low salinity water.
So, considering the capillary-end effect is important in a low salinity
study. When a significant capillary-end effect exists (related to the
area it covers around the core end), the oil production that occurs
in corefloods may be partially related to the injection of low salinity
water. Thus, the amount of oil coming from the end effect may significantly influence the estimated response of a system. To identify
and quantify capillary-end effects in corefloods, usually X-ray saturation monitoring is needed to get saturation profiles in the core and
assess the extent of the end effect. Sometimes, bump rates are used
to reduce the end effect as discussed in Figure 2.6.
• From experiments conducted on core and reservoir scales, mechanisms are usually inferred by an inverse problem. The inversion is
in most cases based on pressure drops and injection and production
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into/from the core (e.g. effluent analysis for fines and pH, and oil
and brine production), while details in the core remain hidden or inaccessible. Whereas this method can explain responses, it cannot be
used to explain a lack of response, because direct observations are
necessary for that. Also, the framework of interpretation (e.g. twophase Darcy equation) limits the level of insight that can be gained.
• The modest additional oil that is recovered in responsive systems
requires more precision and rigor in both protocols and equipment.
For instance, as mentioned above, a significant capillary-end effect
may adversely affect the results. In addition to that, the additional
parameters that must be monitored (pH, salinity, fines content of the
effluent etc.) make the tests more difficult to conduct to begin with.
This stresses the importance of standardized protocols to allow direct comparison between studies.

2.3

Suggested mechanisms of low salinity
waterflooding

The mechanisms, both inferred/postulated from indirect measurements
and directly observed, from sub-pore scale on one hand and the core and
reservoir scales on the other hand, include fines migration (Kia, Fogler,
and Reed, 1987; Morrow et al., 1998; Tang and Morrow, 1999; Fogden
and Lebedeva, 2011; Bedrikovetsky et al., 2012; Zeinijahromi et al., 2015),
pH change effect (McGuire et al., 2005; Austad, Rezaeidoust, and Puntervold, 2010; Aksulu et al., 2012; Sohrabi et al., 2015), multi component
ion exchange (Lager et al., 2008b; Lee et al., 2010; Kuznetsov et al., 2015),
surface-charge-change and double layer expansion (Ligthelm et al., 2009;
Nasralla and Nasr-El-Din, 2014; Kuznetsov et al., 2015; Mahani et al.,
2015a; Mahani et al., 2015b; Mahani et al., 2017)), formation of microdispersions (Mahzari and Sohrabi, 2014; Sohrabi et al., 2015), variations in
interface viscoelasticity (Alvarado et al., 2014; Alves et al., 2014; ChávezMiyauchi, Firoozabadi, and Fuller, 2016; Morin et al., 2016; Wang and Alvarado, 2017, and references therein), and osmosis (Fredriksen, Rognmo,
and Fernø, 2016; Sandengen et al., 2016), mineral dissolution (Pu et al.,
2010) or slight variations and combination of those.
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For a more detailed overview and discussion on the mechanisms and
instruments, the reader is referred to Rezaeidoust et al. (2009), Sheng (2014),
Mugele et al. (2015), Myint and Firoozabadi (2015), Hamon (2016), Jackson
et al. (2016), and Ayirala, Al-Enezi, and Al-Yousef (2017). Due to the nature
of these mechanisms, which involve solid-liquid and liquid-liquid interaction, most of them can be relevant to both carbonate and sandstone rocks,
eventhough mineralogy of the two rock types are different.
However, the most accepted effect of low salinity is that wettability
changes from a more oil-wet to a more water-wet state, but to what degree the above listed mechanisms contribute individually is not yet agreed
upon.

F IGURE 2.8: a) Schmatz et al. (2015) showing what solid-liquid interfaces look like. A
thin water film is separating oil from quartz. b) Cartoon depicting solid-liquid interfaces
based on Schmatz et al. and liquid-liquid interfaces. c) Mechanisms categorized based on
the interface they are thought to work on. d) Examples of solid-liquid and liquid-liquid
mechanisms from Mahani et al. (2015b) and e) Morin et al. (2016). f) Time scales
ascribed to mechanisms acting on solid-liquid and liquid-liquid interfaces.
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In Figure 2.8, the proposed mechanisms can be categorized into processes which pertain to the solid-liquid interface or the liquid-liquid interface. Logically, these two categories encompass the complete range of
physics and chemistry that may be involved in causing a low salinity effect. What remains is combining academic and industry approaches in the
length scale consistent framework described in Figure 2.3. This may lead
to an understanding what physics should be transferred trough the length
scales to come to predictive capability and eventually a screening tool.

2.4

Length and time scales of core and sub-pore scale
processes

As suggested in the sections above, a single mechanism cannot explain all
results. Therefore, low salinity waterflooding entails or invokes cooperative physical and chemical processes in which mechanisms cause detachment of crude oil, a more efficient transport (more efficient sweep and/or
different trapping criteria), the (re-) formation of an oil bank, and eventual recovery of oil. The necessity of oil bank formation to production is
well known (Lake, 1989). The effectiveness of these processes seems to be
dependent on the initial wettability state (Tang and Morrow, 1997; Alagic
et al., 2011; Suijkerbuijk et al., 2012), and the change of that state towards
more water-wet conditions see also section 2.3.
This leads to a paradox regarding the reduction of residual oil. The
first part of the argument is that based on the definition of the capillary
number, and the capillary desaturation curves for systems at constant wettability shown in Figure 2.9a, a low salinity effect reducing Sor based on
capillary desaturation can be ruled out.The reason is that most studies
cited here show only small interfacial tension and viscosity changes with
changing salinity, so an order of magnitude change of the capillary number cannot be achieved.
The second part of the argument is that the Sor can be changed by wettability alteration and perhaps reduction of trapping, rather than through
changing the capillary number. This was discussed in 2.3 and shown in
Figure 2.8d, e. The paradox lies in Figure 2.9b, which shows that moving
toward more water-wet states increases the residual oil, whilst spontaneous imbibition tests, and sub-pore scale tests cited before in this paper,

34

Chapter 2. Literature Review of Low Salinity Waterflooding...

indicate increases in recovery and detachment of oil from solids. The detachment was discussed in section 2.2.2. The apparent contradiction has
been discussed in Masalmeh et al. (2014) by considering the difference between the waterflood of a water-wet sample and making the sample more
water-wet during a waterflood, and will be repeated in short here. Based

F IGURE 2.9: a) Capillary desaturation curve from Lake (1989). It is well established
in literature that additional oil/detachment after exposure to low salinity water is not
related to capillary desaturation. Changing brine salinity usually does not have a strong
effect on any of the parameters in the capillary number (viscosity µ, flow velocity V and
interfacial tension σ). Note that the assumption of constant wettability is made for
capillary desaturation curves. b) Often additional recovery is observed when moving to
more water-wetting conditions in low salinity waterflooding. But Sor increases for
water-wet systems as is shown in this figure based on Jadhunandan and Morrow (1995).
on Figure 2.9b, a flood in a mixed-wet sample leads to lower Sor compared
to a water-wet sample. When considering tertiary low salinity waterflooding, after the high salinity flood, the lower Sor for the original (mixed-wet)
system is reached. Hereafter, the sample is brought in contact with low
salinity water. Therefore, the wettability is altered only after mixed-wet
Sor was already reached. So, no Sor increase can be observed – at most Sor
stays constant.
In secondary low salinity experiments, the same logic holds i.e. wettability alteration is only possible for the part of the sample that is in contact with low salinity water, which is at the back of the oil front in this
case. The front itself moves through the rock which has the initial mixedwet state. The low salinity water may cause additional detachment of the
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crude oil from pore walls or affect interface viscoelasticity which may affect trapping, both discussed in section 2.3 and references therein, leading
to a reduced Sor compared to a flood in a purely water-wet system.
Also, as explained in previous sections, there is a plethora of studies
that downscale from the core scale to smaller length scales, and especially
on smaller length scales a response can often be found or demonstrated.
The question is, do these responses on small length scales, which often
relate to wettability alteration, translate to production on large scales or
is improvement of connectivity, reduction of trapping, or improvement
of sweep efficiency leading to additional recovery? By considering the
intrinsic length and time scales of the mechanisms proposed, the relevance
of certain mechanisms may be discarded in the field. For instance, some of
these mechanisms require a special level of salinity to occur, such as fines
migration (clay deflocculation), which can be avoided by designing the
brine composition/salinity (Clementz, 1977; Scheuerman and Bergersen,
1989; Scheuerman and Bergersen, 1990).
Another example is mineral dissolution such as calcite or anhydrite
(Pu et al., 2010), which may not occur in all rocks due to the mineralogy
type. If it occurs, the brine can become equilibrated/buffered as it moves
away from the injector.
Therefore, mineral dissolution loses relevance at field scale, while it
may be to some degree important in the laboratory. Hence, small-scale
success is not enough and carbonate dissolution can be excluded as primary driving mechanism (Nasralla et al., 2016a).
A suggestion of compatible mechanisms and cooperative physics is
shown in Figure 2.10 where a combination of wettability alteration by double layer effects a) on a time scale of hours/days is combined with liquidliquid mechanisms of interface viscoelasticity and ganglion dynamics b)
to come to the creation of a more efficient oil bank compared to high salinity c), d). This is an example of two independent cooperative mechanisms
that survive the ‘consistency across the scales’ approach.
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F IGURE 2.10: Illustration how wettability alteration and detachment on the sub-pore
scale (Mahani et al., 2015b) a), via ganglion dynamics (Rücker et al., 2015b) and
interface viscoelasticity (Morin et al., 2016) on the pore-network scale b) may lead to a
more efficient back of the oil bank at the pore-network scale c) – shown here as elongated
necks in oil blobs and contact angle changes (in red) for remaining oil drops - and
consequently to a more efficient displacement on the core/reservoir scale (Jerauld et al.,
2006) in d). While individual mechanisms have been proven, the connection across
length scales and contribution to additional recovery at core scale are not. Liu et al.
(2017) have shown that connectivity is one of the most important factors in relative
permeability. Therefore, suppression of snap-off via the mechanisms in b) are likely to
support oil bank formation.
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Coalescence, reconnection and transport of oil:
the pore-network scale

Adhesion and detachment of oil from solid/rock surfaces upon changing ionic composition of the adjacent fluid is relatively well researched,
see 2.2.2. Production that is consistent with this, is sometimes observed
on larger length scales, i.e. core scale or above. However, there is very
limited understanding of how these two are connected. In other words,
length scales on which collective phenomena and cooperative processes
lead to the transport and coalescence of oil and oil bank formation are
insufficiently studied. Based on the cited literature, this holds true for
mixed-wet flow in general and for low salinity waterflooding in particular – which adds chemical processes as additional mechanisms to consider.
This is at least part of the reason low salinity waterflooding is not understood: the problem has not been solved on the more general level of flow
in mixed-wet systems, yet a more complex specific case is being examined
in detail.
Recently, micro-models and (fast) micro-CT scanning techniques have
been used to study transport and coalescence of crude oil in both artificial
and natural systems. The aim was to find the intrinsic length and time
scales of flow in sytems with mixed wettability, and the mechanisms involved in low salinity waterflooding that could lead to production. These
tools offer valuable additions to core scale experiments, such as coreflooding and spontaneous imbibition experiments. The main benefit is the addition of pore scale information to the ex-situ parameters that are usually
monitored in those experiments, such as pressure, saturation, and production. Based on their temporal and spatial resolutions, micro-model setups, benchtop micro-CT systems, and synchrotron beamlines have been
used for different types of studies that often address very complex systems. However, to understand low salinity waterflooding on the porenetwork scale, it is suggested here that a workflow of increasing complexity should be followed.
This means first the dynamics of flow in water-wet systems on the
pore-network scale needs to be understood, followed by flow in mixedwet systems on the same length scale, and finally chemical processes relevant to low salinity waterflooding can be added.
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Flow in water-wet systems
Flow in water-wet systems has been investigated on the pore-network
scale for both (quasi-)static (Al-Raoush, 2009; Karpyn, Piri, and Singh,
2010; Kumar and Fogden, 2010; Kumar et al., 2012; Landry, Karpyn, and
Piri, 2011; Iglauer et al., 2012; Celauro et al., 2014) and dynamic cases
(Avraam and Payatakes, 1995; Berg et al., 2013; Armstrong et al., 2014;
Berg et al., 2014a; Youssef et al., 2014; Rücker et al., 2015b). A key finding from those works, was the identification of a ganglion dynamics flow
regime, in which connectivity of individual oil ganglia to connected pathways could be (re-) established by capillary waves generated during snapoff events (Rücker et al., 2015b; Liu et al., 2017). This is shown in Figure
2.10b. It means that even when oil is broken up, there is still the possibility
that a connected path is created that mobilizes the oil.
Flow in mixed-wet systems
The next step is investigating the flow dynamics in mixed-wet systems
instead of water-wet systems. These works (Bartels et al., 2017a; Rücker et
al., 2018) showed that the time scale of pore filling events is much longer
in mixed-wet systems than in water-wet systems; pore filling in waterwet systems often occurred through Haines jumps. Additionally, besides
water filling events also oil filling events can occur in systems of mixedwettability. The reason is that besides water films also oil films occur
(Salathiel, 1973), which could potentially increase or preserve the connectivity of the oil phase. Therefore, the graph depicted in Figure 2.9b should
show lower residual oil saturations for more oil wet rock, since the oil will
stay connected through oil films. The reason experiments do not find this
result may be because recovering oil through oil films takes much longer
than the typical duration of flow experiments.
Chemistry and parameters influencing low salinity waterflooding
The final step in understanding low salinity waterflooding on the porenetwork scale is to show the response of a mixed-wet system to low salinity water and identify other parameters that influence the response.
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To investigate this interplay of processes and parameters influencing
the LSE, micro-models have been used. The representativeness of micromodels has been improved by taking SEM images of rocks and etching
them into glass to mimic rock pore space geometry closely. Also, the material representativeness for micro-models resembling sandstones has been
improved by Bondino et al. (2013), Song and Kovscek (2015), and Bartels
et al. (2017b) who deposited clay minerals in the models to mimic the composition of sandstone rocks as shown in Figure 2.11c, d and Figure 2.13.
While Bondino et al. (2013) concluded that low salinity waterflooding did not show any improvement in recovery, Song and Kovscek (2015)
found a significant additional recovery of 14% in tertiary mode. However,
it should be noted that the field of view of the micro-model experiment
was too small to link this LSE to a LSR on the core scale. Although the
tests show that low salinity does cause oil to mobilize, clay migration and
formation damage was also observed in their experiment due to the type
and salinity of brines used. The field of view issue is similar for pore scale
models (which are on millimeter scale) attempting to predict oil recovery,
because the flow regimes are not representative for the core scale.
Bartels et al. (2017b) studied the sensitivity of the LSE to clay content,
ageing, and presence of crude oil by means of a clay-coated single channel
glass micro-model. They found that all systems were responsive when
crude oil was used, as is shown in Figure 2.11 and 2.12. The response
consisted of contact angle changes to more water-wet states, and in some
cases mobilization. This result underlines that oil polarity and electrical
interactions between oil and solid are important, which may occur with
crude oil but not with mineral oil, which lacks polar hydrocarbon groups
that are responsible for the charged crude oil interfaces. Moreover, the
study showed that wettability alteration is not always sufficient to increase
oil production.
This highlights that low salinity waterflooding is a multi-length scale
process and directly shows that wettability alteration at mineral surfaces
(without oil release and/or coalescence) may not lead to more oil at core
scale or beyond. In addition, the experiments of Song and Kovscek (2015)
on one hand and Bartels et al. (2017b) on the other hand, differ in the
time scale of the effect. Song and Kovscek find an immediate increase
of recovery, whereas Bartels et al. find the response to increase over the
course of days. However, in Song and Kovscek de-ionized water was used
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which is in the formation damage regime.
Open questions for micro-models would be to visualize the potential
change in ganglion dynamics, flow paths and thus sweep efficiency when
changing brine salinity by using more complex networks. However, studies in 2D micro-models will always be limited by the lack of long range
connectivity of the wetting phase (Mohanty, Davis, and Scriven, 1987).

F IGURE 2.11: Micro-model results from Bartels et al. (2017b) showing no response in
systems with model oil (a-d), regardless of the presence of clays (c-d).
The next step in the suggested workflow of increasing complexity would
be to conduct static and dynamic experiments in 3D using X-ray microtomography. Micro-CT has greatly contributed to two-phase flow studies
and the parameters and factors important therein (Andrew, Bijeljic, and
Blunt, 2013; Armstrong and Berg, 2013; Berg et al., 2013; Youssef et al.,
2013; Youssef et al., 2014; Bultreys, De Boever, and Cnudde, 2016). Yet,
there are only a few studies focusing on (dynamic) enhanced oil recovery
processes, in surfactant flooding (Youssef et al., 2013; Youssef et al., 2014)
and low salinity waterflooding (Shabaninejad et al., 2015; Sandengen et
al., 2016; Bartels et al., 2017a; Khishvand et al., 2017).
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F IGURE 2.12: Improved connectivity on long time scales. Crude oil without clays in
the micro-model after a high salinity and after a low salinity waterflood after ageing.
(a–i) represent the various stages during the experiment. Please note that stable contact
angle configurations are reached in high salinity after 2 days. In (d), changing to low
salinity water shows contact angle change and mobilization of crude oil, even without
flow E (e-i). This experiment also shows that for sandstones clay is not a prerequisite to
see a low salinity response.
X-ray studies that aspire to look low salinity waterflooding, need to
capture the dynamics of wettability alteration, which leads to some specific challenges as described below.
Firstly, there is no established way to characterize wettability on the
pore-network scale that is addressed in micro-CT work. For (sub-)pore
scale systems, contact angles express wettability states. For core scale systems, wettability is implicitly accounted for through capillary pressure
– saturation and relative permeability – saturation curves. Attempts for
pore-network scale wettability characterization have been made by AlRaoush (2009), Iglauer et al. (2012), Andrew, Bijeljic, and Blunt (2014), Herring et al. (2016), Bartels et al. (2017b), and Khishvand et al. (2017).
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F IGURE 2.13: Results from Song and Kovscek (2015) showing improved recovery on
short time scales. The images show water (blue), oil (red), and grains (black) and clay is
present in the micro-model. a) shows the end of a high salinity (synthetic formation
brine) flood and b) shows the result of a low salinity (deionized water) flood. c) and d)
show the segmented counterparts of a) and b). The residual oil saturation values
following the high salinity and low salinity waterfloods at the pore-network scale were
Sor = 36% and 22% respectively, indicating a 14% increase in oil recovery using
deionized water.
In particular, Andrew, Bijeljic, and Blunt used a distribution of contact angles, Al-Raoush and Iglauer et al. use cluster size distributions and
morphology, and Bartels et al. and Khishvand et al. use the pore size distribution and the fluid distribution in them to describe the change of the
wettability state. The discussion on which method is most appropriate is
still ongoing.
Secondly, addition of X-ray contrast agents (dopants), which is deemed
necessary for proper imaging, may influence or alter wettability. In the
aqueous phase, often potassium/sodium iodide or cesium chloride are
used. In the oleic phase, often iododecane and bromodecane are added
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to distinguish between phases using X-rays in adsorption contrast imaging. Furthermore, the authors found that in particular the dopants for
the oleic phase have limited thermal and chemical stability, which inhibits
sustaining the contrast between oil and brine during experiments. One
solution would be to use phase contrast imaging (e.g. Pfeiffer et al., 2006;
Als-Nielsen and McMorrow, 2011), which makes the use of dopants unnecessary.
Moreover, ionizing radiation, especially in beamlines, may inadvertently alter wettability (Weon et al., 2008; Roth, Eller, and Büchi, 2012).
However, this has been reported so far only for chemically pure systems
and may not be relevant for COBR systems which have a large degree of
natural wettability variation.
Finally, the experimental control of wettability appears to be very difficult. As discussed in previous sections, low salinity waterflooding may
depend in part on wettability alteration, which means the wettability state
needs to be known in both the initial and final states. The creation of an
initial wettability state is better controlled and/or more accurately quantified, using (model) systems in which the desired wettability state is created by chemicals e.g. silanization (Al-Raoush, 2009; Karpyn, Piri, and
Singh, 2010; Kumar and Fogden, 2010; Landry, Karpyn, and Piri, 2011;
Kumar et al., 2012; Kumar et al., 2013; Celauro et al., 2014; Herring et al.,
2016; Sandengen et al., 2016).
These artificial wettability states have the downside that they lack representativeness, even though they are well defined, and therefore the link
to the original problem is not clear. The studies that control wettability by
using the more natural process of ageing (Graue et al., 1999b cf. Bartels
et al., 2017a; Bartels et al., 2017c) do so in a more qualitative way: they
state that one rock is more oil-wet than the other rock depending on ageing time. This makes it difficult to compare the results between different
studies.
Despite the experimental challenges outlined above, there are several
micro-CT studies that have looked at low salinity waterflooding. These
works usually only show that a response to low salinity water is possible,
without or with very careful statements how their results will translate
to larger length scales. For instance, Shabaninejad et al. (2015) show that
oil is preferentially released from clays in sandstones and Sandengen et
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al. (2016) combine micro-models and micro-CT to make a case for osmosis as a contributor to the LSE. Recently, Bartels et al. (2017a) performed
dynamic low salinity waterflooding experiments. They showed that pore
occupancy changes with change of salinity and the change in trapped oil
between carbonate and sandstone samples was very different. Khishvand
et al. (2017) show a shift in the contact angle distribution during low salinity waterflooding to reflect more water-wet states. However, translation
of these findings to larger length scales has not been attempted.
Summarizing this section, there are quite a few studies describing dynamics of multi-phase flow in water-wet systems and cluster statistics as
function of wettability in quasi-static experiments. The first studies investigating multi-phase flow in mixed-wet systems both in micro-models
and micro-CT systems have emerged. Some of the work discussed here
also succeeded in showing the pore-network scale low salinity response.
However, the main open questions are: what does the LSE look like in
dynamic 3D experiments, what sample size is needed to observe representative LSR, if and how a new oil bank forms in tertiary low salinity
waterflooding, if in secondary low salinity waterflooding the trapping efficiency at the back of the oil bank is reduced, and in the end, what physics
should be included from the sub-pore and pore-network scale to give a
valid description and/or gain predictive capability of low salinity waterflooding at the core scale? To address the last question, hereunder the different time scales that emerged from different experiments (see sections
2.2.2 and 2.2.3) are discussed.

2.4.2

Time scales

Just as all mechanisms and process discussed above have their own intrinsic length scale, they also have an intrinsic time scale. Time scales
are important for saturation change and link to the physical and chemical
mechanisms underlying pore scale displacement. The time scales related
to processes in fluid flow such as Haines jumps in water-wet systems (1 ms
-2 s, Mohanty, Davis, and Scriven (1987), DiCarlo, Cidoncha, and Hickey
(2003), and Armstrong et al. (2014)), are an order of magnitude faster compared to pore filling events in mixed-wet systems (up to several minutes,
Bartels et al. (2017a) and Rücker et al. (2018)). This range of time scales can
also be found in low salinity waterflooding research.
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F IGURE 2.14: Figure taken from McMillan et al. (2016). Effect of crude oil exposure
(no flow) with low-salinity brine (10000 ppm) in Berea sandstone cores. Crude oils A
and C did not show any additional recovery after a shut in of two. The system with
crude oil B shows 7.6% OOIP additional recovery. This effect ties into the time scales
discussed in Figure 2.8 and the cooperative mechanisms in Figure 2.10.
Recent works by Mahani et al. (2015a), Mahani et al. (2015b), and Bartels et al. (2017b) have shown that contact angle change of oil droplets or
wettability alteration in the micro-model by low salinity has a time scale
of hours to days. In addition, McMillan et al. (2016) reported additional
oil recovery ca. 7.6% in the corefloods after shut-in for two weeks, shown
in Figure 2.14).
These observations open a debate at what time scales proposed mechanisms are most efficient, in addition to the discussion on the importance
of individual mechanisms in general. Moreover, this means equilibration
times during sample preparation and experiments should be adapted to
the processes under investigation.
As already mentioned in section 2.2.3, Figure 2.8 and Figure 2.10, this
response may be explained by low salinity water accessing pores that are
inaccessible to high salinity brine, or by an increase in liquid-liquid interface viscoelasticity (Alvarado et al., 2014; Alves et al., 2014; ChávezMiyauchi, Firoozabadi, and Fuller, 2016; Morin et al., 2016) and references
therein) that reduces trapping at the back of the oil bank.
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The longer time scale seems to be related to the solid-liquid interface
and wettability alteration. The magnitude of time scales found in the
droplet experiments of Mahani et al. (2015b), shows that Fickian diffusion
in the water film is several orders of magnitude faster compared to the
experimental observations. Incorporating electro-chemical diffusion into
the models (to account for the effect of oil and rock surface change on ion
transport in and out of the film) brings the time scales in agreement with
experimental data (Joekar-Niasar and Mahani, 2016).
Of course, it is conceivable that other factors may influence the time
scale as well. For instance, surface roughness, charge heterogeneities on
both solid and liquid surfaces, and drop and cluster sizes add complexities
besides electro-chemical potential and the initial conditions in terms of
film thickness and initial wettability in general. Because the time scales
are associated with phenomenon in water films, rather than the physical
size and scale of porous media, it is plausible that the magnitude is not
changed when moving to systems on larger length scales.
Therefore, in the laboratory the time effect would not be of the same
relevance as it is field scale (where the operation is in order of monthsyears). In the laboratory, the time scale of wettability alteration can be
similar to the duration of experiment. This raises the question whether
the increased oil recovery observed in low salinity waterflooding experiments is related to wettability alteration (solid-liquid interactions) or other
mechanisms, as outlined before.

2.5

Free energy surfaces and kinetics

So far, this review has illustrated the complexity of investigating processes
involved in LSE and LSR, which mainly arises from the combination of
multiphase flow in mixed-wet systems and chemical processes related to
wettability alteration. Most proposed mechanisms, processes and driving
forces have been found to contribute to LSE for a specific COBR system
on a specific time scale, albeit the results are not always consistent. One
open issue is the length scale consistency i.e. which processes on smaller
length scales contribute to LSR on the core and reservoir scale. In addition,
the question is on what time scale recovery (rate) can be maximized: is it
necessary to rely on the solid-liquid interfaces to respond or is the effect
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more related to the liquid-liquid interface. This is predominantly important for laboratory tests (experiments take hours – days), whereas in the
field the exposure time of COBR to low salinity water is months – years,
spanning all time scales for the processes discussed in this review. When
trying to unify all these different processes on all the different length and
time scales in one framework, energy landscapes, kinetics, and thermodynamics could potentially be helpful.

2.5.1

Energy landscapes and thermodynamic framework
in porous media

The concept of energy landscapes is a concept which is used in other fields
such as glass formation or protein folding (Sastry, Debenedetti, and Stillinger, 1998; Mallamace et al., 2016) and is making its way into porous media research (Morrow, 1970; Cueto-Felgueroso and Juanes, 2016). The local
minima and global minimum of the free energy surface as shown in Figure 2.15a, represent different fluid topologies and saturations. The energy
barriers to go to a lower minimum can be overcome or circumvented (in
the n-th dimension) by different processes which take a different amount
of time to complete. These processes are the driving forces for the suggested low salinity waterflooding mechanisms. A cartoon of this idea is
shown in Figure 2.15a,b. An implicit simplified form of this idea can be
found in papers by Buckley, Bousseau, and Liu (1996), Liu and Buckley
(1999), Drummond and Israelachvili (2002), Drummond and Israelachvili
(2004), and Didier et al. (2015) and Figure 2.15c, where salinity-pH diagrams (’wettability maps’) are drawn indicating either adhesion forces or
contact angles.
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F IGURE 2.15: Cartoon of a complex energy landscape b) xy-planar view of the same
energy landscape with maxima and minima indicated and different routes that can be
followed to reduce the free energy. Energy barriers have to be overcome c) wettability
map from Drummond and Israelachvili, 2004.
The cartoons and map in Figure 2.15 clearly indicate why initial wettability state is important for the overall result and can easily be thought of
as 2D cross sections of an n-dimensional surface.
Note that adding more parameters to a system increases the number
of possible dimensions. Adding more complexity may further increase the
number of local minima, possible driving forces, and the number of time
scales involved. This could also lead to more possible pathways. Since all
available processes in the direction of equilibrium start at the same moment in time, it is not possible to separate them from each other. Whether
a certain process has a significant contribution to the response is therefore
a very difficult question to answer.
From a scientific point of view, the framework is a very interesting
idea. However, energy landscapes are very difficult to obtain and in the
end the interest is in finding a practical screening tool for low salinity waterflooding candidate reservoirs. So far, it is not clear how this framework
may provide that, but this may be an area for future research.
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Summary and possibilities for future research

In summary, the main difficulties in low salinity waterflooding research
are the multi-length- and time scale nature of the problem, and the lack
of a unifying framework that explains main experimental observations.
Consequently, there is currently no robust predictive capability whether a
particular COBR system is responsive to low salinity water, in the sense
that on field scale an additional recovery can be expected at an economically meaningful extent.
For fields that are known to be susceptible to low salinity waterflooding, modified SCAL workflows can be applied for successful field implementation. Still, the optimal composition of injection brine is not known
and cannot be predicted in these cases.
The experiments conducted so far have focused mostly on the core
scale. Efforts trying to correlate additional recovery to bulk properties of
oil, brine, and rock, with no sub-core scale information where at least some
of the underlying processes occur. This has not led to predictive capability.
More advanced experiments have monitored additional parameters such
as ion and fines content, which have led to many inferred mechanisms.
Lack of predictive capability also inhibits effective screening or prioritization of candidate fields.
Dedicated experiments focused on directly observing the response of
a system to low salinity water, find that proposed mechanisms almost always occur on the investigated length scale, but depend strongly on the
initial wettability state. Whether those mechanisms – regardless of the
length scale on which they have been observed – in the end contribute to
formation of an oil bank and ultimately production remains unclear.
One reason is because the translation of physics observed on the subpore scale to the core scale – i.e. the pore-network scale – is not as well
investigated. This leads to a gap in understanding how detached oil (re-)
connects to or forms an oil bank. Studies dedicated to closing this gap,
should focus on the fundamental description of flow in water-wet and
mixed-wet systems, before adding the (geo)chemistry part necessary for
understanding low salinity waterflooding.
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Currently, the first results regarding the dynamics of mixed-wet flow
and quasi-static low salinity waterflooding experiments are being analyzed and published. This opens the door for pore scale modelling which
may lead to better understanding of what physics should be carried from
sub-pore via pore-network to core and reservoir scale. In the end, this may
help in gaining predictive capability and the development of a screening
tool for field candidates for low salinity waterflooding.

Part II

Imbibition in mixed-wet
systems
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Chapter 3

The Effect of Wettability on
Pore Scale Flow Regimes
Abstract
The wettability of a fluid-fluid-solid system is significantly influencing
multiphase flow on the Darcy scale. However, it has not been established
how the pore scale flow regimes are impacted by wettability. Usually, the
prediction of the behaviour of mixed- or oil-wet systems is extrapolated
from a ‘standard’ strongly water-wet system. This is done by changing
the contact angles from strongly water-wet values to values more appropriate for the wettability state of the system under consideration. By using
synchrotron beamline-based fast X-ray computed tomography we demonstrate that this simple extrapolation is incorrect for a mixed-wet carbonate
rock sample. The directly observed pore scale flow shows significant ganglion dynamics, and therefore the flow regime is different from that in
water-wet systems, which are dominated by connected pathway flow. The
frequency and size of liquid-liquid interface fluctuations that cause disand reconnection in the ganglion dynamics flow regime are greater than
found in water-wet rock. Consequently, their impact on the overall (pore
scale) flow and therewith on (Darcy scale) relative permeability cannot be
neglected.
M. Rücker, W.-B. Bartels, S. Berg, H. Mahani, A. Georgiadis, N. Brussee, A. Coorn, H.
van der Linde, H. Ott, K. Singh, A. Bonnin, S.M. Hassanizadeh, M. Blunt This chapter was
submitted to Geophysical Research Letters
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Introduction

Wettability is a key property of a fluid-fluid-solid system that has a large
effect on immiscible displacement in porous media. Therefore, understanding how the wettability state influences multiphase flow is important
for many applications such as CO2 sequestration (Farokhpoor et al., 2013),
gas diffusion layers in hydrogen fuel cells (Ju, 2008; Chraibi et al., 2009;
Wu et al., 2012; Meng et al., 2017), inkjet printing (Määttänen et al., 2010),
as well as in oil recovery (Anderson, 1987b; Jadhunandan and Morrow,
1995; Abdallah et al., 2007; Agbalaka et al., 2009).
Wettability is rarely directly assessed. The fact that wettability is not a
fixed physical quantity, but rather resultant behaviour of many factors,
such as interface elasticities and surface energies and their underlying
processes, may have something to do with that. In fact, most if not all
wettability indices are indirect measures: even atomic force microscopy
only measures a force-distance curve that qualitatively can say something
about (very local) wettability states.
On the Darcy scale, wettability is indirectly assessed by determining
the capillary pressure and relative permeability curves. These are acquired
porous plate and coreflood experiments. However, coreflood experiments
are time consuming and costly. Therefore, computational approaches focussing on length scales below the Darcy scale have been developed to
predict relative permeability and capillary pressure curves (Blunt et al.,
2002; Joekar-Niasar, Hassanizadeh, and Leijnse, 2008; Koroteev et al., 2014;
Landry, Karpyn, and Ayala, 2014; Armstrong et al., 2016). Matching underlying pore scale processes with these computational models should
provide realistic relative permeability and capillary pressure curves, but
most approaches have only looked at flow under water-wet conditions
(Blunt et al., 2002; Koroteev et al., 2014; Armstrong et al., 2016). However, for the oil recovery applications in this work, mixed-wet scenarios
are more relevant (Masalmeh, 2002; Valvatne and Blunt, 2004; Landry,
Karpyn, and Ayala, 2014; Rabbani et al., 2017; Zhou et al., 2018). Yet, there
is not much data available on the dynamics of flow in mixed-wet systems.
Our work provides this data and investigates whether pore scale flow
regimes under mixed-wet conditions are fundamentally different from those
in strongly water-wet systems.
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Pore scale processes in water-wet systems

In strongly water-wet systems the aqueous phase is the wetting phase and
therefore has a preference to cover the solid surface. The oleic phase is
non-wetting and minimizes its contact with the solid. That means that
this phase is usually found in the centre of pore(throats) in water-wet systems (Anderson, 1987c). Consequently, the mobility of either fluid phase
is affected. The aqueous phase can stay connected to the outlet for a longer
time than the oleic phase. Therefore, the aqueous phase also stays mobile
for a longer time, through water films along the solid surface. The oleic
phase can only remain mobile as long as it forms a connected pathway to
the outlet of the sample. At least this is the assumption behind the concept of relative permeability and connected pathway flow. In this scenario,
when oil gets disconnected from the connected path and gets trapped by
capillary forces (Anderson, 1987c), it cannot be mobilized.
Fortunately, these disconnected clusters may be mobilized by viscous
effects, reducing trapping. This is what is partly understood to be a ganglion dynamics flow regime. When ganglion dynamics occur, mobile clusters of non-wetting phase the size of many pores can occur. Avraam and
Payatakes (1995) observed ganglion dynamics in 2D micro-models next to
connected pathway flow. These clusters or ganglia move through the entire pore space by break-up and reconnection, irrespective of what phase
occupies which pore.
The micro-model observations do provide insight into multiphase flow;
however, this method has its shortcomings. The 2D nature of micro-models
leads to lower connectivity and different percolation thresholds compared
to 3D systems. In addition, micro-models are often chemically homogeneous, have a significantly simplified structure and smooth surfaces,
which means they do not represent the full complexity of natural systems, e.g. wettability, surface roughness and corner flow (Lenormand and
Zarcone, 1984; Mohanty, Davis, and Scriven, 1987; Blunt, 1997).
To gain 3D insight into the configuration of wetting and non-wetting
phase fluids in the pore space, X-ray micro-computed tomography can
be employed. Sufficient spatial resolution can be achieved with this technique so in-situ contact angles (Andrew, Bijeljic, and Blunt, 2014) can be
measured. The distribution of contact angles is indicative of the (local)
wetting conditions. With a temporal resolution of several seconds, which
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may be obtained e.g. at synchrotron beamlines, the flow behaviour of both
model and natural systems can be studied (Berg et al., 2013; Bultreys et al.,
2015; Armstrong et al., 2016; Dobson et al., 2016; Schlüter et al., 2016; Singh
et al., 2017).
From such experiments, we know that during two-phase flow in waterwet systems water- and oil-filling events may occur. A water-filling event
is defined as water moving in to an initially oil-filled pore (throat). Examples of this are snap-off (Lenormand, Zarcone, and Sarr, 1983) or pistonlike-displacement (Lenormand, Zarcone, and Sarr, 1983; Dixit, McDougall,
and Sorbie, 1998). Oil-filling events represent the opposite, so oil is moving in to an initially water-filled pore (throat). During drainage under
strongly water-wet conditions so-called Haines jumps can occur in which
multiple pores are filled rapidly (Haines, 1930; Morrow, 1970; Berg et al.,
2013). These events lead to significant rearrangement of the fluid phases
in the pore space (Andrew et al., 2015; Berg et al., 2013). During imbibition, smaller pore-space rearrangements are observed due to fluid-fluid
interface oscillations as known from micro-model experiments (Moebius
and Or, 2012). These oscillations may lead to reconnection of previously
trapped clusters Rücker et al. (2015a) and therefore are considered as behaviour consistent with ganglion dynamics.
In strongly water-wet situations we observe a combination of connected
pathway flow and ganglion dynamics, where most of the fluid flow occurs through connected pathways over most of the saturation range (Armstrong et al., 2016). Ganglion dynamics has a large impact on the local fluid
configurations (Berg et al., 2016) and no or only very limited flux contribution (Armstrong et al., 2016).
It is important to emphasize that all these mechanisms are based on
observations in water-wet systems.

3.1.2

Mixed- and oil-wet systems at the pore scale

In subsurface systems, where crude oil has been in contact with the solid
surface, wettability alteration can occur from water-wet to mixed-wet or
oil-wet conditions (Salathiel, 1973). This variation of wettability can be
due to mineral heterogeneities and due to exposure of solid surface, e.g.
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during ageing, to oil phases rich in surface-active (polar) components (Buckley, Takamura, and Morrow, 1989). In these cases, local contact angles
greater than 90° can occur (Anderson, 1986a).
Another consequence of surface-active components in the crude oil
may be emulsion formation when the components interact with the aqueous phase (Kokal, 2005; McLean and Kilpatrick, 1997; Rezaei and Firoozabadi, 2014). How such emulsions impact flow behaviour is not yet fully
understood.
The alteration of wettability impacts both the capillary pressure-saturation relationship and relative permeabilities, which are used in field
scale reservoir models to predict oil production. Water relative permeability typically increases and oil relative permeability decreases for more
oil-wet rock (Anderson, 1987b) which has significant impact on fraction of
produced water in oil recovery.
On the pore and pore-network scale wettability may also depend on
the saturation history of the rock (Salathiel, 1973). If a pore was never occupied by oil, wettability cannot be altered. Furthermore, surface roughness may prevent the oil getting in touch with the surface, due to the formation of thin water films (Herminghaus, 2000). For this reason, the wettability may even vary on length scales from a fraction of a pore up to a
few pores.
So far 3D studies on mixed-wet and oil-wet systems were predominantly focusing on wettability characterization by observing fluid distributions and contact angle measurements before and after waterflooding
(Al-Raoush, 2009; Alhammadi et al., 2017; Geistlinger and Mohammadian, 2015; Iglauer et al., 2012; Murison et al., 2014; Singh, Bijeljic, and
Blunt, 2016).
This means that all these studies on non-water-wet systems miss the
effect of wettability on flow dynamics (Singh et al., 2017), i.e. the connection between wetting behaviour and pore scale flow regimes. Our current understanding is often derived from the better understood strongly
water-wetting scenario extrapolated to mixed-wet situations by changing
contact angles only. It is not clear if this extrapolation is valid or whether
flow regimes in mixed-wet systems are fundamentally different. Therefore, we assess the relevance of ganglion dynamics in mixed-wet systems
compared to water-wet systems in this study.
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Materials and Methods

We use fast the X-ray micro-CT (micro-CT) imaging to investigate the flow
regime during waterflooding in a rock aged in crude oil. These results are
compared with a strongly water-wet data from previous studies as well as
special core analysis (SCAL) experiments.

3.2.1

Sample selection and preparation

Samples of Ketton carbonate (oolite) rock (Muir-wood, 1952) were used
with a porosity of φ = 24% and permeability of κ = 3D. The samples had a
size of 5 mm diameter and 20 mm length for the micro-CT study and 2.5
cm diameter and 5 cm length for SCAL experiments. The samples were
first cleaned with isopropanol, subsequently saturated with high salinity
brine and desaturated with crude oil by flooding. The flooding rates used
were 500 µl/min for the micro-CT sample and 0.1-3 ml/min for the SCALsample. Oil saturation stopped increasing at a flow rate of 1 ml/min. The
samples were aged for one week at elevated temperature (T = 70 ◦C) and
pressure (3 MPa). The high salinity brine contained 200 g/L potassium
iodide (KI, ionic strength 0.6 mol/L), which functions as an X-ray contrast
agent. The reservoir dead crude used has a density of ρ = 0.83 g/cm3 , and
a viscosity of µ = 4.30 mP a · s, at T = 20 ◦C.

3.2.2

Waterflood experiments using fast micro-CT

The flooding experiments were performed at the TOMCAT beamline of
the Swiss Light Source (SLS) at the Paul Scherrer Institute, which is a fast
synchrotron-based X-ray computed micro-tomography facility. The samples were mounted on top of a flow cell described in Armstrong et al.
(2014) containing two remotely controlled piston pumps. The images were
captured with 7 s per full 3D image with a voxel size of 3 µm.
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Image processing of micro-CT data

The images were reconstructed using the Paganin method (Paganin et al.,
2002; Marone and Stampanoni, 2012), corrected for beam hardening effects and filtered with a non-local means filter (AVIZO 9.0, ThermoFischer). The images were segmented by combining threshold and watershed segmentation in a custom script and further processed with AVIZO
9.0. The wettability of the system was assessed visually and by contact angle measurements following the workflow described in Andrew, Bijeljic,
and Blunt (2014) based on the final image of the flooding sequence. Only
menisci between oil and brine, which appeared within the volume initially occupied by oil, were considered. The 100 individual measurements
were taken through the denser (brine) phase. Binarized images were used
to determine and quantify event types by overlaying consecutive images
as in Rücker et al. (2015a). Furthermore, the images were analysed with
GeoDict 2015 (Math2Market) to obtain pore size and fluid distributions.

3.2.4

Darcy scale flow experiment

Experiments to determine relative permeability were performed in a custom-built X-ray saturation measurement set-up (Kokkedee et al., 1996;
Berg et al., 2008; Berg et al., 2016) following the steady state method (Dake,
1983; McPhee, Reed, and Zubizarreta, 2015). The measurements were
conducted at constant flow rate, where the fractional flow fw was systematically changed from 100% crude oil to 100% brine in 10 steps (fw1 =
0.01; fw2 = 0.05; fw3 = 0.1; fw4 = 0.3; fw5 = 0.5; fw6 = 0.7; fw7 = 0.9; fw8 =
0.95; fw9 = 0.99; fw10 = 1). At each step the average saturation, the spatial
saturation profile along the core, and phase pressures were recorded after steady-state was reached. The pressure drop over the core and in-situ
saturation profiles at each fractional flow step were matched numerically
using an in-house simulator (MoReS) to extract the relative permeabilitysaturation function.
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Results and discussion

The obtained results allow us to investigate for the first time in-situ flow
behaviour in a mixed-wet rock and to link the results to relative permeability.

3.3.1

Wettability assessment from (Darcy scale) relative
permeability

The relative permeability curves obtained from the steady-state SCALexperiment are shown in Figure 3.1. The water permeability end-point is
with kr wm ax = 0.2 at the upper limit for water-wet system, but not yet considered typical for mixed-wet systems. However, with a very low residual
oil saturation of S( res, o) = 0.06 and a low water relative permeability at
low water saturations (< Swi+0.2 )) of kr w(Sw i + 0.2) = 0.03, the studied system fulfils two of three criteria proposed to identify a mixed-wet
system. From this analysis, we can exclude a strongly water-wet and a
strongly oil-wet scenario. Following the guidelines to assess wettability
by Blunt (2017), the studied rock-fluid-fluid system behaves mixed-wet
leaning to the water-wet side.

F IGURE 3.1: Relative permeability-saturation curves based on a steady state
SCAL-experiment on a sample prepared with the same method as the micro-CT sample.
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Pore scale observations

X-ray micro-tomography allows the direct observation of fluid configuration and distribution at the pore scale. In addition, wettability assessment
of the system and its impact on flow behavior can be discerned.
Emulsion formation
Images obtained from X-ray micro-tomography are shown in Figure 3.2a.
Besides rock (gray), oil (black) and brine (white), we also observe an additional phase in the pore space with a gray value between that of the
two fluids. A thorough analysis discussed in Bartels et al. (2017a) led to
the conclusion that this phase is a water-in-oil-emulsion. Emulsions form
in the presence of surface-active components coming from the crude oil
(McLean and Kilpatrick, 1997; Kokal, 2005; Rezaei and Firoozabadi, 2014).
Those components are also known to alter wettability (Buckley, Liu, and
Monsterleet, 1998), as also discussed in 3.1.2.
Wettability of the aged rock
The wettability can be assessed visually by inspection of the last scan of the
flow sequence shown in Figure 3.2b. Contrary to water-wet systems, some
oil remains on the surface of the grains or within small pores and pore
throats as shown in Figure 3.2c. Such oil-patches were also observed in oilwet systems (Iglauer et al., 2012) and in mixed-wet 2D micro-models (Jung
et al., 2016) and prove the occurrence of oil-wet surfaces in our system.
The images show that crude oil mainly occupies the larger pores, which
is rather typical for water-wet systems (Bartels et al., 2017a; Iglauer et
al., 2012). This can be explained by the water-wetness of the rock during
primary drainage (which is before ageing). the oil accumulates predominantly in large pore bodies and the center of pores. Mineral surfaces in
direct contact with crude oil may age. During this process those pores containing crude oil will turn more oil-wet, hence the sample remains waterwet in pores and pore throats without oil, which represents the mixed-wet
large state (Dixit, McDougall, and Sorbie, 1998; Djurhuus et al., 2006). The
fluid distribution after primary drainage remains preserved and therewith
is reflected by the initial fluid distribution.
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F IGURE 3.2: a) The gray scale images obtained by fast micro-CT show the rock (gray
spheres) crude oil (black) and brine (bright phase). Furthermore, a third phase with an
intermediate gray value appears in the pore space, which is an emulsion. b) After
waterflooding we observe a reduction of the oil saturation. Some of the oil remains in the
narrow regions of the pore space or adheres to the rock surface, which indicates a
mixed-wet system. c) The oil adheres to the rock surfaces in pores initially occupied by
emulsion or oil. d) After the waterflood, the aged system shows predominantly
water-wet contact angles. Compared to a water-wet decane-brine system investigated in
previous studies (Scanziani et al., 2017), a shift by 20 degrees towards more oil-wet
could be detected.
The contact angles in Figure 3.2d show a distribution between 20° and
90°. Compared to the water-wet Ketton limestone with an inert model oil
investigated in Scanziani et al. (2017) (Figure 3.2d) the mixed-wet Ketton
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sample aged with crude oil peaks at higher contact angle indicating a more
oil-wet state. However, only few contact angles above 90° were detected.
The lack of oil-wet contact angles could be explained by wettability
variation on a smaller length scale due to roughness of the rock surface.
Besides the fact that roughness by itself influences effective contact angle
(Quéré, 2008), it may cause a mixed-wet pattern on the rock surface. This
originates during primary drainage, when only the peaks of the rock surface contact the crude oil and are altered to oil-wet, while the deep valleys
on the surface related to the microporosity of the rock remain water-wet
(Alyafei and Blunt, 2016). When the volume of an oil-cluster is significantly larger than the oil-wet parts of the surface, the menisci of this cluster would rest at the edge of the oil-wet patch and hence form a water-wet
contact angle (Naidich, Voitovich, and Zabuga, 1995). When the volume is
significantly smaller, the oil drop would spread along the patch and likely
be below resolution and therewith no contact angle is determinable. While
static conditions can be used to assess wettability of the systems, they do
not show the impact of wettability on flow. Dynamic imaging is required
for this purpose, which will be discussed in the sections below.
Physics of oil-filling events in mixed-wet systems
The images obtained during flow allow visualisation of the pore scale processes and the description and determination of event types occurring in
mixed-wet systems. Within the investigated system all three phases, oil,
emulsion, and water, have been observed to displace one-another. As in
this study water is injected into an oil-saturated rock, water-filling events
are expected. However, the behaviour of the oil phase is the most important from an application point of view, as the recovery of oil is of interest
to the petroleum industry.
Compared with water-wet systems, oil-filling events observed in mixedwet conditions appear significantly different. In the mixed-wet case, full
pore bodies are involved in the displacement of water by oil, while in the
water-wet case the reconnection of ganglia appears only in pore throats.
Figure 3.3a shows such an event. An oil-cluster (red) connected to the inlet starts to fill a pore body. With time (15 min) the oil-cluster grows until
it gets in contact with another oil-cluster. In water-wet systems the oilfilling events are on the millisecond time scale (Armstrong et al., 2014). To
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highlight the difference between the mixed-wet and water-wet systems,
the observed behaviour is displayed in cartoons in Figure 3.3b and c, respectively.
Not only the event type is different in mixed-wet systems, but also the
frequency and volume of oil-filling events is significantly higher. Figure
3.4a shows the number of water-, oil- and emulsion-filling events counted
for each time step. In addition, Figure 3.4b shows the corresponding event
size distribution of the oil phase on aged (initially oil- and emulsion-covered)
surfaces and non-aged (initially water-covered) surfaces. The largest oilfilling events observed have the size of the largest pores indicated in the
pore size distribution in Figure 3.4c.

F IGURE 3.3: a) The oil-filling events observed in this study can cover full pore bodies.
The oil-cluster (red) moves with time progressively until it connects with the
surrounding oil phase. The different displacement mechanisms taking place at different
wettability states are illustrated schematically for the mixed-wet case in b) and the
water-wet case in c) (adapted from Rücker et al. (2015a)).
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F IGURE 3.4: a) The frequency of the three event types, water-filling events, oil-filling
and emulsion-filling events, for each time step shows that the number of oil- and
emulsion-filling events is in the same order of magnitude as the number of water-filling
events. b) Much more oil-filling events are detected on surfaces initially covered by oil or
emulsion compared to initially water-covered surfaces. c) shows the initial fluid
distribution compared to the pore size distribution (adapted from Bartels et al. (2017a)).
Figure 3.4c also shows the fluid distribution after ageing. As indicated
in Figure 3.2a, oil-dominates the larger pores, while the water-phase and
the emulsion predominantly occupy the smaller pores. Nevertheless, the
volume of oil-filling events in initially emulsion-filled pores is much larger
than in initally water-filled pores. This hints to a dependency of oil-filling
events on the ageing state of the rock surface and show the strong relationship between the event type and the wetting state of the surface.
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Flow regimes in mixed-wet systems
It is known from studies on water-wet systems that oil-filling events, even
if they do not contribute directly to the overall flux, impact the relative
permeability significantly due to their ability to change the connectivity of
the oil phase (Rücker et al., 2015a). Considering the high frequency and
the large volumes involved in oil-filling events in mixed-wet systems, the
flux contribution of ganglion dynamics cannot be neglected. Therefore,
ganglion dynamics may have a larger impact on the overall flow regime
in mixed-wet systems.

F IGURE 3.5: a) The change of connectivity indicates the possibility of connected
pathway flow. In the images the distribution of the connected (red) and disconnected
(yellow) oil (and emulsion) phase is displayed. In b) the overall oil-saturation vs time is
shown as well as the proportion of connected oil (and emulsion). The oil phase gets
disconnected and reconnected with time without influencing the overall saturation,
which indicates a ganglion dynamic behaviour. However, the Euler characteristic
displayed in c) shows a high connectivity of the oil (and emulsion) phase, indicating
contribution of connected pathway flow.
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The overall flow regime cannot be determined by the event frequency
and event size alone; the overall fluid distribution vs. time needs to be considered as well. Hereby we consider the oil and water-in-oil emulsion as
one phase, labeled ‘oil’ in Figure 3.5 and named ‘oil phase’ in the remainder of this chapter. Figure 3.5a is showing this oil phase within the field
of view, which is either connected to (red) or disconnected from the outlet
(yellow). The oil phase appears connected almost throughout the entire
waterflood, though some disconnection and reconnection events can be
observed. The oil-saturation and the volume fraction of the connected oilphase vs. time shown in Figure 3.4b indicates that only 9% of the oil phase
remains trapped/disconnected.
Since the connectivity indicates the contribution of connected pathway
flow to the overall oil flux, it can be used to assess the relative importance
of flow regimes. The Euler characteristic, one of the four Minkowski functionals (Mecke and Arns, 2005; Arns, Knackstedt, and Mecke, 2010; Vogel,
Weller, and Schlüter, 2010), is a measure for connectivity: the more negative the values are, the higher the connectivity of a phase is. Higher connectivity, in its turn, represents a larger contribution of connected pathway
flow to the overall flow regime.
In Figure 3.4c, the Euler characteristic is plotted for the oil phase in
the mixed-wet system, together with a drainage simulation of a water-wet
system on on the pore structure within the experimental field of view. The
figure shows that connectivity during the waterflood remains higher compared to the connectivity at the same saturation during drainage. This
behaviour, also known from water-wet systems, cannot be predicted by
static simulations based on percolation theory. The reconnection of disconnected cluster associated with ganglion dynamics may be an explanation
for the increased connectivity (Berg et al., 2016).

3.4

Conclusions

The flow regime in a mixed-wet crude oil, brine, rock system showed significantly more ganglion dynamics than water-wet rock. In the associated
flow regime, oil moves via oil-filling events and snap-off. Oil-wet surfaces facilitate oil-cluster movement and enable larger and more frequent

68

Chapter 3. The Effect of Wettability on Pore Scale Flow Regimes

oil-filling events, which differ significantly from oil-filling events in waterwet systems. As such, oil-filling events are known to affect the oil configuration in the rock and the connectivity of the oil phase. This behaviour
may impact the relative permeability and must be considered in pore scale
flow simulations. A simple extrapolation of the flow regime from waterwet conditions is therefore insufficient.
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Chapter 4

Fast X-ray Micro-CT Study of
the Impact of Brine Salinity on
the Pore Scale Fluid
Distribution during
Waterflooding

Abstract
Many studies indicate the recovery of crude oil by waterflooding can be
improved by lowering the salinity of injected water. This so-called low
salinity effect is often associated with the change of the wetting state of
rock towards more water-wet. However, it is not very well understood
how wettability alteration at the pore level could lead to an increase in
production at the Darcy scale.
W.-B. Bartels, M. Rücker, S. Berg, H. Mahani, A. Georgiadis, A. Fadili, N. Brussee, A.
Coorn, H. van der Linde, C. Hinz, A. Jacob, C. Wagner, S. Henkel, F. Enzmann, A. Bonnin,
M. Stampanoni, H. Ott, M. Blunt and S.M. Hassanizadeh This chapter appeared in 2017,
Petrophysics journal 58(1), pp 36-47, and was an invited publication related to the SCA best paper
award.

70

Chapter 4. Fast X-ray Micro-CT study of the Impact of Brine...

Therefore, this study aims at direct observation of the wettability-changedriven fluid reconfiguration related to a lower salinity flood at the porenetwork scale, using synchrotron beamline-based fast X-ray computed tomography. Cylindrical outcrop rock samples were initialized by first saturating them with high salinity brine, then displacing the high salinity
brine with crude oil down to residual water saturation. After this initialisation the rock samples were aged to establish wettability states assumed
to be close to mixed-wet conditions. During the flooding experiments, the
pore scale fluid distribution was imaged at a voxel resolution of 3 µm and
(under flowing conditions) a time resolution of 10 s for a full 3D image.
The micro-CT flow experiments were conducted on both sandstone and
carbonate rocks, all in tertiary mode and at identical field relevant flow
rates.
The real-time imaging shows the presence of an oil/water structure in
addition to the oil and water phases and a saturation change during the
high salinity waterflood which approaches a stable equilibrium at its end.
During flow of both high salinity brine and low salinity water, we observe
(re-)connection and disconnection of the oil phase which are characteristics of ganglion dynamics. In addition, relatively slow pore-filling events
were observed that ee believe to be characteristic of the mixed-wet state
of the sample. Preliminary analysis indicates that upon lowering of injection brine salinity individual pores change occupancy, however further
research is required to draw definitive conclusions.

4.1

Introduction

Low salinity waterflooding is an enhanced oil recovery/improved oil recovery technique which mobilizes more oil by modifying and/or lowering the ionic composition of the injected brine. For sandstones – assuming
the connate water salinity is (much) higher than the envisaged injection
brines – the range at which additional production occurs is typically below 10000 ppm and often between 1500 and 5000 ppm; see e.g. Jackson
et al. (2016) and Tang and Morrow (1999). At lower salinities, the risk of
formation damage due to fines migration/clay swelling and plugging increases, whereas at higher salinities no incremental oil recovery could be
produced. For carbonates, the salinity level at which a response to low
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salinity water occurs usually lies much higher. There are even cases reported for sea water; see Mahani et al. (2015a), Jackson, Al-Mahrouqi, and
Vinogradov (2016), and Nasralla et al. (2016a) and references therein for a
short overview.
The response is often described phenomenologically by wettability alteration towards more water-wet state. However, the mechanisms behind
the alteration are not fully understood. Several mechanisms have been
proposed in the literature; however, there is no general consensus on the
dominant mechanism or mechanisms; see e.g. Lager et al. (2008b), Morrow and Buckley (2011), Aladasani et al. (2014), and Myint and Firoozabadi (2015). Moreover, the evidence supporting a particular mechanism
is often indirect or inferred from the experimental measurements.
Due to the lack of consensus on the mechanisms, and the fact that the
occurrence of the low salinity effect depends on the rock type and mineralogy, oil composition, brine ionic content and pH, it is difficult to predict
beforehand whether a crude oil, brine, rock (COBR) system will be responsive to lowering brine salinity. If we examine the body of literature
in general, it can be divided into two groups based on the length scale
that is addressed. On one hand there are studies looking at contact angle
changes and detachment of crude oil from mineral surfaces i.e. at subpore scale (e.g. Buckley, Takamura, and Morrow, 1989; Basu and Sharma,
1996; Buckley et al., 1997; Berg et al., 2010; Alotaibi, Nasralla, and NasrEl-Din, 2011; Drummond and Israelachvili, 2004; Fogden and Lebedeva,
2011; Hassenkam et al., 2011; Lebedeva and Fogden, 2011; Matthiesen et
al., 2014; Sheng, 2014; Mahani et al., 2015a).
On the other hand, there are experiments which look for incremental production of crude oil in coreflooding experiments (see summaries in
Morrow and Buckley, 2011; Aladasani et al., 2014; Jackson et al., 2016).
However, it is not clear how a contact angle change on the sub-pore scale
leads to additional Darcy scale oil production. Our recent study, Bartels
et al. (2017b), suggested that contact angle change can be regarded as a
necessary but not sufficient requirement for incremental recovery by low
salinity waterflooding.
In other words, there is a gap between the (sub-) pore scale and the
Darcy scale in which hardly any research has been conducted. To link
the incremental oil production on the Darcy scale to contact angle changes
and detachment the change in configuration of oil on the scale of multiple
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pores, the pore network scale needs to be investigated. The details of this
change of oil saturation distribution on the pore-network scale is expected
to help closing the gap between surface science and reservoir engineering
concepts and provide the links between proposed mechanisms and Darcy
scale observation.
In order to investigate the effect of brine salinity on the configuration of
oil on this intermediate pore-network scale under flowing conditions, we
use synchrotron based fast X-ray tomography. This technique can reach
high temporal resolutions and therefore allows probing flow dynamics of
a COBR system instead of the quasi-static states that can be studied in
a standard benchtop system. Therefore, we extend protocols used for fast
micro-CT on water-wet systems with model fluids to more realistic mixedwet systems with crude oil and highlight the challenges in dealing with a
real system.

4.2

Materials and methods

4.2.1

Rock samples and brines

For the experiments in this study, we used Berea sandstone (Berg et al.,
2013) combined with reservoir dead crude ’S’ (density ρ = 0.87 g/cm3 ,
viscosity µ = 7.87 mP a · s, at T = 20 ◦C) and Ketton as carbonate rock
(Muir-wood, 1952) with reservoir dead crude ’C’ (ρ = 0.83 g/cm3 , µ = 4.30
mP a · s, at T = 20 ◦C). The samples were 20 mm long and 4 mm in diameter and embedded in heat-shrunken PEEK (Polyether Ether Ketone)
tubes. As high salinity brine, we used 200 g/L KI (potassium iodide, ionic
strength 0.602 mol/L) and as low salinity water, 27 g/L KI (ionic strength
0.081 mol/L). The reason to use KI is that it is a contrast agent.

4.2.2

Experimental workflow

A rock sample was first cleaned using isopropanol and then shrunken in
PEEK. When handling the core, nitrile gloves were used at all times to
prevent altering the wettability of the rock upon touch. The sample was
then fully saturated with high salinity brine under vacuum. Subsequently,
it was mounted on the flow cell as used in Armstrong et al. (2014) and
Rücker et al. (2015b).
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The cell in question is a dual piston flow cell. It contains two chambers that can be emptied towards the sample. One cell was filled with
high salinity brine and one was filled with crude oil. After the sample was
mounted, in-situ pumps first flood the sample with high salinity brine followed by desaturating the sample with crude oil. The initial oil saturation
is verified afterwards by scanning the sample. When the sample was saturated with high salinity brine and crude oil, the initial wettability state
was established by ageing it submerged in crude oil at 30 bars and 70 ◦C
for one week.
The experimental set-up we used has been described in Armstrong et
al. (2014) and Rücker et al. (2015b), where the two cylinders of the insitu pump were used for fractional flow experiments. In this study, the
cylinders were filled with high salinity brine and low salinity water, respectively, to conduct tertiary low salinity waterflooding experiments i.e.
flooding the sample with high salinity brine immediately followed by low
salinity water.
While particular attention was given to eliminating dead-volumes, switching from one cylinder to the other may still release crude oil trapped in
the lines to the sample. This should be considered when interpreting the
results.
The flooding and X-ray saturation monitoring experiments were performed at the TOMCAT beamline of the Swiss Light Source (Paul Scherrer Institute) which is a fast synchrotron-based X-ray computed microtomography facility. In this study, we used polychromatic radiation with
a 5%, 250 µm aluminum filter leading to a peak energy around 20 keV and
a total integrated energy of about 44 keV. This setting caused significant
beam hardening. All experiments were carried out under ambient conditions (T = 20 ◦C, P=1 atm). The flow rate in both high and low salinity
experiments was 30 µl/min (equivalent to approximately 12 ft/day) and
injection always occurred from bottom to top. The field of view (FOV)
was chosen 2 mm above the inlet, and dimensions of the monitored area
were approximately 4 mm laterally and 3 mm along the principal axis
of the sample. A full 3D image with a voxel size of 3 µm was obtained
within about 7 s. The transition from high salinity waterflooding to low
salinity waterflooding was monitored continuously for 5 minutes. In addition, images from 30 minutes before to 30 minutes after the transition
were recorded at a rate of 1 image/minute.
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Image processing

The images were reconstructed using the Paganin method (Paganin et al.,
2002; Marone and Stampanoni, 2012) since the end result was found superior to that of the attenuation contrast reconstruction method, as shown in
Figure 4.1. The reconstructed micro-CT images were filtered, segmented,
and processed with the software package AVIZO 8.1 and 9.0 (ThermoFisher
Scientific - FEI). A combination of gradient images and watershed segmentation led to satisfactory results. After segmentation, the binarized
images were analyzed further. Pore size distribution and volume fractions were created with GeoDict (Math2Market). The results were tested
against segmentation errors by dilating the grains 1 voxel and conducting
our analysis again, see also Appendix C. We found no significant change
in the trends of our results.

F IGURE 4.1: Difference in image quality by reconstructing Berea sandstone with
Paganin (left) and Filtered Back Projection Gridrec (right) algorithms (Paganin et al.,
2002; Marone and Stampanoni, 2012). There is a clear difference in noise level and
contrast between the two methods. The scale bar indicates 200 micrometers.
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4.3.1

Potential imaging artifacts
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The processed grey scale images before segmentation, such as the one for
the oolitic carbonate rock shown in Figure 4.2, show a clear contrast difference between grains, the doped brine (at high salinity), and a dark phase
which should contain the oil. However, a more detailed inspection reveals
a grey- scale variation and a structure inside the darkest phase, see Figure
4.3 which occurs systematically for all samples studied. That raises the
suspicion that a third fluid phase may be present and brings up several
questions about the significance and interpretation of the images and the
origin of the phases that are visible.

F IGURE 4.2: Different gray values in the pore space of oolitic carbonate rock. We
distinguish between bright, intermediate and dark phases, see the solid arrows. In some
cases, interfaces are visible, see dashed arrows.
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Possible explanations for the apparent presence of three phases are:

A) artefacts related to reconstruction, filtering and beam hardening,
B) trapping of gas during sample preparation,
C) gas formation due to X-ray exposure,
D) degassing of crude oil due to X-ray exposure,
E) discoloration of a part of the brine phase due brine-rock interaction
such as ion exchange and adsorption, or
F) formation of oil/water structures.
While some of these explanations are more likely than others, the main
questions for this study are: is this an artifact that invalidates the experiment or one that complicates the data analysis, or are we actually observing a relevant phenomenon.
Note that we have observed these effects in all our synchrotron beamline low salinity waterflooding experiments in both sandstone and carbonate samples. Explanations B, C and D relate to the origin of the darkest
phase, suggesting that the intermediate phase is oil and the bright phase
is high salinity brine. Explanations D and E assume that the intermediate phase is the anomalous phase i.e. something other than oil or brine.
Below, we provide a detailed assessment of each explanation.
A) Artefacts related to reconstruction, filtering and beam hardening
Our data shows significant beam hardening. To what extent this effect
translates into gray scale variations within pores is not clear. In addition,
glow from the high salinity brine phase and from the grains may elevate
the gray levels of the darkest phase in the pore space. Still, the darkest
phase seems to be much brighter than the exterior, indicating that it cannot
be a gas phase.
B) Trapping of gas during sample preparation
After the preparation of the samples at Shell laboratories, micro-CT scans
with a benchtop instrument (ZEISS Xradia 520 Versa) were made. Benchtop machines use a much broader and higher energy X-ray spectrum but
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F IGURE 4.3: Stepped change in gray value and gradual changes in gray value overlap
making segmentation difficult. This example was taken from carbonate rock.
at several orders of magnitude lower intensity. In those scans, no such
variation in the darkest phase was observed; and therefore the formation
of a separate gas phase could be ruled out. After preparation of the samples, in-house micro-CT scans only revealed two sets of gray levels: that
of high salinity brine (bright) and oil. In cases that air and/or gas had
been accidentally trapped in the pore space, this was clearly recognizable
in the in-house scans and these samples had been excluded from further
analysis. However, imaging at the synchrotron beamline – approximately
after one week of ageing –revealed the situation shown in Figure 4.2 in all
samples. So, unless a gas phase forms (C, D) upon exposure to the much
higher intensity synchrotron beam, explanation (B) can be ruled out.
C) Gas formation due to X-ray exposure
In previous beamline experiments, the formation of bubbles has been observed, but it was also found that occurrence and magnitude of the effect
depended on beam energy, intensity, type of fluid, and dopant concentration. While the reason was ultimately not clear, a photochemical effect
was discussed as the most likely cause. In order to assess whether the
darkest phase in Figure 4.2 could be in-situ formed gas bubbles, we conducted a long-time exposure experiment to investigate if the specific beam
settings used in this study would lead to bubble formation. Similar to previous studies, we observed bubble formation in the (doped) brine phase,

78

Chapter 4. Fast X-ray Micro-CT study of the Impact of Brine...

as shown in Figure 4.4, but no formation of gas bubbles in the oil phase
were observed. Morphology and growth kinetics of the bubbles are very
different from the structure in the darkest phase in Figure 4.2. In addition,
if the bubbles have a photochemical origin, one would expect the process
to occur or intensify when freshly doped high salinity brine was injected
in the system. Examining saturation of the dark, intermediate and bright
phases versus time displayed in Figure 4.5 does not show such an increase.
Therefore, (C) is also very unlikely.

F IGURE 4.4: Bubble formation in sandstone only filled with strongly doped high
salinity brine. There was no flow during this experiment, yet one can see a gas bubble
(dark phase) developing over time. The images are taken with intervals of 10 seconds.

D) Degassing of crude oil
When the temperature is increased or the pressure is decreased, light hydrocarbon components present in the crude oil may come out of solution
and form gas bubbles. However, the temperature during transport and
experimentation did not increase by more than 2 ◦C. In addition, the pressure was constant. Given that both crude oils were ’dead crude’ (i.e. degassed crude) with the bubble point being far away from conditions in the
experiment, (D) is very unlikely.
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F IGURE 4.5: Saturation versus time plots for a high salinity flood in our FOV in
sandstone and carbonate. The decrease of the darkest phase suggests that it cannot be gas
that is created because of X-ray exposure. The low initial saturations of both the dark and
intermediate gray phase, together with the fact that they show the same trend (a decrease
rather than an increase), suggest that both should be considered as the same phase.
E) Discoloration of part of the brine phase
Some of the intermediate grey levels could represent brine with a reduced
concentration of contrast agent KI. One might speculate that such a compositional change might have occurred through brine-rock interactions,
such as ion exchange reactions with the solid, or adsorption. However,
the laws of thermodynamics would prohibit any spontaneous de-mixing.
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Another counter-argument is that when the intermediate grey level is classified as a brine phase, it implies very low initial oil saturation. In addition, if the intermediate grey levels are interpreted as a separate phase,
then the observation of an ’interface’ with the brine phase would rule out
an aqueous phase even though the phase is mostly located in the corners
of pores.
F) Formation of oil/water structures
Oil-brine mixing tests with the same brines and crudes as used in this
study revealed that the crude oils used in this study can form oil/water
structures, such as emulsions, when in contact with brine. This is shown
in Figure 4.6.

F IGURE 4.6: Different degrees of oil/water structure formation for crude ’S’ and ’C’.
The right hand side shows a benchtop micro-CT scan of the interface between crude ’C’
and emulsion. The encircled portion of this image shows droplets below the imaging
resolution. The red bar indicates 500 micrometers.
Such structures have also been described by others (Rezaei and Firoozabadi, 2014; Sohrabi et al., 2015; Fredriksen, Rognmo, and Fernø, 2016) in
tube tests and micro-models but to our knowledge have not been directly
observed in dynamic flow experiments in natural porous media. The gray
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values of these oil/water structures would lay in between that of the pure
phases. Any micro-structure i.e. individual droplets may be significantly
blurred given the limited spatial resolution of the micro-CT and imaging
artifacts discussed in (A).
In summary, the development or presence of a gas phase (explanations
B-D) and the presence of a second brine phase (E) seem unlikely. Certainly,
imaging and reconstruction artifacts occur (A) and if these are solely responsible for the variation of grey levels, all should be lumped into the
oil phase. But the formation of oil/water structures (F) could occur as observed in tube tests under similar conditions (see Figure 4.6). Because of
the potential connection of gray-scale features to a response when changing salinity (Sohrabi et al., 2015; Fredriksen, Rognmo, and Fernø, 2016),
it might be beneficial to treat it as a separate phase until further clarification can be achieved. In the following we will discuss the response to
low salinity water and focus in particular on the aspects that are robust
against the considerations A-F. Therefore, we will focus on the behavior of
the darkest phase.

4.3.2

Response to high salinity brine

During high salinity waterflooding, we see the oil phase clusters disconnecting and reconnecting, which indicates a ganglion dynamics flow regime
as observed already in 2D micro-models (Avraam and Payatakes, 1995)
and other micro-CT imbibition experiments (Georgiadis et al., 2013; Berg
et al., 2014b; Youssef et al., 2014; Rücker et al., 2015b). However, under
mixed-wet conditions some of the observed oil-filling events cover full
pore bodies and take up to several minutes as shown in Figure 4.7. We did
not observe this in previous studies under water-wet conditions (Rücker
et al., 2015b).

4.3.3

Flooding with lower salinity water

The first observation in the images captured during the low salinity regime,
is that we can track the change in salinity as the concentration of contrast
agent decreases as the slice of the Ketton sample illustrates in Figure 4.8.
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F IGURE 4.7: 3D rendering of pore filling event in carbonate (Ketton) rock under high
salinity conditions.
From the same figure it is also clear that individual pores change occupancy, however this is only one slice in the studied FOV and such observations can be misleading with respect to relevance for the whole sample
volume. The main interest is in the behavior of the fluids in the entire FOV.
Looking at our data we find that in the Ketton carbonate rock, the oil
saturation at the end of high salinity is smaller than at the end of low salinity injection (34% versus 41%). In addition, we do not see the oil phase redistribution from smaller pores to larger pores. In fact, in the smaller pores
the amount of oil seems to remain constant when comparing the flooding
end states between high salinity to low salinity during our experiment, see
Figure 4.9. Considering the amount of increase in the oil saturation from
the high salinity regime to the low salinity regime, other factors besides
the low salinity response should have contributed. The increase could not
be solely due to the mobilized oil from the upstream of the FOV. Therefore, it is likely to be related (at least in part) to the release of trapped oil
in the dead-volumes of the set-up when switching from high salinity to
lower salinity.
For the Berea sandstone the behaviour is different. Firstly, the oil saturation is higher at the end of high salinity than at the end of low salinity (8% versus 5%). Secondly, it seems that – although very little oil remained – the oil saturation in the small pores decreased whereas the oil
in the larger pores remained (more) constant, see Figure 4.9. The result of
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F IGURE 4.8: This picture illustrates events occurring during the experiments by
showing a slice of Ketton (carbonate) rock. When changing from high salinity to low
salinity the change of salinity can be tracked because of the decrease of contrast agent
concentration. We also observe oil moving through the pore space. Note that here we
look at one slice only, i.e. it shows only locally how fluid distribution changes.
sandstone case may be explained by wettability alteration towards less oilwetting and subsequent mobilization of oil. Nevertheless, as in the Ketton
case it is important to consider that the potential release of oil from the
dead-volumes of the set-up might have also impacted the fluid distribution.
In short, the two rock types with two different crude oils behave very
differently even though the samples have been subjected to the same experimental protocols. Various parameters and processes may have caused
this difference, for instance the pore geometry, the different range of pore
sizes of the Ketton and the Berea, the chemical difference of the mineral
surfaces exposed to fluids and the composition of the crude oils. Furthermore, there are more generic issues in low salinity waterflooding research
that could influence the response of a particular COBR system.
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F IGURE 4.9: a) Cartoon of wettability alteration by low salinity waterflooding. In
black, the pore size distribution of the rock is shown. In red, the oil saturated part of the
pores is shown (summing to the total oil saturation). When a wettability change occurs
to more water-wet, the oil should – in theory – move from smaller to bigger pores. b) The
volume fractions for the different fluid phases in Ketton pores at the end of high salinity
waterflooding (total oil saturation of 34%). c) The volume fractions for the different fluid
phases in Berea pores at the end of high salinity flooding (total oil saturation of 8%). d)
The volume fractions for the different fluid phases in Ketton pores at the end of low
salinity waterflooding (total oil saturation of 41%). e) The volume fractions for the
different fluid phases in Ketton pores at the end of low salinity waterflooding (total oil
saturation of 5%). f) and g) zoom in on the change in oil configuration between high
salinity and low salinity.
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The salinity levels used, the ageing period or the timescale of the processes studied in the experiment (Mahani et al., 2015b; McMillan et al.,
2016; Bartels et al., 2017b) may all influence the occurrence and/or magnitude of a response.
Therefore, despite interesting observations when brine salinity was
changed, definitive conclusions on the effect of salinity change can not
be made at this stage. More (dynamic) measurements on low salinity waterflooding in natural COBR systems need to be conducted.
The pore size distribution and the distributions of the fluid phases
were determined by fitting spheres into the pore space or the space occupied by the distinct fluid phases (granulometry algorithm by GeoDict).
All curves were weighted by the corresponding volume fraction of each
phase. The cut-off on the left hand side of the curves in Figure ?? is because in the pore space near fluid-fluid and fluid-solid interfaces the fluids do not span the entire width of the pore. In these locations layers of
fluid thin out and the algorithm fits spheres in these thinning layers that
are much smaller than the actual pore diameter i.e. it shows unphysically
small pore sizes.

4.4

Conclusions

We conducted dynamic flow experiments in two aged COBR systems. We
used a fast X-ray micro-CT technique to image the flow behavior when
lower salinity brine is injected. To our knowledge this is the first time that
such a study has been conducted. Using natural rock and fluids instead of
model systems added complexity to the analysis. For instance, we directly
observed an additional oil/water structure within the porous media. Further tests need to be conducted to verify whether this oil/water structure
is a (micro-) emulsion. Regardless of the occurrence of this structure, we
can still draw the following conclusions:
• Already during high salinity waterflooding, we observed slow pore
filling events covering multiple pores, which we believe to be specific to the mixed-wet state of the carbonate system. This indicates
that our ageing procedure had effect.
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• After injection of low salinity water, the overall distribution of oil
and brine does change in the larger pores for Ketton carbonate rock
and in the smaller pores for Berea sandstone rock. The difference in
response between the Ketton and Berea rock could also be caused
by the rock type, crude oil type and their respective properties such
as pore-wall chemistry, pore geometry and pore size distribution
as well as the chemical composition of the crude oil used. However, definitive conclusions on the effect of salinity change cannot be
drawn because of the experimental procedure used.

Based on these findings, future research should look into the characterization of the flow regimes and dynamics of mixed-wet systems compared
to water-wet systems. Moreover, the time it takes for a system to respond
to salinity changes should be investigated further in order to determine
if high temporal resolution micro-CT is needed to investigate this particular effect. Finally, the suitability of sample preparation procedures and
techniques (i.e. protocols regarding sample handling, use of dopants, and
ageing time scales) should be investigated by complementary experiments
and standardized.
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Chapter 5

Pore Scale Displacement
during Fast Imaging of
Spontaneous Imbibition

Abstract
Amott spontaneous imbibition tests are well-established methods to investigate wettability and wettability alteration in oil saturated rock samples. Usually the cumulative volume of produced oil versus time is used
as qualitative indicator of the wettability or wettability alteration of the
sample. In this study, we used fast X-ray CT imaging aimed at linking
the observed oil production to underlying pore scale processes. In this
study, we developed novel core holders suited for HECTOR (Higher Energy CT Optimized for Research) micro-CT scanner and EMCT (Environmental Micro-CT) scanner from the Centre for X-ray Tomography of the
Ghent University (UGCT).
We demonstrate these capabilities for a crude oil, brine, carbonate rock
(Ketton) system to visualize the pore scale fluid distribution during Amott
tests. We performed experiments on mini-plugs (diameter: 4 mm, length:
20 mm) to capture dynamic processes during spontaneous imbibition by
W.-B. Bartels, M. Rücker, M. Boone, T. Bultreys, H. Mahani, S. Berg, S.M. Hassanizadeh
and V. Cnudde This chapter appeared as SCA conference paper in 2017 and was submitted to
Water Resources Research
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fast imaging (up to 15 s per full rotation) with a voxel size of 13 µm and
SCAL plugs (diameter: 2.54 cm, length: 5 cm). We monitored oil configuration changes over a period of several months, to verify consistency of oil
production behaviour across length scales. After initialization with oil and
water, the samples were surrounded by formation water for imbibition.
From 3D reconstructed and segmented images, we observed movement of the oil phase in the pore space of the rock in real time in water-wet
(mini-plug and SCAL plug) and mixed-wet (SCAL plug) systems. Both
the mini-plug and SCAL plug seemed to show preferred production sites.
Furthermore, the pore scale images of the mini-plug showed production
due to snap-off in boundary adjacent pores. The pore scale information
aids in assessing the standard sample preparation and handling protocols
in Amott tests. Moreover, the pore scale information was used to interpret
the cumulative production versus time curve of the SCAL plugs.

5.1

Introduction

Spontaneous imbibition is the capillary-driven invasion of wetting-phase
into the pore space of a porous medium, thereby displacing a non- or lesswetting phase initially in place. This process is seen in daily life when
ink sinks into paper or water infiltrates soils. The process is also relevant in petroleum engineering. For instance, spontaneous imbibition occurs in an unsteady state displacement where in absence of capillarity we
have a shock-front, but in presence of capillarity the shock-front becomes
a smooth curve. Also, spontaneous imbibition plays a role in recovering
oil from matrix blocks surrounded by fractures.
The imbibition capillary pressure-saturation curve consists of a forced
and a spontaneous part. The forced part is measured in centrifuge or
porous plate set-up. The spontaneous part is measured in tests such as
the Amott test (Amott, 1959; Donaldson, Thomas, and Lorenz, 1969), see
Figure 5.1a, which ultimately provides a value for the saturation at a capillary pressure of zero. These laboratory tests are numerous (Tang and
Morrow, 1997; Zhou, Morrow, and S., 2000; Graue et al., 1999a; Fischer
and Morrow, 2005). The main variable that is measured in these tests is
cumulative oil production versus time, see Figure 5.1b. With the part of
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the capillary pressure curve obtained from this data, these tests aim to indicate the (change of the) wettability state by assigning an index to the
crude oil, brine, rock (COBR) system, see Figure 5.1c. Since wettability influences flow behavior, an accurate representation of the wettability of a
rock type is imperative in predicting flow dynamics.

F IGURE 5.1: a) Amott spontaneous imbibition test with all faces open. b) Example of
spontaneous imbibition oil production versus time and as function of ageing, after Tang
and Morrow (1997). c) Definitions of wettability indices, taken from Abdallah et al.
(2007).
To make sure the variation in capillary pressure curves is because of
wettability, different scaling groups were proposed to eliminate the effect
of initial water saturation, mobility and viscosity, and interfacial tension
variations, e.g. Mattax and Kyte (1962), Ma, Morrow, and Zhang (1997),

90

Chapter 5. Pore-Scale Displacement during Fast Imaging of...

and Schmid and Geiger (2013), on the cumulative production versus time
curves. It has been shown that in many cases of uniform wettability, the
scaling groups are effective (Ma, Morrow, and Zhang, 1997). However,
Salathiel (1973) has shown that natural systems are most likely mixedwet systems because of the connate water that is in the pore space which
prevents direct contact between oil and rock. Besides, there are general
problems with wettability indices. For instance, indices computed from
the Amott and USBM methods are often misleading when it comes to predicting sample wettability and associated flow behavior (Dixit et al., 1999).
One reason for this is that the index represents a non-unique measure of
wettability since different combinations may lead to the same index.
In summary, at least for mixed-wet systems, the wettability index that
followed from curves of total production versus time, may not reflect the
wettability following from the sum of the local pore space wettability states.
Since wettability finds its origin below the core scale, this is not necessarily
surprising. Therefore, interpretation of the production curves and consequently wettability may be improved by adding the pore scale information, as suggested by Mason and Morrow (2013). In addition, pore scale
information can be used to verify the experimental protocols for Amott
tests. Issues like trapped gas or a significant capillary-end effect that may
impact the result can be detected. In this study, we use SCAL plugs to
examine those two effects.
Finally, there is the fundamental question about where and how the oil
is produced from the sample. To address this question, we use a water-wet
mini plug, because there is often no onset before spontaneous imbibition
starts in water-wet systems. This eliminates some uncertainty in monitoring the dynamics of spontaneous imbibition. The visualized volume
contains both (part of) the sample and the surrounding fluid, making this
a suitable dataset for pore scale simulation of the imbibition process as
suggested by Mason and Morrow (2013).
We used three novel set-ups in combination with HECTOR and EMCT
micro-CT scanners (Dierick et al., 2014; Bultreys, De Boever, and Cnudde,
2016). The imaging systems were developed by the Centre for X-ray Tomography of the Ghent University (UGCT, www.ugct.ugent.be) in collaboration with XRE (www.xre.be). They were used to visualize the pore scale
fluid distribution during Amott tests. We present pore scale behavior as
well as the observed cumulative oil production versus time curves.
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Materials and methods

5.2.1

Crude oil, brine, rock systems

For the experiments, we used Ketton carbonate (Oolite) rock (Muir-wood,
1952), porosity φM ICP = 23% and Kbrine = 5.7 Darcy, formation water (FW)
(density ρ = 1.152 g/cm3 , viscosity µ = 1.550 mP a·s, at T = 20 ◦C, composition see Table 5.1), decane (ρ = 0.730 g/cm3 , µ = 0.920 mP a·s, at T = 20 ◦C)
and crude oil (ρ = 0.8833 g/cm3 , µ = 11.486 mP a · s, at T = 20 ◦C, composition see Table 5.2). Both decane and crude A were doped with 20 wt%
Iodo-decane to obtain higher X-ray attenuation.
TABLE 5.1: Composition of formation water (TDS = 180 mol/L and ionic strength =
3.659 mol/L).

Ion
N a+
M g 2+
Ca2+

(mol/L)
49.9
3.25
14.5

Ion
Cl−
SO42−
HCO3−

(mol/L)
112
234
162

TABLE 5.2: Crude oil specification
IFT FW
doped crude oil
20 mN/m @ 20 ◦C

TAN
(mg KOH/g)
0.5

TBN
(mg KOH/g)
1.0

Asphaltene
(g/100 ml)
0.244

A list of systems used in this study, together with their initialization
methods can be found in Table 5.3. The mini-plugs were difficult to machine to the desired diameter; they would easily break. Therefore, the
mini-plugs that survived contained a higher volume percentage of natural cement compared to the SCAL plugs. Cement contains micro-porosity
that cannot be resolved in the used micro-CT scanners and can make up to
40% of the total porosity in Ketton (see Figure 5.3) which is consistent with
the initial water saturations for the SCAL plugs. In that case, the role of the
water saturated micro-porosity is limited to slightly increasing the water
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connectivity. In addition, since the pores in the observable pore space are
well connected, there should not be events in the micro-pores.
TABLE 5.3: List of samples used in this paper. We used two types of plugs: small
SCAL plugs (5 cm length and 2.54 cm diameter) and mini-plugs (20 mm length and 4
mm diameter). The initial water saturation (Swi) excludes the water in the micro-pores
for the mini-plug. The oil phases were doped with 20 wt% Iodo-decane.
Rock
KET1_06
KET1_08
KET1_09
mini-plug

5.2.2

Oil phase
Decane
Crude oil
Crude oil
Crude oil

Swi
0.37
0.34
0.38
0.06

Desaturation
Centrifuge
Centrifuge
Centrifuge
Flooding

Ageing
40 ◦C/24 hrs
40 ◦C/24 hrs
40 ◦C/24 hrs
40 ◦C/24 hrs

Wetting
Water-wet
Mixed-wet
Mixed-wet
Water-wet

Experimental workflow

Sample saturation
Both the SCAL plugs and the mini-plugs were saturated by placing the
samples in a sleeve and applying vacuum ( 10−2 mbar). Subsequently, deaerated FW was added. As final step, the samples were placed in a pressure chamber at 30 bars for two hours to dissolve any gas bubbles that
may still exist in the sample.
Sample desaturation: centrifuge and micro-coreholder
The SCAL plugs were brought to initial water saturation in a centrifuge
(URC-628, Coretest Systems Inc., used at 3500 RPM for SCAL plugs) in 24
hours. To prevent gradual heating during centrifuging, the temperature
was fixed at 40 ◦C. By automatic recording of the production and material balance calculation, initial water saturations shown in Table 5.3 were
achieved. Because centrifuging was done at elevated temperature, ageing
of the rock took place for the samples saturated with crude oil. Therefore,
we ended up with one water-wet SCAL plug and two mixed-wet SCAL
plugs, see Table 5.3.
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F IGURE 5.2: a) Micro-coreholder for de-saturation of mini-plugs and flow
experiments. The bottom cylinder is a pressure vessel, with water as pressurizing agent.
The PEEK top holds the sample and allows for X-ray scanning. This section is shown
again in the inset, in which a typical mini-plug (4 mm × 20 mm) is indicated by the red
square. Flow lines for de-saturation can be attached at the top and bottom of the PEEK
section. Sample holders for the spontaneous imbibition cells (b, c) and the spontaneous
imbibition cells for SCAL (d) and mini-plug (e, f).
For the mini-plug, we used a specially designed micro-coreholder to
(de-)saturate the samples by flooding, see Figure 5.2a. The core holder
consisted of Hastelloy steel and X-ray transparent polyether ether ketone
(PEEK). This way, the saturation state of the sample could be monitored
during or after (de-)saturation. The bottom of the cell consisted of a pressure vessel that regulated the sleeve pressure, which was set by water (up
to 30 bars). Because of the pressure vessel there was no need to keep any
pressure line attached to the set-up, allowing 360 degrees rotation in a
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micro-CT scanner. The micro-coreholder could be used for both static (e.g.
ageing tests) and dynamic (e.g. flow tests) experiments at elevated temperatures up to 80 ◦C. Properties of the mini-plug can be found in Table
5.3.
Experimental protocols
We used standard experimental protocols for SCAL spontaneous imbibition tests. An exception was the ageing for SCAL plugs as addressed
above. One part of the SCAL plug Amott protocol is to roll the sample
on a tissue saturated with oil to remove oil attached to the outside of the
sample. However, this may create suction on the surface pores if the tissue is not wet enough or it may not remove all oil from the outside of the
sample when the tissue is too wet. Both scenarios may influence the cumulative oil production versus time curve. Still, it was decided to adhere
to the standard protocols. For mini-plugs, similar protocols were used.
However, because of the small volume of resolvable pore space and because the production was not measured, it was decided to refrain from
rolling this sample. In addition, because spontaneous imbibition may be a
sub-second process, it is relevant to note that the delay between filling the
cells with brines and starting of the scans was around one minute for the
mini-plugs and around five minutes for the SCAL plugs.
Spontaneous imbibition set-ups
Two different set-ups were used for spontaneous imbibition: one for the
SCAL plug Amott tests (a slightly modified standard Amott cell) and one
for the mini-plug Amott test, see Figure 5.2d-f. Both cells can be used for
different types of spontaneous imbibition tests and are made of crude-oilresistant and X-ray-transparent materials. For all faces open spontaneous
imbibition tests, the rock sample needs to be well consolidated. For other
types of imbibition experiments (one end open or two ends open) a sleeve
can be used, which also poses less stringent requirements on the consolidation state of the sample. The cells can handle samples of various sizes.
The sample holders – depicted in Figure 5.2b, c – that are placed in the
cell are constructed to minimize contact with the sample whilst simultaneously fixing the sample position in the cell. It is vital that the samples
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do not move during the scans to prevent blurring of the images. In the
case of the SCAL plugs, the points where the sample holder touches the
sample were made of water-wet glass to prevent oil from spreading along
the holders.
Micro-CT scanners: HECTOR and EMCT
HECTOR (Dierick et al., 2014), was used for time lapse imaging of the
SCAL plugs. The X-ray tube was operated at 160 kV with a power of 14
W. The plug was imaged using four consecutive scans along the vertical
axis of the sample, which were merged together, resulting in a total reconstructed volume of 2000×2000×4700 voxels, with a voxel size of 14.25
µm. Individual consecutive scans were used to reduce the scan time (100
minutes per scan) and limit motion blurring during the acquisition.
EMCT, also known as the Environmental MicroCT scanner (Bultreys,
De Boever, and Cnudde, 2016), was used for fast dynamic imaging of the
mini-plugs. Unlike conventional micro-CT systems, the sample remains
immobile in the EMCT, while the X-ray tube and detector rotate around
the samples in a horizontal plane. This fixed sample configuration makes
the system ideal for continuously monitoring dynamic in-situ processes.
The mini-plugs were imaged at different spatial and temporal resolutions
related to the assumed rate of the process that was monitored. The onset
of the imbibition was imaged with a high temporal resolution of 15 seconds for a full rotation and a spatial resolution of 13 µm. Later stages of
the process were imaged at a spatial resolution of 6.7 µm and a temporal
resolution down to 70 seconds for a full rotation.
Image analysis
All scans were reconstructed using the dedicated reconstruction tools in
the Acquila software package from XRE. Further post-processing and visualization of the data were done using Avizo 9.2.0 (ThermoFisher Scientific - FEI) and GeoDict, (Math2Market). The images were first filtered
with a non-local means filter and subsequently segmented by comparing
the data of the dry scan with the wet scans captured during the spontaneous imbibition experiment, following the procedure described in Berg
et al. (2014a).
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F IGURE 5.3: a) Mercury intrusion curve of one of the SCAL Ketton samples. The
dotted lines indicate the voxel resolutions of the different scans that were made. The
dash-dot line indicates the smallest pores filled with crude by the centrifuge. All scans
capture the larger pores and are well above the sizes of the micro-porosity. In b) the
estimation of the capillary-end effect along the length of the SCAL plug. For the
mini-plugs, the sample holder (Figure 5.2c and 5.7) was oil-wet which means it may
have led to draining of oil from near-surface pores. Therefore, only spontaneous
imbibition that was isolated from other parts of the pore space, i.e. disconnected oil that
is moving out, could be examined.
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Results and discussion
Verification of the production curve in SCAL-sized
samples and Amott protocols

In the initial state of both the SCAL and the mini-plugs, no air was observed throughout the sample, indicating that the standard procedures
to initialize plugs were correct and working. For all samples, no capillaryend effect was detected even though the centrifuge was used for the SCAL
plugs. This is based on estimations made using the mercury intrusion
porosimetry curve and the centrifuge inlet pressure, see Figure 5.3. However, we observed a considerable amount of cement in the matrix in the
micro-CT images, giving rise to a large fraction of micro-porosity which
may influence the results. The cement is difficult to indicate in wet samples, because the attenuation is close to that of the oil phase. Rolling the
samples on a tissue pre-wetted with oil, did not seem to have any effect
on the interior of the sample.

F IGURE 5.4: All production in % of visible pore volume, for both water-wet and
mixed-wet samples, occurs right after immersion in brine. KET1_08 was kept for a total
of 122 days in which no additional production occurred. The wettability state of the
samples is based on the curves in this figure and on the pore scale images of protruding
droplets (and their contact angle with rock surface) in Figure 5.5, 5.8 and 5.9.
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Next, it was investigated whether the produced oil, as measured in the
production curve, see Figure 5.4, reflected the pore space of the sample
as mentioned in Mason and Morrow, 2013. The water-wet SCAL plug
shows more production than the two mixed-wet SCAL plugs, see Figure
5.4. For the water-wet SCAL plug production coincides with pore scale
displacement as can be seen from the imbibition front in Figure 5.5b, c. For
the mixed-wet case, production does not coincide with pore scale changes
in fluid configuration, as can be seen in Figure 5.5e, f and 5.6.
This means that the oil volume in the glass capillary reflects neither
the rate at which the oil is produced nor the volume of produced oil, but
probably relates to oil attached to the outside of the sample. To get a production of 1 ml, the film of oil covering the sides of the cylindrical plug
would have to be approximately 0.25 mm thick. For the water-wet plug
we used doped decane. Therefore, the oil film on the sample is expected
to be negligible. The production of the water-wet mini-plug was not measured but the significant amount of cement in the pore space may explain
the lack of response to brine exposure.

5.3.2

Observations from micro-CT images

The SCAL plugs, both water-wet and mixed-wet, showed large oil blobs
protruding from the top, see Figure 5.5a, d–f, at a single location. Visual
observation also indicated that the drop detached and grew back again
several times for the water-wet case, which was in line with the preferred
production sites mentioned in Mason and Morrow (2013). The mixed-wet
sample – in contrast to the water-wet sample – did not show an imbibition
front. In addition, there was no significant change in the occupancy of the
pores, whereas production was observed, see Figure 5.4 and 5.6.
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F IGURE 5.5: a, b, c) the water-wet SCAL sample (KET1_06). The red bar in a)
indicates 1 cm. d,e,f) a mixed-wet SCAL sample (KET1_09). In a) and d-f) an oil droplet
is seen growing at the top of the SCAL samples. b) initial saturation of water-wet SCAL
sample at t0 =≈ 105 minutes c) saturations after 2 days for the water-wet SCAL
sample. A clear imbibition front has formed, indicated by the blue line and arrows. The
center of the sample shows very little change. e) initial saturation of mixed-wet SCAL
sample at t0 =≈ 105 minutes. f) Almost no change in the mixed-wet sample after 2
days. The little change there is, is indicated by blue arrows.

F IGURE 5.6: Change in oil distribution (red dotted line) compared to the Pore Size
Distribution (PSD, black line with squares) for the mixed-wet SCAL plug (KET1_09) in
Figure 5.4e, f and 5.5. The change is minimal whereas the production in the glass
capillary at the top reaches almost 1 ml.
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A similar observation was made for the mini-plug in Figure 5.7. However, because of the limited field of view (FOV) this cannot be confirmed.
In the mini-plug, preferential production sites were also observed. The
observed process has some similarity to that hypothesized by Mason and
Morrow (2013) when discussing the generation of capillary back pressure
at a wetted open surface during imbibition. They stated that Unsal et al.
(2009) and Li et al. (2009) found that when air is the non-wetting phase it
tends to “...emerge as a stream of very fine bubbles, often at a single location, which indicates that snap-off is occurring a short distance in from
the open face.” The stream of fine and larger bubbles was observed by eye,
but it was not possible to image this, because it fell out of the FOV for the
mini-plug or out of the temporal resolution for the SCAL plug. However,
the bubble that emerged in our FOV of the mini-plug shows snap-off at a
short distance from the open face, see Figure 5.8.

F IGURE 5.7: Spontaneous imbibition dynamics in the water-wet mini-plug are
indicated by the red arrows. The sample holder is also clearly visible. The bright phase
coating the holder is doped crude oil.

5.3.3

The effect of buoyancy on spontaneous imbibition

We observe that the outside of the mixed-wet SCAL sample is covered
with crude oil, see Figure 5.9a. However, there seems to be less crude
towards the bottom of the sample. Combined with the imbibition front
observed in Figure 5.5c and the rising oil drop observed in the mini-plug,
see Figure 5.8, this could mean that gravity effects dominate the imbibition
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process in our samples. However, the buoyancy/capillary force computation in Figure 5.9b indicates otherwise: it shows that for oil clusters of a
length equal to that of the sample, gravity forces are an order of 10,000 less
than capillary forces. Buoyancy would dominate inside the pore space for
contact angles around 90 degrees. However, the effect of contact angle in
the force balance is uncertain, since advancing and receding contact angles may show significant hysteresis, see e.g. Raeesi, Morrow, and Mason
(2013).
When oil starts protruding from the sample, the restrictions of the pore
space fall away and gravity dominates over capillary forces. Buoyancy
may play a role in ‘sucking out’ oil and creating space for water to imbibe
as indicated in Figure 5.8. Depending on the crude oil and liquid-liquid
interface properties (such as interface elasticity, interfacial tension, composition), and pore geometry, the protruding oil drop may grow before
snap-off disconnects the drop from the interior of the sample, see Figure
5.8b, c. Interestingly, after snap-off, the droplet retains a non-equilibrium
shape for minutes (Figure 5.8c), before moving toward a more stable configuration on the rock surface (Figure 5.8d).

F IGURE 5.8: Oil droplet movement out of pore space and snap-off event in mini-plug.
a) shows the grains (white) and oil (red) configuration in the plug. b-d shows time steps
of 11 minutes, 4 hours after starting the experiment. The snap-off event is clearly visible
between steps b) and c) [indicated by the blue arrow]. From c) to d) the drop moves
towards a more spherical/equilibrium shape.
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F IGURE 5.9: a) SCAL plug (KET1_09) showing gradient of oil coverage on the
outside of the sample which cannot be due to centrifuge desaturation. Notice also the
bubble on top. Together with the dynamics of production in the mini-plug, see Figure 5.8
this hints that buoyancy is important in spontaneous imbibition of this rock b)
Computation shows that gravity drainage is very unlikely inside both samples for
h=sample/cluster length, ∆ρ = density difference of fluid phases, σ = interfacial tension,
θ = contact angle, and r=pore diameter.

5.4

Conclusions

We used three novel coreholders and fast benchtop micro-CT scanners to
study spontaneous imbibition both on long (months) and short time scales
(seconds to minutes). From 3D reconstructed and segmented images, we
observed movement of the oil phase in the pore space of the rock in waterwet (mini-plug and SCAL plug) and mixed-wet (SCAL plug) systems using benchtop X-ray micro-tomography.
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We found the sample preparation protocols to be adequate i.e. no air
bubbles were trapped in the pore space and homogeneous oil saturations
were achieved. However, we showed that there is a discrepancy between
production as measured in the capillary of the Amott cell and the pore
scale observations in some SCAL plugs. The fluid distribution in the interior of the plugs remained unchanged whereas production was still accumulating in the capillary. The produced oil may have come from the
oil layer attached to the outside of the sample: a rough estimate indicates
an oil film of 0.25 mm would be sufficient produce 1 ml of oil. In that
sense, rolling the sample per protocol may still influence the production
curves even though the rolling did not seem to affect the pore space distribution of oil. For water-wet plugs, the measured production matches the
observed pore scale events better. Since we used decane in this case, the
oil film on the sample is expected to be negligible because of the waterwetness of the system. For both cases, oil drops would protrude from the
sample without being recovered.
Furthermore, we observed an ‘oil gradient’ on the outside of the sample (mixed- wet SCAL plug), a big oil droplet on the top of both waterwet and mixed-wet SCAL plugs and a pore scale snap-off event in the
water-wet mini-plug. In addition, we observed preferred production sites
for all water-wet samples. They all hint that buoyancy is important for
the displacement of oil. However, force balance computations show that
buoyancy is not important inside the samples, but may be very important outside of the sample as demonstrated by the mini-plug pore scale
imbibition. The next part of this study focusses on investigating spontaneous imbibition when changing brine salinity. This finds its application
in Amott tests that are conducted to investigate the response of a COBR
system to low salinity waterflooding.

Part III

Factors influencing the low
salinity response
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Chapter 6

Oil Configuration under High
Salinity and Low Salinity
Conditions at Pore Scale: A
Parametric Investigation
Using a Single-channel
Micro-model

Abstract
Low salinity waterflooding is receiving increased interest as a promising
method to improve oil recovery efficiency. Most literature agrees that, on
the Darcy scale, low salinity waterflooding can be regarded as a wettability modification process, leading to a more water-wet state. However,
no general consensus on the microscopic mechanisms has been reached.
To establish a link between the pore scale and the Darcy scale description, the flow dynamics at an intermediate scale i.e. the scale of (networks
of) multiple pores should be investigated. One of the main challenges in
W.-B. Bartels, H. Mahani, S. Berg, R. Menezes, J.A. van der Hoeven, and A. Fadili This
chapter appeared in 2017, SPE Journal, SPE 181386, pp. 1362-1373.
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addressing phenomena on this scale is to design a model system representative of natural rock. The model system should allow for a systematic
investigation of influencing parameters with pore scale resolution whilst
simultaneously being large enough to capture larger-length scale effects,
such as saturation changes, and the mobilization and connection of oil
ganglia.
In this paper, we use micro-models functionalized with active clay
minerals as a model system to study the response of the fluid phases to
changing brine salinity on the pore scale. A new method was devised to
deposit clays in the micro-model. Clay suspensions were made by mixing natural clays (montmorillonite) with isopropyl alcohol (IPA) and injected into optically transparent 2D glass micro-models. After drying the
models, the clay particles were deposited and stick naturally to the glass
surfaces.
Subsequently, the micro-model was used to investigate the dependence
of the response on the type of oil (crude oil versus n-decane), the presence
of clay particles and ageing.
Our results show that the system is responsive to low salinity water as
the effective contact angle of crude oil shifts towards a more water-wetting
state when brine salinity is reduced. When using n-decane as a reference
case of inert oil, no change in contact angle occurred after a reduction in
brine salinity.
This responsiveness in terms of contact angle does not necessarily mean
that more oil is recovered. Only in the cases where the contact angle
change (due to low salinity exposure) led to release of oil and reconnection
with oil of adjacent pore bodies did the oil become mobile and oil saturation effectively reduce. This makes contact angle changes a necessary but
not sufficient requirement for incremental recovery by low salinity waterflooding. Interestingly, the wettability modification was observed in the
absence of clay. Osmosis and interfacial tension (IFT) were found not to
be the primary driving mechanisms of the low salinity response.
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Introduction

Low salinity waterflooding is receiving increasing interest as an improved
or enhanced oil recovery method. The process is thought to improve the
microscopic displacement efficiency via injection of water with a lower
and/or modified ionic content compared to the formation water (e.g. Ligthelm et al., 2009; Seccombe et al., 2010; Vledder et al., 2010; Morrow and
Buckley, 2011; Myint and Firoozabadi, 2015; Jackson, Al-Mahrouqi, and
Vinogradov, 2016).
Although no general consensus on the microscopic mechanisms has
been reached, most of the literature agrees that low salinity waterflooding effectively leads to wettability modification towards a less oil-wetting
state (see for instance Vledder et al., 2010; Aladasani et al., 2014; Mahani et
al., 2015b; Myint and Firoozabadi, 2015; Jackson, Al-Mahrouqi, and Vinogradov, 2016). However, this phenomenological observation is considered
a consequence rather than a cause. This is particularly so from the perspective of the Darcy or core scale, where continuum mechanical concepts
are used for averaged quantities and microscopic details are not accessible.
In addition, some of the conditions reported to be necessary for the occurrence of a low salinity effect, such as the presence of clay, have recently
been questioned (Sohrabi et al., 2015). Moreover, alternative mechanisms
have been proposed recently, for instance osmosis or change of the interface viscosity/elasticity of oil ganglia by low salinity. These mechanisms
do not require the presence of clay and are less dependent on initial wettability. However, it is as yet unclear if or how much individual mechanisms
are contributing to the overall incremental recovery.
The lack of understanding the mechanism(s) and prerequisites at different length scales (sub-pore to Darcy scale) impairs predictive capabilities for both the occurrence and the magnitude of a response to changing
brine composition and/or salinity. One of the reasons this situation is persisting is the lack of a field-representative model system.
In order to determine whether possible mechanisms contribute to recovery, their consistent contribution throughout the various length scales
needs to be assessed (Suijkerbuijk et al., 2013). This was illustrated further
in Figure 6.1.
Based on the currently available literature on the sub-pore scale, detachment of crude oil as a function of salinity and pH has been extensively
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F IGURE 6.1: Cartoon of the multi-length scale nature of low salinity waterflooding
illustrating how the low salinity effect is manifested/probed at different length scales and
what a length scale consistent picture could look like.
investigated through, for example, contact angle and adsorption studies
on various surfaces (Buckley, Bousseau, and Liu, 1996; Buckley et al., 1997;
Aksulu et al., 2012; Lebedeva and Fogden, 2011; Hassenkam et al., 2011;
Mahani et al., 2015b; Mugele et al., 2015). According to the current level
of understanding, most if not all charged surfaces will respond to a reduction of salinity, but with varying magnitudes and thresholds of ionic
composition, depending on the surface mineralogy (Drummond and Israelachvili, 2002). As a consequence, one can expect a contact angle change
for many types of mineral surfaces - including quartz and clay minerals when changing the salinity regime, but again with varying magnitudes
and thresholds of ionic composition.
On the Darcy/core scale, the occurrence of the low salinity effect in
terms of additional oil production has been investigated by conducting
corefloods and spontaneous imbibition tests (Jadhunandan and Morrow,
1995; Tang and Morrow, 1997; Lager et al., 2008b; Agbalaka et al., 2009;
Ligthelm et al., 2009; Morrow and Buckley, 2011; Nasralla, Bataweel, and
Nasr-El-Din, 2013; Aladasani, Bai, and Wu, 2012; Suijkerbuijk et al., 2014;
Sorop et al., 2015). Relatively few systems show a clear response in terms
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of oil recovery, even though on the sub-pore scale a response in terms of
contact angle change was observed.
This implies that responsiveness on the sub-pore scale (i.e. contact angle change) seems to be a necessary requirement but may not be sufficient.
Therefore, relevant physics and transport processes need to happen also
on the scale between contact angle and Darcy scale, stressing the multilength scale nature of the problem.
Strikingly, this length scale of tens to hundreds of pores (pore-network
scale) at which displacement and transport actually occurs, has rarely been
addressed. One technique that bridges the pore and Darcy scale is microscopy, often combined with micro-models. However, the materials out
of which micro-models are typically manufactured are either strongly hydrophilic or hydrophobic and lack the wetting heterogeneity of a typical
sandstone rock. This makes them, in principle, not a field-representative
model system. Functionalizing micro-models with clays can create an artificial system closer to the natural situation (see Figure 6.2). So far, only
very few studies have addressed this particular issue and the results are
not consistent (Bondino et al., 2013; Song and Kovscek, 2015). In Bondino
et al. (2013), no particular response to low salinity waterflooding was observed and no oil was effectively mobilized, which tempted the authors to
question the existence of a low salinity effect in general. In Sohrabi et al.
(2015) and Song and Kovscek (2015), a response to low salinity waterflooding was observed but its dependence on the presence of clay, the presence
of crude oil and initial wettability was not investigated.
Our approach builds on our previous research, where we looked at
the low salinity effect by conducting oil droplet experiments on model
clay-sandstone surfaces (Mahani et al., 2015b). These droplet experiments
clearly showed wettability alteration in the form of contact angle change
to a less-oil-wetting state. In addition, they showed that the wettability
alteration process is rather slow. However, these experiments were conducted in the absence of the spatial constraints of micrometer-sized pore
space but in a strongly capillary-controlled environment without any impact of viscous forces by flow.
The purpose of this work is to investigate the factors believed to be important for the occurrence of the low salinity effect in pore geometries. To
do so, we first develop sinusoidal single-channel micro-models functionalized with clay particles as a lowest complexity model system for natural
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sandstones. We then explore its responsiveness to low salinity waterflooding as a function of clay presence, the nature of the oil and ageing. We define responsiveness here on the basis of contact angle change, not on the
basis of additional oil recovery. Subsequently, we investigate the contributions of osmosis and IFT to the low salinity effect. Finally, we discuss the
timescale of the low salinity effect.

6.2
6.2.1

Materials and experimental procedures
Materials

The clay mineral deposited in the system is montmorillonite (Na-montmorillonite, type Swy-2) from the Source Clays Repository (The Clay Minerals
Society, Purdue University, 915 West State Street, West Lafayette, IN 479072054, USA). Montmorillonite was chosen to maintain consistency with our
previous study on a model system with detaching oil droplets (Mahani et
al., 2015b).
Isopropyl alcohol (IPA, acquired from VWR International) was used as
carrier of the clay particles. As oil phase we used a reservoir dead crude oil
and model oil (Decane). Synthetic brines are used in this study. The brines
are prepared by mixing deionized water and different amounts of pure
salts: NaCl, KCl, MgCl2 · 6H2 O, and CaCl2 · 2H2 O. As low salinity water,
we used 4 × diluted high salinity brine. The oil and brine properties are
listed in Table 6.1, Table 6.2, Table 6.3 and Table 6.4.
TABLE 6.1: Density and viscosity of crude oil, model oil and brines measured under
ambient conditions (atmospheric pressure and temperature (21 ± 1) ◦C).

Crude oil
Model oil
High salinity brine
Low salinity water

Density (g/cm3 )
@ 20 ◦C
0.90
0.73
1.015
1.004

Viscosity (mP a · s)
@ 20 ◦C
6.55
0.85
0.853
0.851

6.2. Materials and experimental procedures

113

TABLE 6.2: SARA analysis of the crude oil used in this study.
Content
Saturates
Aromatics
NSO/Resin
Asphaltenes
Residual
TAN

wt%
45.4
42.19
12.28
0.13
0.99
0.77 mg KOH/g

TABLE 6.3: Composition of high salinity brine and low salinity water in mg/L used in
this study. The ionic strength is indicated in the ’Brine’ column.
Brine
High salinity
396.2 (mol/L)
Low salinity
(4 × diluted)
99.05 (mol/L)

N a+

K+

Ca2+

M g 2+

Cl−

TDS

4267

7238

301

24

13744

25574

1067

1810

75

6

3436

6393

TABLE 6.4: IFT of the oil–brine system at ambient conditions.
Brine
High salinity
Low salinity (4 × diluted)

IFT
(crude oil - brine)
(mN/m)
7.50
8.40

IFT
(decane - brine)
(mN/m)
54.7
55.8
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Micro-model set-up

The micro-models utilized are made of glass, which from the perspective
of surface chemistry is considered as a model system for quartz minerals.
Quartz minerals, together with clays, form the bulk of sandstones. Both
glass and clays carry a surface charge. For these experiments a sinusoidal
pore line model with pore bodies and pore throats is chosen. Consciously,
we start with a simplified geometry that demonstrates the responsiveness
of the clay-functionalized inner surfaces to low salinity waterflooding by
contact angle change. The pore geometry is such that it favors disconnected oil. This model is the simplest model which allows trapping of the
oil and also is large enough to accommodate oil ganglia. More complex
networks will be studied in a follow-up study.
The entire micro-model is 50 µm thick, the pore bodies have a length of
400 µm and the pore throats have a length of 55 µm, leading to an aspect
ratio of 0.1375. This geometry repeats itself every 100 µm, as shown in
Figure 6.2. Injection was rate constrained in all experiments. A Hamilton syringe (500 µL 1750 TLL series and 100 µL 1710 TLL series) with
a Harvard Apparatus (11 Pico Plus Elite) syringe pump was used. The
micro-model is placed horizontally under a Leica DMI6000B microscope
with cover glass corrected objective lenses to improve image quality and
Leica QWin and LAS software were used to acquire and analyze the images. With this optical technique we obtain excellent spatial resolution in
the horizontal plane. However, since we use a transmission microscope,
we gather a transmission image in the depth direction with a focal plane
somewhere between the top and bottom of the micro-model. Therefore
one captures the overall effect of what is happening between the top and
bottom surface of the micro-model. A confocal microscope may offer more
possibilities and has been considered for future studies.
Functionalization of micro-models with clay minerals
Clay-IPA suspensions were made by mixing 60 g montmorillonite clay per
liter of IPA. The concentration was found sufficient to establish visual clay
deposition in the micro-model and was in part based on Mahani et al.
(2015b). This suspension was first sonicated for 20 minutes by placing it
in water in a sonicator which agitates the suspension with sound waves.
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We used the Elmasonic 120 H sonicator at 37 kHz. Sonication is used to
break any clay aggregates and to create a more uniform suspension. After sonication the mixture was allowed to rest for 3 minutes such that the
larger particles sedimented out. Only the supernatant part is used for injection in the micro-model.

F IGURE 6.2: The micro-model used in this study with its dimensions. The models are
functionalized with clay to mimic natural sandstones. Clay particles are indicated with a
red arrow. A dead-end pore is encircled. b) SEM and c) micro-CT images of sandstones
composed predominantly of quartz and clay. Red arrows indicate clay minerals.
IPA was chosen because of its higher vapor pressure (4.1 kPa at 20 ◦C )
than water and because it does not chemically alter the clay. The higher vapor pressure allows rapid drying of the models. Drying was done in a vacuum oven at 60 ◦C. After drying the model, the clays stick naturally to the
pore wall of the micro-model. When depositing clays, the suspension is injected at high rate (10 µl/min), either manually or using the syringe pump
to disperse the clay particles as much as possible in the model, see Figure
6.2a. Our procedure is different from the other studies used clay functionalized micro-models (Bondino et al., 2013; Song and Kovscek, 2015)
to study low salinity waterflooding process. In those studies a clay-water
suspension was used.
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Design of experiments and procedures

The matrix of experiments is shown in Table 5. For all experiments with
clay and crude oil, new micro-models were used. All experiments, including ageing, are conducted at ambient temperature.
TABLE 6.5: Experimental conditions testing the sensitivity of the low salinity effect to
presence of clay, presence of crude oil, and ageing.
Experiment
1
2
3
4
5
6

Oil type
Crude oil
Crude oil
Crude oil
Crude oil
Model oil
Model oil

Clay
Without clay
With clay
Without clay
With clay
Without clay
With clay

Ageing
Aged
Aged
Unaged
Unaged
Unaged
Unaged

The current micro-model experiments were executed in absence of initial high salinity brine (i.e. 100% oil-saturated), which allows oil to directly
contact solid surface and enforce ageing. If initial water is present, then oil
cannot contact the surface unless high oil pressure is applied to thin the
water film. In that case, ageing is thought more important in achieving a
more oil-wetting state. During ageing, the micro-model was shut-in at ambient conditions for 10 days. The time that is necessary to produce some
oil-wetness depends on the system under consideration (Abdallah et al.,
2007; Graue et al., 1999b). In coreflood studies many different times are
used, usually ranging from several days to weeks. In micro-model studies
the same trend is observed; 2 to 5 days were used by Bondino et al. (2013)
and 2 weeks by Song and Kovscek (2015). In this study we used 10 days
of ageing at room temperature. Based on previous experience with model
systems and based on the contact angles observed at the end of high salinity during the aged (more oil-wet) and unaged (less oil-wet) experiments,
we deem 10 days of ageing to be sufficient.
In addition, no connate water was present, which would normally hinder the attachment of crude oil components to the solid surface. The flow
rate is equal to 10 nL/min (4 ft/day) in all experiments. To make sure this
is representative for pore scale flow regimes, the capillary number Nc was
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calculated as: Nc = σµV
. The capillary number is 4.6E-7 for crude oil and
nw
2.3E-7 for model oil, which is far below the capillary de-saturation number (1E-5) (Lake, 1989). Flooding always took 24 hours, and during this
time around 14 pore volumes (PV) were flooded through the micro-model
to make sure that steady state was established. Furthermore, the micromodel was left to equilibrate for 48 additional hours after high salinity
waterflooding.
Clay mobility was investigated by flowing 4× and further diluted brines
and de-ionized water through a clay functionalized micro-model. The
clays are visually stable at moderate salinities (4× diluted) for the flooding
rates used. However, at very low salinity conditions (below 4× dilution
or de-ionized water) they can be deflocculated and mobilized. This means
that the deposited clays are immobile with brine ionic strength of 110.3
mmol/L or higher and divalent ion concentration of 4.4% with a maximum flow velocity of 6E-5 m/s. Therefore we use 4× diluted brine in all
our experiments.

6.3
6.3.1

Results and discussion
Prerequisites and the low salinity effect

We use the clay functionalized micro-models to explore the dependence of
the low salinity effect on clay presence, oil type and initial wettability state.
The experiments conducted are summarized in Table 6.6. First, in Figure
6.3 and 6.4 we present a crude oil system without clays (experiments 1 and
3) under aged and unaged conditions respectively, followed by crude oil
with clays (experiments 2 and 4) under aged and unaged conditions; see
Figure 6.5 and Figure 6.6. Finally, we present results for the experiments
5 and 6 with model oil (decane) without and with clays in Figure 6.7 and
6.8.
In Figure 6.3 the time series of a section of the pore geometry for a ’no
clay, crude oil, aged’ system are shown. The main observations are the
formation of de-wetting patterns (see 6.3.3) and the mobilization and coalescence of oil by wettability alteration after about 7–9 days of low salinity water shut-in. This process, which can be described by contact angle
change, is in line with previous observations in an earlier model system
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(Mahani et al., 2015b) and demonstrates that wettability alteration can indeed mobilize oil in a porous structure, even from dead-end pores. At
larger scales this mobile oil phase may contribute to the formation of an
oil bank, which could lead to incremental recovery.
Please note that there are also systems that show contact angle (i.e.
wettability) change and no coalescence (e.g. Figure 6.4). In other words,
we consider the wettability alteration as necessary but insufficient to explain incremental oil recovery. We believe that both oil release (detachment) and coalescence events are required for this. It seems a critical
threshold in contact angle change and de-wetting has to be overcome until
oil reconnects and becomes mobile and leads to a saturation change and
incremental recovery of oil. This does occur as shown in Figure 6.3. However, it is likely that in a different geometry the threshold for reconnection
may be lower. This is also the reason why we use contact angle change as
an indicator for responsiveness and not oil mobilization.
TABLE 6.6: Tertiary low salinity waterflood in aged and unaged systems. The green
color indicates systems that show a response to low salinity water (contact angle
change). Red indicates a system that does not respond to low salinity water.
Experiment
1
2
3
4
5
6

Oil type
Crude oil
Crude oil
Crude oil
Crude oil
Model oil
Model oil

Clay
Without clay
With clay
Without clay
With clay
Without clay
With clay

Ageing
Aged
Aged
Unaged
Unaged
Unaged
Unaged
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F IGURE 6.3: Experiment 1 - Crude oil without clays in the micro-model after a high
salinity flood and after a low salinity waterflood under ’aged’—accelerated change of
wettability. Figures a–i represent the various stages during the experiment as follows: a)
end of oil flow period (24 hrs of flow); b) & c) start and end of the high salinity flow
period respectively; d) represents a stage after the high salinity flow period (no flow,
shut-in period) at time (t); e) end of low salinity flow period (24 hrs) and f–i represent
stages after a low salinity flow period (no flow, shut-in period) at time (t) respectively.
The black dotted circles indicate the build-up of a water film (or film expansion) around
the edges of the pore to finally displace the oil (as shown by the red arrows). The red
dotted circles in Figure e) indicate regions which had been contacted by oil detached from
other regions of the micro-model during the low salinity flow period; hence the
appearance of a slightly increased oil volume in these pore regions. Figure i) also
indicates the formation of an oil ganglion as the oil from the neighboring pores is
detached.
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The other experiments with crude oil show similar effects on similar
timescales, see Figure 6.4, 6.5 and 6.6. Ageing did influence the initial wettability state (see the red and yellow solid circles in all figures), i.e. rendering more initially oil-wetting states, but did not affect the occurrence
of the low salinity effect.
Moreover, the occurrence of the low salinity effect seems to be independent of the presence of clay. Only the magnitude of the effect seems
to vary (see for instance the difference in initial contact angles between
Figure 6.3 and 6.4 and between Figure 6.5 and 6.6) when clay is present or
initial wettability is different. However, we have insufficient data to draw
statistically valid conclusions at the moment.

F IGURE 6.4: Experiment 3 - Crude oil without clays in the micro-model after a high
salinity flood and after a low salinity waterflood under ’unaged’ conditions. Figures a–f
represent the various stages during the experiment as follows: a) end of oil flow period
(24 hrs of flow); b) start of the high salinity flow period; c) represents a stage after the
high salinity flow period (no flow, shut-in period) at time (t); d), e) & f) represent stages
after a low salinity flow period (no flow, shut-in period) at time (t) respectively. The dots
in the dead-end pores appear as the de-wetting patterns start to form, see section 6.3.3.
They look slightly different than the patterns in Figure 6.3, because the focus plane is
slightly different. In fact every camera/lens has a focal spot and a focal plane and the
image is still a sum over all planes.
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F IGURE 6.5: Experiment 2 - Crude oil with clays in the micro-model after a high
salinity flood and after a low salinity waterflood under ’aged’ conditions. Figures a–i
represent the various stages during the experiment as follows: a) end of oil flow period
(24 hrs of flow); b) & c) start and end of the high salinity flow period respectively; d)
represents a stage after the high salinity flow period (no flow, shut-in period) at time (t);
e) end of low salinity flow period (24 hrs) & f–i represent stages after a low salinity flow
period (no flow, shut-in period) at time (t) respectively. The black dotted circles indicate
the contact angle at the end of high salinity and low salinity states. The oil residue in the
middle of all pore bodies is an oil film attached to the surface (most likely to clay
particles). After exposure to low salinity water it recedes and becomes more rounded
suggesting wettability alteration of pore surface to more-water wetting.
The experiments with model oil did not show any response to low
salinity water; see Figure 6.7 and 6.8. The contact angle in the model oil
after high salinity exposure already seems to indicate more water-wetness
compared to the crude oil systems, which in part may explain the lack
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F IGURE 6.6: Experiment 4 - Crude oil with clays in the micro-model after a high
salinity flood and after a low salinity waterflood under ’unaged’ conditions. Figures a–f
represent the various stages during the experiment as follows: a) end of oil flow period
(24 hrs of flow); b) represents a stage after the high salinity flow period (no flow, shut-in
period) at time (t); c) shows a stage during the low salinity flow period; d–f represent
stages after a low salinity flow period (no flow, shut-in period) at time (t) respectively.
of response. Both the contact angle change and the oil/water de-wetting
patterns were not observed. This indicates that the low salinity effect only
occurs when both oil and solid surfaces are charged and are therefore capable of electrokinetic interactions. It is noteworthy that in this case the
remaining oil (trapped oil) is quite small, reflecting the water-wet nature
of the system with model oil.
The extent to which clay content, connectivity, pore geometry and ageing affect the magnitude of low salinity recovery will be addressed in future studies with pore-network geometries and complementary coreflooding studies.
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Effect of interfacial tension

When brine salinity or composition changes, the surface energy of the
brine–oil (liquid–liquid) interface as well as brine–rock/oil–rock (liquid–solid) interfaces are changed. These (combined) changes could potentially drive the low salinity effect.
We observe a contact angle decrease in our results (see for instance
sw
Figure 6.3). According to Young’s equation cos θ = σsnσ−σ
, - in which θ
nw
is the equilibrium contact angle, σsn , σsw and σnw are the surface energies
of the interfaces between solid - non-wetting phase (sn), solid - wetting
phase (sw) and non-wetting phase - wetting phase (nw) respectively - this
requires a reduction of IFT with salinity, and/or increase of liquid–solid
surface energy. However, the IFT data for our specific oil-brine systems
presented in Table 4 do not show such a decrease. Therefore, only the
increase of solid-liquid surface energy (i.e. reduction of adhesion force
between oil-glass) could be a driving mechanism.

F IGURE 6.7: Experiment 5 - Decane without clays in the micro-model after a high
salinity brine flood a) and after a low salinity waterflood b). Since no change in contact
angle can be seen, it can be concluded that without crude oil and clay in the system there
is no low salinity effect.
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Role of solid-liquid surface energy

In line with the deemed importance of the solid–liquid surface energy is
the observation of de-wetting patterns in the oil phase, as shown in Figure
6.3 through 6.6. The patterns are observed under both high salinity and
low salinity conditions.

F IGURE 6.8: Experiment 6 - Decane with clays in the micro-model after a high
salinity brine flood a) and after a low salinity waterflood b). Since, no change in contact
angle can be seen, it can be concluded that without crude oil in the system there is no low
salinity effect. Note that the color differences between Figure 6.6 and 6.7 are caused by
using different experimental set-ups using a color and a greyscale camera, respectively.
Upon detailed investigation, the observed patterns remain stationary
when the oil phase flows or is displaced, which indicates that the structure
associated with the patterns is anchored at the solid interfaces at top and
bottom of the micro-model. Therefore the structures are considered dewetting patterns generated by surface force-driven instabilities which are
known to form similar structures (Jacobs, Herminghaus, and Mecke, 1998;
Schwartz et al., 2001; Sharma and Verma, 2004).
Figure 6.9 exemplifies the above-mentioned de-wetting structures in
high salinity and low salinity conditions. We note that de-wetting patterns at the beginning of low salinity (or end of high salinity) are more
pronounced than at the end of low salinity. Two potential hypotheses for
this are the following. The first one is a slight shift in focus of the camera
over time. The second, more probable hypothesis is that the system starts
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establishing equilibrium in high salinity conditions by forming the connate water layer (which was not initially there) via (most likely) penetration of water (as wetting fluid) at the solid-oil interface. Once low salinity
water flows in, the water film in between oil and the micro-model surface expands because of the lower ionic strength of the low salinity water
and double-layer expansion. The increase in film thickness increases the
water volume as well as the hydraulic conductivity within the film. Both
the increase in volume and the increase in hydraulic conductivity of the
water phase lead to an increasing coalescence of these small pockets of
water. Consequently, a hydraulic connection of the water phase between
the main channel and the extremities of the dead-end pores is established;
in other words a more uniform low salinity water film is developed along
the top and bottom of the glass micro-model. This leads to gradual release
of oil from the surface and change of contact angle to more water-wetting
state; thereby reducing the number of observed spots. This is depicted
schematically in Figure 6.10.
The red dotted circle in Figure 6.9 represents stage b) and c) of Figure
6.10, which shows formation of the patterns as small pockets of water. The
yellow and black dotted circles in Figure 6.9 represent stage d) of Figure
6.10. Stage d) shows that more water starts to invade along the glass of the
micro-model, creating a more continuous water film.
It is noteworthy that in a control experiment where the high salinity
brine was equilibrated for more than 3 days (4-9 days), we found coalescence of some of the water pockets (similar to Figure 6.10c). However still,
switching to low salinity water showed an additional de-wetting response
and contact angle reduction and oil release. This shows that equilibration
in high salinity in some systems may take more than 3 days; however low
salinity effect is reproducible and real.
One more observation in our study is that the response to low salinity water does not occur instantaneously but takes a relatively long time
(several hours to days) – see for instance Figure 6.3 and 6.4. During the
low salinity exposure, the contact line keeps receding and leads to less-oilwetting surface and reduction of contact angles. The order of time scale
(i.e. days) is quite consistent with those reported for oil-droplets on clay
substrates (Mahani et al., 2015b), although the contact length of oil with
solid wall is on average 10 times smaller. Joekar-Niasar and Mahani (2016)
proposed that the slow process of wettability change can be explained by
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F IGURE 6.9: De-wetting process: this figure shows a close-up section of Figure 6.3 (d
& g) which represents the postulated mechanism explained above for the structures
formed during the de-wetting process (see Figure 6.10 b & c). Fig. a) shows the end of
the high salinity regime after a shut-in period of 2 days. Fig. b) shows the end of low
salinity exposure during no flow; shut-in period (time 4 days).

F IGURE 6.10: Postulated mechanism for the formation of the oil/water structures. a)
100% oil-filled cross-section; b) water as wetting fluid is invading the oil along the glass
walls forming patterns in high salinity; c) Over time, the patterns develop further; some
more oil is detached from the wall to reach equilibrium film thickness in high salinity
conditions; d) additional de-wetting during low salinity conditions makes the patterns
coalesce.
electro-diffusion processes in charged thin films.
These timescales may not necessarily applicable for corefloods because
of the potential differences in pore size, oil–rock contact (diffusion length)
or other potential mechanisms which are not represented in the model
system. Moreover, in 2D micro-models the connectivity is generally lower
compared to 3D systems. In reality, the contact points of the low salinity
water with the crude oil may have a larger surface area to oil volume ratio. Also the diffusion length at the solid surface can be smaller or larger
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depending on pore-size and geometry and configuration of remaining oil
saturation in real rock systems compared to the micro-model.
Role of osmosis: secondary low salinity waterflooding
If the observed de-wetting structures indeed consist of small pockets of
water connected by water films, it is possible that osmosis may contribute
to the low salinity effect. In the literature the effect of osmosis has already
been discussed as potentially contributing to or even driving the low salinity effect (Sandengen et al., 2016; Fredriksen, Rognmo, and Fernø, 2016).

F IGURE 6.11: Crude Oil without clays in the micro-model after a secondary low
salinity waterflood under ’unaged’ conditions. Fig a) represents the end of oil flow period
(24 hrs of flow); b) represents the period during the low salinity waterflood; c) shows the
end of low salinity flow period (24 hrs of flow); d–f) represent stages of low salinity effect
after a flow period (no flow, shut-in period) at time (t) respectively. The black dotted
circles indicate the build-up of a water film (or film expansion) around the edges of the
pore to finally displace the oil (as shown by the red arrows).
The de-wetting patterns form already during high salinity, setting the
water films to high salinity conditions. The films that form are too thin
to allow convective flow during the observation timescales and therefore
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allow prolonged existence of (salinity) gradients. When switching from
high salinity brine to low salinity water, low salinity water has to diffuse
through the water film, causing the Debye screening length to increase
(around both oil and solid). This causes the water film to expand in the
de-wetting area, which results in wettability alteration and ultimately mobilization of oil from dead-end pores.

F IGURE 6.12: Crude oil without clays in the micro-model after a secondary low
salinity waterflood under ’aged’ conditions. Fig a) represents the end of oil flow period
(24 hrs of flow); b) represents the period during the low salinity waterflood; c–f)
represent stages of low salinity effect after a flow period (no flow, shut-in period) at time
(t) respectively. The black dotted circles indicate the build-up of a water film (or film
expansion) around the edges of the pore.
This process requires ionic diffusion through the water film. However, in our experiments (mainly tertiary mode low salinity waterflood),
osmosis could also potentially play a role in the wettability modification
because there is a salinity gradient between high salinity in the water
film and low salinity in the bulk phase. Therefore pure water can diffuse
through the bulk oil (functioning as semi-permeable membrane), resulting
in osmotic pressure build-up in the high salinity brine. This osmotic pressure drives oil out of the dead-end pores. However, the effect of osmotic
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pressure can still enhance the low salinity effect, as reported in JoekarNiasar and Mahani (2016).
In order to better understand the role of osmosis as a primary mechanism, we performed additional experiments with a secondary low salinity
waterflood. In such an experiment, there is no initial concentration gradient present in the system. If osmosis is a main driving force for the low
salinity effect, this experiment should show conceptual differences compared to that of tertiary floods.
However, our results displayed in Figure 6.11 and 6.12 (for aged and
unaged respectively) show de-wetting patterns, contact angle change and
oil mobilized from dead-end pores in a very similar fashion to that in the
tertiary case where osmosis is potentially present (see Figure 6.3). From
those observations we can conclude that in our setting, osmosis is not the
main driver for the occurrence of the low salinity effect.

6.4

Summary and conclusions

In this study, micro-models functionalized with active clays were used as
a model system for sandstone rock to study the low salinity effect on the
scale of a system of individual pores. A new method was developed to
deposit clays in micro-models and immobilize them on the solid surface.
Clays were first suspended in isopropanol which—after deposition of the
clays inside the micro-model—allowed for fast drying due to the high vapor pressure. After drying, clays remained attached to the glass surface
even after flowing through brines of different ionic composition.
These clay functionalized micro-models were used in a parametric investigation to study the influence of brine salinity, crude oil, presence of
clay and ageing on the response to low salinity. A criterion for a positive
response to low salinity is a change in the oil contact angle when switching from high salinity brine to low salinity water. That is indeed observed
in the case of systems containing crude oil. The most important finding is
perhaps that, even though the contact angle changes, oil is actually mobilized in only a few cases, because the contact angle change led to oil release
and reconnection with oil in adjacent pores. Subsequently, this led to mobilization of oil ganglia and incremental recovery. In a system where the
contact angle did not change, i.e. under high salinity or for n-decane, no
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such reconnection and mobilization was observed. That means that contact angle change is a necessary but not sufficient criterion for incremental
recovery by low salinity waterflooding. From our parametric study the
following conclusions can be drawn:
• A positive low salinity response in terms of contact angle change was
observed for systems containing crude oil, regardless of the presence
of clay.
• The process of ageing led to different initial wettability states (i.e.
different initial contact angles). This initial wettability state (aged
versus unaged) of the system did not influence the occurrence of the
low salinity effect.
• The low salinity effect in our system is not driven by change in interfacial tension, implying that changes in the solid-liquid surface energies upon brine dilution are of importance in this particular case.
• Related to the solid-liquid surface energies is the formation of dewetting patterns as a consequence of film instabilities. These patterns were observed during both high salinity and low salinity waterflooding. During shut-in of low salinity, we observed both the
mobilization of crude oil from the dead-end pores and the coalescence of de-wetting structures to form a continuous water film.
• The solid-liquid surface energies, the de-wetting patterns and the
water film expansion can be described by electrical double-layer expansion.
• Secondary low salinity waterflood experiments revealed that the role
of osmosis is not the primary mechanism towards occurrence of the
low salinity effect in our system, but may still contribute to the overall effect.

Part IV

Concluding remarks and
outlook

133

Chapter 7

Summary and Conclusion
Low salinity waterflooding is projected to increase recovery in secondary
or tertiary injection schemes in specific reservoirs. However, the increase
does not occur for each combination of crude oil, brine and rock (COBR).
Therefore, responsiveness of a reservoir to low salinity water must be
tested in the laboratory using a combination of special core analysis (SCAL)
techniques, such as coreflooding, centrifuge, porous-plate and spontaneous
imbibition experiments. The duration and costs of these experiments, the
large parameter space to be tested to find the optimum response, and the
more stringent requirements on equipment and protocols to accurately
capture the low salinity effect, make this approach suitable for describing
the behavior of known responsive fields. However, it is an inconvenient
method to identify and assess new candidate fields and find the optimal
ionic composition of injection brines.
Therefore, one of the main objectives for low salinity waterflooding
research is to achieve predictive capability, which is a necessary step to
support risk-reduced field deployment. This specifically means developing the possibility to screen efficiently which COBR system is expected to
be responsive in a favorable way to changing brine salinity. A second objective is the development of screening capability for the ionic composition
of injection brines that lead to the optimal response.
To contribute to achieving these objectives, we explicitly employed the
’length scale consistency’ approach in this thesis. The approach considers physics responsible for low salinity responses on each length scale. In
doing so, a knowledge gap between sub-pore and core scales became apparent, as described below.
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On the sub-pore scale, the literature shows many examples of a positive response to modifying or lowering of brine salinity. This response
could be a change in contact angle, zeta-potential, or adhesion force, usually favoring oil release from solid surfaces by moving to a more waterwet state. There are many proposed mechanisms that could cause or contribute to the response (Sheng, 2014).
On the core scale, experiments only sometimes show a response to
modifying brine salinity. The most important response is increase in recovery, but also other parameters, such as pH and ion content of the effluent,
may show a reaction. So far this cannot be correlated to (bulk) properties
of the COBR system or to sub-pore scale observations. In other words,
what has remained unclear is how sub-pore scale responses are connected
to core scale recovery. Finding the connection may bring predictive capability closer.
To address the issue of length scale consistency, we focus on the length
scale in between the sub-pore and the core scale, i.e. the pore-network
scale. However, before addressing the specific case of low salinity waterflooding, the higher-level general problem of displacement physics in
mixed-wet systems needs to be discussed. Mixed wettability is the natural
state of most oil bearing rocks and believed to be the preferred initial wettability state to observe a low salinity effect. However, while there is a lot
of experience in core scale behavior of mixed-wet systems, the pore scale
displacement physics is generally not very well understood. Pore scale
displacement physics and description of mixed-wet systems are typically
extrapolated from strongly water-wet systems by changing contact angles,
e.g. in quasi-static pore network modelling. However, in this work it is
shown that the flow regimes could be fundamentally different depending
on the wettability state of the system. Hence a simple extrapolation is most
likely not correct.
In this thesis, the focus was on describing the types and time scales of
displacement occurring in mixed-wet systems and compare them to data
from water-wet systems. After that, the alteration of wettability when
changing brine salinity was explored, including factors influencing the
process, relevant time scales, and possibilities for oil mobilization. The
equipment, tools, and experimental protocols necessary for addressing
these topics on the pore-network scale were developed in this thesis. The
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emphasis on equipment and protocols stems from the observation that experiments described in literature often fall short of explaining the methods
used. This is important because in many cases standardized methods are
not available.

7.1

Synthesis and outlook

Summarizing, the ‘length scale consistency’ framework followed in thesis,
combined with a workflow of increasing complexity, showed that research
should focus on the pore-network scale. This is the length scale at which
oil gets connected from individual pores and forms clusters, which in turn
aggregate to form an oil bank: a necessity for oil recovery (Lake, 1989).
The insights in this thesis pertain to the possibility to evaluate experimental protocols on the core and pore-network scale, laying the foundation
for the visualization and description of flow in mixed-wet systems, the
factors impacting flow and wettability alteration, and the time scales of
flow and wettability alteration. Each of these items is discussed in detail
in the following sections.

7.1.1

More complex flow regimes in forced imbibition

In core scale tests, relative permeability-saturation curves are measured
for the bulk porous medium. The equation used to describe the system on
this length scale (two-phase Darcy equation) suggests flow through unchanging continuous pathways only. However, this concept breaks down
when looking directly at the fluid behavior in the pore space: ganglion
dynamics can reconnect previously disconnected oil, changing what oil is
part of the connected paths. Ultimately, this means that even in steadystate experiments preferential pathways may shift over time, and consequently relative permeability may vary with time as well. These conclusions have been reached by studying water-wet systems (Armstrong et al.,
2014; Berg et al., 2014a; Youssef et al., 2014; Rücker et al., 2015b).
In mixed-wet systems forced imbibition seems to be more complex
than in water-wet systems, which was shown by conducting coreflood
tests in Chapter 3 and 4. We found that besides water filling events, also
oil filling events stretching over multiple pores can occur in the pore space
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of mixed-wet systems. In other words, flow in mixed-wet systems is a
separate regime characterized by a broader range of time scales and displacement possibilities. Therefore, ganglion dynamics may be more important in mixed-wet systems than in water-wet systems, leading to a bigger discrepancy with the concept of relative permeability. This is not only
significant for low salinity waterflooding, but also may have far reaching
implications for any field in which multiphase flow is modeled.
Based on these findings, future research should focus on the characterization and description of flow regimes and dynamics of mixed-wet
systems in addition to water-wet systems. The goal should be to incorporate wettability explicitly into a physical description of flow on the porenetwork scale, and to determine how this can be used in an up-scaled
description of flow. A start would be to investigate displacement in a
bandwidth of wettability states, ranging from completely oil to completely
water-wet and from homogeneously-wet to mixed-wet. Decomposition of
the influence of individual sub-pore scale phenomena (such as mineralogy
and roughness) on pore scale displacement is also not clearly characterized.
A missing part in upscaling from the pore-network scale to the core
scale is the observation of the formation of an oil bank. The formation of
an oil bank is a well-established requirement to recover oil (Lake, 1989).
This also holds for low salinity waterflooding, both in secondary and tertiary mode. Yet this notion of oil bank formation is virtually not discussed
in literature on low salinity waterflooding. Visualization of the way an
oil bank forms and/or is displaced, and how this is improved because of
the lowered salinity, could offer important insights in the way pore scale
processes lead to additional recovery. However, the length scale at which
such an oil bank may be observable spans 10’s of centimeters up to possibly several meters. This makes it experimentally challenging to observe.

7.1.2

Wettability dependent forms of spontaneous
imbibition

The (initial) wettability state influences not only flow in forced imbibition experiments, but also crude oil production in spontaneous imbibition
tests (Amott tests). In Chapter 5, spontaneous imbibition was addressed
on small and standard-size samples as used in SCAL. Depending on the
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initial wettability state of the samples, spontaneous imbibition manifested
itself in different ways: for water-wet samples an imbibition front forms,
whereas in mixed-wet systems imbibition seems to occur through localized water filling events throughout the sample.
Generally, it is assumed that spontaneous imbibition in cylindrical samples occurs around the entire perimeter approximately simultaneously.
When considering a circular cross-section, this implies also a circular imbibition front. However, we found that the imbibition front in the water-wet
system was not circular. This may be connected to preferential production
sites which were only observed for the water-wet systems. These sites
cause more rapid imbibition in some spots than others, causing asymmetry in the imbibition process.
Additionally, the production-time curves for the mixed-wet SCAL sample did not match pore scale observations. Significantly more oil was produced than could be accounted for from the images of the pore space. This
is an important finding since the main variable that is measured in spontaneous imbibition is the production rate and production total of oil. We
think the mismatch may be related to enhanced connectivity of oil through
the oil film that covered the outside of the sample. In such cases, the length
over which the buoyance force acts, is not a single pore, but the longest
scale of connected phase. Here it is the length of the sample, which increases the influence of the buoyancy force in the buoyancy-capillary force
balance.
Therefore, we also investigated this force balance in more detail. The
effect of buoyancy on connected oil that protrudes from the pores was
found to be significant, yet in the pore space the effect is thought to be
insignificant. In other words, buoyancy was not important in the pore
space of the rock, but at the perimeter of the sample where it connects with
the imbibing fluid it is: when capillary forces fall away, the force balance
between capillary and buoyancy forces shifts to favor buoyancy.

7.1.3

Factors impacting wettability alteration

With respect to the specific case of low salinity waterflooding this study
shows that many factors (implying many mechanisms) may cause or contribute to a low salinity effect locally, which is in line with Chapter 2 and
6. However, it is imperative to distinguish between a local response/effect
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and recovery; a distinction that is rarely made in the literature. To some extent this explains why so many different mechanisms are proposed but no
predictive capability has been achieved so far and stochastic approaches
to model response have been ineffective. In addition, it should be noted
that even though some factors may not influence the occurrence, they may
influence the magnitude of the effect, which was not investigated in this
study. The experiments showed that from the tested factors (oil type, ageing, injection mode and presence of clay) the type of oil influenced the
occurrence of the response to low salinity water most, as discussed in the
next paragraph.
The micro-models containing crude oil showed a reaction to reduced
brine composition due to the change of contact angles to more water-wet,
whereas all systems with model oil remained inert. This implies that polar
groups, or even a subgroup of them, are required for a response to occur.
In some cases, even increased connectivity of the oil phase was observed
after exposure to low salinity water. This is contrary to previous findings
in core scale experiments, where clay content was reported to be an important factor for any effect to occur (Tang and Morrow, 1999). It would
be interesting to expand our study by investigating the effect of connate
water on wettability alteration. Additionally, a stochastic approach could
be taken to investigate the influence of the aforementioned factors on the
magnitude of the low salinity effect.

7.1.4

A response without mobilization and recovery

We also showed that it is possible to alter wettability without additional
oil mobilization. In other words, we offer a potential explanation why
systems that seem responsive to changes in brine salinity on the sub-pore
scale, cannot guarantee additional recovery on core scale and above. Note
that even when oil is recovered in these experiments, the result cannot be
directly translated to larger length scales since micro-models are generally
below representative elementary volume. A first option to investigate mobilization better would be to use micro-models with network geometry.
Besides addressing factors that influence the response, some results related to the mechanisms behind the response. For this crude oil, brine,
rock system, interfacial tension does not change significantly when salinity changes. That means that in this study the solid-liquid surface energies
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are of greater importance than the liquid-liquid surface energy. An additional finding from secondary mode experiments was that osmosis is not
the primary mechanism for low salinity flooding, but may still contribute
to the overall effect.

7.1.5

Time scales of flow and wettability alteration

Another finding from direct observation of the pore space is related to the
apparent discrepancy in time scales for response to a change in brine concentration. The time scale for wettability alteration processes is not in line
with time scales observed in the forced imbibition studies of Chapter 3
and 4. Contact angles changed in the micro-model experiments (Chapter 6) reflecting a more water-wet state after hours to days when salinity
was changed. This cannot be explained by Fickian diffusion in the waterfilm, but requires incorporating the effect electrochemical potentials of
liquids and solids have on the diffusion process (Joekar-Niasar and Mahani, 2016). In forced imbibition experiments pore occupancy changed
on much shorter time scales. In addition, the time scale of some of the
displacement events in mixed-wet systems is orders of magnitude larger
than that of events in water-wet systems (Bartels et al., 2017a; Rücker et al.,
2018).
Is the low salinity effect a solid-liquid or liquid-liquid interface response?
This question ties into the discussion whether the dominant effects for a
response to low salinity waterflooding take place at liquid-liquid or solidliquid interfaces. Most studies link the effect to a change in wettability
i.e. an effect at solid-liquid interfaces [e.g. Mahani et al. (2015b), Mahani
et al. (2017), and Sheng (2014) and references therein]. However, recently,
oil connectivity due to e.g. interfacial rheology is suggested to be important as well, which is an effect of the liquid-liquid interface (Alves et al.,
2014; Morin et al., 2016; Wang and Alvarado, 2017). This potentially means
wettability alteration could be only a side effect. One option to investigate this are micro-models with network geometries that allow tracking
of necks and interfaces. If the length of necks before snap-off is larger
in a low salinity environment compared to a high salinity environment,
connectivity may be prolonged. That would indicate a dominant effect of

140

Chapter 7. Summary and Conclusion

liquid-liquid interfaces. Simultaneously, contact angles and the shape of
liquid-liquid interfaces can be monitored which, provided interfacial tension stays constant, indicates the effect of solid-liquid interfaces.
The time scales also may constrain the experiments that are useful to
study the low salinity effect: for example, if wettability alteration is more
important to the overall response, the time scale up to several days makes
dynamic experiments unnecessary. Another implication of observing this
time scale discrepancy is that adding shut-in periods to coreflood experiments may enhance the low salinity effect.

7.1.6

Experimental set-ups and protocols

Insights in existing workflows and protocols
Using micro-CT scanners, the influence of core scale experimental workflows and protocols on the sample and the fluids in the pore space was
directly observed. This allows the assessment of, often long-standing, core
scale protocols used in steady state and unsteady state SCAL experiments,
and in Amott spontaneous imbibition tests. Adding pore scale information provides an additional way of visualizing the capillary end effect and
of remaining or forming gas bubbles. Additionally, the functioning of a
sleeve and the stability of the confining pressure could be monitored insitu to ensure correct experimental conditions.
An example of the added value of micro-CT scans to core scale protocols is related to standard protocols for spontaneous imbibition experiments. This procedure requires rolling the rock sample over a wetted surface to remove excess oil from the sample surface. We found that doing
this significantly influenced the production curve, which is the most important variable monitored in these tests. Conventional CT scans cannot
reach the appropriate spatial resolution to observe this.
These findings suggest that the suitability of sample preparation procedures and techniques for experiments should be investigated by complementary micro-CT tests. This may be of interest for protocols regarding
sample handling, use of dopants, saturation and desaturation techniques,
and ageing time scales. Adding pore scale information may help identifying weak spots in protocols and help executing experiments correctly.
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Standardizing these protocols should also make it easier to directly compare results from different studies, which was difficult in the literature to
date.
New set-ups and protocols
We also developed new set-ups and protocols in this thesis. The set-ups
are discussed in detail in Appendix D, but a short summary is given here.
First, a novel mode of operation was devised for a coreholder used in studies on fractional flow in water-wet systems (Rücker et al., 2015b). The operation of the coreholder was adapted to support tertiary mode enhanced
oil recovery experiments [Chapter 3 and 4]. Second, procedures that are
needed for increasing representativeness of micro-models for sandstone
were developed as detailed in Chapter 6. Third, a mini-coreflooding unit
(coreholder and flowloop) and two coreholders (one for mini-plugs and
one for plugs used in SCAL) for spontaneous imbibition experiments were
developed for use in X-ray microtomography experiments, which are discussed in Chapter 3, 4 and 5.
An important additional finding when using these new set-ups was
the instability of iododecane, a very common dopant for the oleic phase.
Ioadodecane showed significant chemical instability under influence of
hard X-rays, moderate increases in temperature, and time. Hence, contrast decreased extensively in some experiments, which made segmentation impossible. These experiments have not been included in any form in
this thesis.

7.2

Concluding remarks

In this thesis, we gained novel insights into the pore scale flow regimes
and associated length and time scales of displacement in mixed-wet systems. It was shown that flow in mixed-wet systems is not a simple extrapolation of flow in water-wet systems, which is generally assumed in scientific literature. Additionally, we revisited the proposed prerequisites for
low salinity waterflooding by studying the sensitivity of the response/wettability alteration to oil type, ageing, injection mode and presence of clay.
Furthermore, this thesis shows why a response on the sub-pore scale may
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not be sufficient for a core scale response, which led to the conclusion that
wettability alteration by itself is insufficient to explain additional recovery
when changing brine salinity. This is contrary to the main body of scientific literature, where it is often stated that wettability alteration is the
sole driver of the low salinity effect. Furthermore, processes impacting
the response of a system to low salinity water have been shown to cover
a wide range of time scales: from an immediate response up to several
days. Hence, for the spontaneous imbibition experiments, which usually take several weeks/months, the wettability alteration process may
become very relevant. However, in coreflooding tests the time scale of
wettability alteration makes other mechanisms e.g. liquid-liquid interactions relevant as well.
All these results relate to the question how sub-pore scale responses are
connected to core scale recovery and the physics connecting both scales.
Continuing work related to connectivity and oil bank formation on the
pore-network scale is the most important next step in determining the
physics that needs to be taken from sub-pore to core scale to explain the
low salinity effect. After mathematical description of these processes, pore
and larger scale modelling may provide insight in relative importance of
factors and mechanisms influencing the overall low salinity effect. These
steps may bring the community closer to achieving one of their main goals:
gaining predictive capability.
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Appendices A-D
A large portion of this thesis contains work conducted using X-ray microcomputed tomography, often abbreviated as micro-CT. This technique allows non-destructive imaging of rock samples and the fluids they contain
by X-ray scanning of the sample. There are two main variations in microCT scanners: benchtop systems and synchrotron beamlines. In general,
synchrotron beamlines outperform benchtop scanners both in terms of
spatial and temporal resolution. However, benchtop scanners are improving very fast and have are easily accessible and relatively straightforward
to operate.
In these Appendices, the principles behind micro-CT scanners of the
most common variety are discussed, i.e. sample rotation with only geometrical magnification. In addition, spatial resolutions for different tube
and detector settings are presented for the two in-house micro-CT scanners of Shell Global Solutions International B.V. (Appendix A). This is followed by a short discussion on the use of dopants in attenuation contrast
imaging (Appendix B). Subsequently, the reconstruction and image processing workflow is discussed, highlighting the effect of image processing
errors and operator bias on analyzing and quantifying the images (Appendix C). Finally, the different set-ups that have been developed in this
thesis are presented in Appendix D.
Please be aware that no rights can be derived from the drawings of
these set-ups presented here, nor regarding the set-ups that are built using these images, nor the operation of those set-ups built based on these
images. These set-ups should be considered as advanced scientific equipment and should therefore only be operated by sufficiently trained personel.
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Appendix A

Micro-CT Hardware
Configuration and Spatial
Resolution

A.1

Introduction

X-ray micro-computed tomography (micro-CT) is a non-destructive technique that provides 3D insight in the composition and structure of objects
by means of tomographic scanning and reconstructing principles. A typical set-up consists of at least a source, a sample stage, and a detector, as
depicted in Figure A.1. Both Shell micro-CT scanners operate on basis of
sample rotation. Alternatively, scanners may operate based on gantry rotation (i.e. rotation of source and detector with a stationary sample), which
is similar to medical CT scanners.
In this thesis, micro-CT scanners are used to visualize both dry pore
space and fluid distributions in rock samples to study the pore structure
of the rock and the oil-water-rock interaction. To obtain parameters of interest in an efficient way, the trade-off between the temporal resolution,
spatial resolution, and field of view (FOV) needs to be optimized for the
experimental purpose. Most of the time, FOV and spatial resolution are
the two factors of importance to benchtop experiments. For bulk properties, a FOV near REV of the desired properties is needed. These relatively
W.-B. Bartels, A. Nugrowati
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F IGURE A.1: A typical set-up in a cone-beam geometry, taken from Wildenschild and
Sheppard (2013).
large FOVs coarsen the spatial resolution. For localized observations (such
as interfaces, cluster shapes, and microporosity), FOV is of less importance, but knowledge about the smallest observable feature is. Therefore,
it is important to know what the physical resolution of the whole imaging
system is and how it is influenced by changing system settings. This is
discussed after a general introduction into X-ray micro-computed tomography.

A.1.1

X-ray tube, spectrum and interaction with matter

The benchtop micro-CT scanners utilize X-ray tubes to generate the X-ray
beam during scanning. X-rays originate when electrons emitted from a
filament are accelerated towards the anode where they interact with the
anode material. The continuous spectrum shown in Figure A.2a is generated by Bremsstrahlung, caused by the slowing down of electrons hitting
the anode. Electrons hitting the anode may also cause holes in electron
shells of the anode material, usually from the K-shell. These holes are
filled by outer-shell electrons, which creates so called (K-edge) characteristic radiation which is shown in Figure A.2d.
The lower energy range is filtered out immediately when the radiation
exits the window of the X-ray tube. The different spectra generated at the
anode, when leaving the X-ray tube, and hitting the detector are shown in
Figure A.2a-c.
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F IGURE A.2: X-ray beam spectrum as function of beam energy. a) radiation directly
from tube anode, b) spectrum emitted by the source c) spectrum after filtering arriving at
the detector d) characteristic radiation because of photon-matter interactions.
The photons that are emitted from the X-ray tube, may scatter by means
of Rayleigh scattering, which predominantly occurs for low photon energies. They may also interact with matter such that new photons are
emitted and the original photon loses its energy. There are three different ways this can happen: the photo-electric effect, the Compton effect,
and by the formation of electron-positron pairs. Depending on the energy
of the inbound photon, one of these regimes is dominant, see Figure A.3.
The optimum energy for micro-CT studies in porous rock with respect to
contrast between different phases (rock, oil, water) is in the range that is
dominated by the photo-electric absorption, i.e. below 100 keV as is also
shown in Figure A.3.
Note that photons are also capable of creating holes in electron shells
(again the K-shell is most susceptible). When those holes are filled by outer
shell electrons, characteristic radiation is generated again. In some cases,
this may help increasing contrast when one of the fluid phases contains
atoms that have a K-edge with an energy near the intensity peak of the
beam spectrum. That phase will be more attenuating.
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F IGURE A.3: Dominance of different interactions of X-rays with matter based on the
photon energy and the atomic number Z (based on Eijnde and Schouwenburg, 2013).
The highlighted regions indicate typical elements found in crude oil, brine, rock (COBR)
systems with their Z numbers between brackets.
The benchtop micro-CT scanners used in this thesis utilize an X-ray
tube as photon source, and scan in a conical beam geometry. This means
that the X-rays emitted project images of an object at various angles on
a detector screen, as shown in Figure A.4. As in the figure, the image
magnification is purely geometrical and determined by the distance ratio
between the source-detector and object-detector. To obtain the dimensions
of the smallest detectable feature possible, one would assume that it is
sufficient to set the magnification as large as feasible. This can be achieved
by putting the sample close to the source and far away from the detector.
However, due to the physical dimension of the sample and the optical
properties of the complete projection system, there is a limit to the smallest
size that a micro-CT scanner can image. This will be discussed in the next
sections.
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F IGURE A.4: Schematics of a 3D cone-beam geometry during tomographic scanning
and its geometrical magnification (Bultreys, De Boever, and Cnudde, 2016). SOD is the
source object distance, ODD is the object detector distance.

A.2

Spatial resolution of micro-CT scanners

To understand the multiple factors that affect the spatial resolution of a
micro-CT scanner, we can look at the schematic of an X-ray source with a
spot size S, projecting an object at a distance a (SOD) onto a detector at
(a + b) (= SOD+ODD) distance from the source; see Figure A.5.
For a micro-CT scanner to obtain the ideal maximal resolution with a
sharp image (rS = 0) the X-ray should be emitted in a point-like source
S = 0; the object should be placed as close as possible to the source a = 0;
and the physical dimension of the pixels on the detector that capture the
image of a sample should be as small as possible. In reality, due to the
finite spot size, the physical distance between the source and the sample,
and the finite pixel size of the detector this cannot be achieved. The blurring in the detector plane (Feser et al., 2008) is:
rS = S

b
a

(A.1)

and with the geometrical magnification, M,
M=

a+b
a

(A.2)
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F IGURE A.5: Schematic of rays during projection using a micro-CT scanner,
illustrating the influence of the spot size of source S on the image sharpness (Feser et al.,
2008).
and the realization that the digital detector system has a finite pixel size
rD , the governing equation that gives the theoretical spatial resolution
limit of the total system rt can be written as:
q
2 + r2
rD
S
rt =
(A.3)
M

A.2.1

Source parameters that influence spatial resolution

As explained above, the goal is to have an infinitesimal source spot, and
the largest magnification to obtain the highest resolution. At small objectsource distances, i.e. for large magnification, the spot size S is the limiting
factor. It is influenced by two parameters:
• the current [µA] or power [W] at the X-ray tube used to generate the
electron, and
• the energy of the source [kV] used to accelerate electrons to go through
samples.

A.2. Spatial resolution of micro-CT scanners
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Detector properties that influence spatial resolution

To obtain 3D insight in an object, a micro-CT scanner exploits the difference in attenuation of materials in the X-ray wavelength domain, which
theoretically allows a very high image resolution projected onto the detector. However, the detector itself also limits the resolution of the captured
image. The two factors that are most important in this are:
• the voxel (volume-pixel) size, which determines the image size and
often chosen to be the same as the detector’s pixel size cubed (also
indicated as the nominal resolution), and
• the Signal-to-Noise Ratio (SNR), which is a description of how much
information a signal contains compared to noise. This is determined
by the scanning procedure, i.e. the number of pixels binned when
recording the image, the source-object-detector distance and geometry, as well as the integration and exposure time. This will be discussed further in section A.2.4.

A.2.3

Voxel size

Choosing the voxel size is depending on the goal of the experiment and
is connected to the required FOV and desired temporal resolution. For instance, coarse voxels are sufficient if quick, crude estimations of saturation
are required in a large FOV. If fluid-fluid interfaces are of interest, the FOV
can be smaller to benefit of the spatial resolution. In general, for accurate
determination of interfaces a voxel resolution of < 3 µm is required. However, when voxels get smaller, the FOV also get smaller for fixed detector
size. This means one scan may not be enough to cover a representative
(elementary) volume for the desired parameters such as porosity or permeability.

A.2.4

The influence of binning on the signal-to-noise ratio

The principle of binning is shown in Figure A.6. The advantage of binning is that there is a reduction in noise. Whenever a detector (CCD camera, film, your eye) is exposed to a signal (light), there is always a certain
amount of noise associated with the image. This noise may be random
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or systematic and it also may come from multiple sources. The dominant
source of noise for CCD Detectors is the amplifier. The noise reduces the
efficiency with which the signal is received.

F IGURE A.6: Illustration of binning of detector pixels. The Procon-CT alpha only has
the ’binning 2’ option, which means that it reduces the number of pixels by a factor of
two in both the horizontal and vertical direction. The area of the pixels is four times as
large in the binned detector (right) as in the unbinned detector (left). This also means
that at equal beam energy and exposure time, one pixel of the binned detector captures
four times as much photons as an unbinned pixel. Note that to achieve the equal
signal-to-noise ratio in the unbinned detector, a factor two in beam energy or exposure
time is required.
For example, every time an image is downloaded from the CCD camera, there is a bit of noise (uncertainty) in the values because the process
of reading the chip and transferring the information is not perfect. This is
called ’read noise’. It is intrinsically random and unavoidable. Each pixel
has a bit of signal and noise.
SN Runbinned =

Signal
Signal
=√
N oise
Signal

(A.4)
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This is where the benefit of binning becomes clear. By making a larger
pixel in merging several individual ones, the number of read-out points is
reduced whilst the signal has become stronger. This means that the SNR
increases. As an example, imagine a square (2 × 2 array) of four pixels.
Each pixel has signal and noise. If you add the values of the four pixels
together you will have the ratio:
SN R4unbinnedpixels =

4 · Signal
4 · Signal
√
=
4 · N oise
4 · Signal

(A.5)

This particular type of electronic noise adds as the square root because
it follows the Poisson distribution. In the binned case, consider a single
’superpixel’ by binning the individual small ones as shown in Figure A.6.
It still has the same area of 4 · Signal, which means the same amount of
light was detected. However, there is just one instance of read noise. So,
the ratio becomes:
4 · Signal
4 · Signal
Signal
=√
=2· √
= 2 · SN Runbinned
N oise
4 · Signal
Signal
(A.6)
This is a larger number than the unbinned group of four pixels. Thus, the
same amount of light fell on the chip, but the binned pixel receives more
signal in a relative sense. Therefore, the chip is acting as if it was more
sensitive. A drawback to binning is the loss of resolution, since smaller
pixels detect more portions of an object.
Besides the pixel size, the source spot size should be considered in finding the maximum spatial resolution. In Figure A.7, the importance of the
spot size is increasing when decreasing the source-sample distance. This
means that for high magnification, the spot size becomes the limiting factor.
For example, if the source-sample distance is 50 mm, the source-detector
distance is 720 mm and using an unbinned detector the predicted theoretical resolution for an infinitely small spot size would be
SN Rbinned =

rt =

rD
0.05
=
= 3.5µm
M
14.4

(A.7)
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F IGURE A.7: Influence of pixel size only (straight lines) and spot size and pixel size
together (curved lines) on theoretical spatial resolution. The source-detector distance is
fixed at 720 mm.
However, with a correction for spot size, where S = 4 µm
q
p
2
rS2 + rD
(4 · (670/50))2 + 0.052
rt =
=
= 5.1µm
M
14.4

(A.8)

Theoretically, there is no point in choosing a magnification that leads
to a resolution that is better than the spot size. The question is: where
is the cross-over point from spot size dominated to detector dominated
regimes? The answer lies in decomposing:
q
2
rS2 + rD
rt =
(A.9)
M
r2
r2
rt2 = S2 + D2
(A.10)
M
M
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r2

Plotting both MS2 and
the cross-over point is.

2
rD
M2
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as is done in Figure A.8 gives an idea where

F IGURE A.8: Theoretical system resolution versus source-object distance as function
of spot size and binning. Spot size versus detector dominated regimes for two different
spot sizes S and two different detector pixel sizes rD . The figure should be interpreted as
follows: for a spot size of 4 µm and a unbinned detector, the spot size is not limiting for a
source sample distance of about 50 mm. The binned detector has a smaller spot-size
dominated regime since the pixels are larger and therefore the spot size dimension is
approached faster.

A.2.5

Optical magnification

Some systems, such as the Zeiss Xradia Versa 520, use an optical lens
for magnification instead of using purely geometrical magnification. For
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these systems, the same logic holds as outlined above, but it is more difficult to separate the influence of different factors (pixel size, spot size,
source-detector distance etc.) on the spatial resolution.

A.2.6

Experimental methods to determine spatial resolution

Up to now, we have taken the geometrical approach to determine the system spatial resolution. The emitted point-like X-ray source follows the
wave behavior of light as it goes through the projection system and gets
spread out (blurred, smeared) when imaged onto the detector. The Point
Spread Function (PSF) is used to describe how the profile of a point-like
source is spread out on the detector. Typically, the profile follows a GaussBell shape where narrower profiles indicate higher spatial resolution.
Experimentally, there are two possible methods to determine the spatial resolution of a micro-CT scanner:
• Using a 3D thin object with a known absorption characteristic (tungsten phantom wire). A 3D scan is performed to image the thin wire.
The obtained PSF is then Fourier transformed to describe the spatial frequency response of the system, also known as the Modulation
Transfer Function (MTF). Typically, the spatial frequency at which
the MTF drops below 10% is taken as the spatial resolution, corresponding to the average visual acuity of the eye, as illustrated in
Figure A.9. The MTF itself can be expressed as the image contrast
MTF =

Vmax − Vmin
Vmax + Vmin

(A.11)

with V the intensity profile of the recorded image.
• Using an object of known geometry such as a series of lattices with
decreasing size (for example JIMA charts, depicted in Figure A.10,
which are widely used for testing X-ray sources). Lattice objects with
varying spatial frequencies are scanned. As the size of the lattice
decreases, so does the contrast between lattice and background. An
operator determines the smallest recognizable object that can still
be distinguished. This method is very intuitive to follow, yet it is
also more subjective to the eye of the observer compared to the PSF
evaluation method.
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F IGURE A.9: Modulation Transfer Function explained as (top) original sine pattern,
with blurred image underneath, described in its modulation (middle – red curve) that
decreases at higher spatial frequency, and the corresponding MTF or the contrast
(bottom – blue curve) that becomes difficult to resolve below 10%, taken from (Imatest,
2017).

A.2.7

Experimental method

In investigating the spatial resolution of the micro-CT scanners (ProconCT alpha and Zeiss Xradia Versa 520) in the Shell Rock and Fluids laboratory, two JIMA charts with lattices with different sizes ranging down to
0.1 µm were used. As discussed in the previous section, spatial resolution is determined by analyzing when the contrast of the projected image
becomes unresolvable. To reduce the subjectivity of this method, several
measures are taken when evaluating the images.
• To calculate the MTF, the intensity profile of an image V is averaged
over more than 100 line profiles and over 3-5 lattices.
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F IGURE A.10: Schematic design of JIMA Chart showing series of horizontal and
vertical lattices with varied spatial frequency.
• A threshold of 10% of maximum contrast (MTF = 10%) is applied to
each evaluated image to determine optical spatial resolution.
• During the evaluation on the effect of a certain parameter towards
the spatial resolution limit, other parameters are fixed.
Since (both) scanners vary significantly in their operations, results for
one scanner cannot directly be applied to the other.
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Spatial resolution for different settings

A.3.1

Results for Procon-CT alpha micro-CT scanner
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The Procon-CT alpha micro-CT scanner is a relatively old scanner. It is
a cone-beam scanner based on sample rotation and geometrical magnification only. It has the advantage that the hardware can be modified and
manipulated by the user in a straightforward way. The downside is that
its operation is not user friendly.
Optimum number of averaging, and exposure time
Because of the large parameter space, appropriate integration/exposure
times and projection averaging for fixed tube and detector settings were
determined. In Figure A.11 it is shown that averaging over more than 3
images does not improve resolution, nor does having an exposure time of
longer than 3 s. Therefore, exposure times of around 3 s and averaging of
3 projections were used throughout the rest of the study of the Procon-CT
alpha.

F IGURE A.11: Optimization of exposure (integration) time and averaging for the
Procon-CT alpha at 110 kV, 250 µA and 3.1 W. The darker the color, the higher the
spatial resolution.
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Several voltage and current settings
Using the obtained exposure times and averaging number, the tube settings were varied. The effect on resolution is shown in Figure A.12. For
very large magnification (140 ×), the spot size of the source may be limiting. However, since the size of the spot is not known, it is difficult to draw
definitive conclusions about this. Binning the detector at large magnifications is almost always improving resolution.

F IGURE A.12: Spatial resolution as function of current and voltage for the
Procon-CT alpha for 3s exposure time and an averaging of 3 projections. The darker the
color, the higher the spatial resolution.
The performance of binned versus unbinned detectors
In Figure A.13, the gray value/intensity level is plotted versus number of
pixels across one of the gratings of the JIMA chart. The larger and steeper
the difference between peaks and valleys, the better gratings are resolved.
Therefore, the 10 µm features are better resolved and the MTF of the lefthand side graph will be closer to 1 or 100%.
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F IGURE A.13: Procon-CT alpha: Gray values plotted against number of pixels for
gratings of 10 µm (left) and 3 µm (right). The background of the JIMA charts is white
and therefore has high gray values, lines have low gray values. Both images are for tube
settings of 150 µA and 70 kV and a binned detector.

F IGURE A.14: Procon-CT alpha MTF for binned and unbinned detector at 70 kV and
150 µA.

162

Appendix A. Micro-CT Hardware Configuration and Spatial...

As shown in the previous section, binning may have a positive effect
on the optical resolution of the system. This is related to the signal-tonoise ratio as explained in section A.2.4. Therefore, the resolvability of
the gratings as shown in Figure A.13 may be decreased or enhanced by
changing the detector binning. This is illustrated in Figure A.14, where
similar resolutions are achieved for binned and unbinned detectors. The
added advantage is of course that scanning with a binned detector reduces
scan time.

A.3.2

Results for Zeiss Xradia Versa 520 micro-CT scanner

F IGURE A.15: Spatial resolutions in micrometers for the Xradia Versa 520 as
function of tube power and voltage. The magnification lens was set to 4 × for SOD and
SDD. The darker the color, the better the resolution.
The Zeiss Xradia Versa 520 micro-CT scanner is also a cone-beam scanner
based on sample rotation, and is relatively straightforward to use. However, because of this ‘user friendliness’ it has lost flexibility. In addition,
there are magnification lenses present, which makes analysis of the data
obtained in this study rather difficult. Since it is beyond the scope of this
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thesis to fully examine the intricacies of micro-CT scanners, the results are
presented here with only a brief discussion.
From Figure A.15 the Xradia seems to perform better at lower power
and lower voltage. This may be related to the spot size, which is a function
of both. In addition, keeping the voltage constant and varying the power,
does not seem to significantly influence the resolution.

A.4

Concluding remarks

In the end, the trade-off between temporal resolution, spatial resolution
and FOV should be optimized for the scientific questions that need to be
addressed and the properties that are required. Coarse spatial resolutions
usually mean faster scans and a larger FOV. A larger FOV implies being
closer to REV, which is necessary for obtaining bulk properties such as
porosities and permeabilities. However, in this scenario localized phenomena and details may fall below system resolution. Therefore, it is important to know what the spatial resolution of the whole imaging system
is and how it is influenced by changing system settings.
In the sections above, it is shown that many parameters have an effect on the resolution of the system and that choosing the correct tube and
detector settings go a long way in optimizing the temporal and spatial
resolution, and FOV. In particular the effect of binning is significant – an
effect that becomes more pronounced for large magnifications. When optical magnifications are used in addition to geometrical magnifications, the
sensitivity of system resolution to tube and detector settings appears to be
reduced.
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Appendix B

Dopants in Crude Oil, Brine,
Rock Systems

B.1

Introduction

X-rays are used in the experimental workflow of the oil and gas industry
to non-destructively image rock and fluid systems. Both regular CT and
micro-CT can be used to do so for varying sample sizes and spatial and
temporal resolutions. In order to visualize all three phases (grain, brine
and oil) in a system there should be sufficient contrast between the phases.
Contrast can be defined as the difference in gray level between two
adjacent phases compared to the signal-to-noise ratio. If the difference
between the gray values is large compared to the noise, the contrast should
be sufficient to separate the different phases during the segmentation of
the images. There are two different modes in which this can be achieved:
attenuation contrast imaging and phase contrast imaging, see Figure B.1.
Phase contrast imaging is based on the phase shift of the scattered photons. It is particularly useful in imaging interfaces (even liquid-liquid interfaces) and imaging elements with low absorption contrasts, an example
of which is shown in Figure B.2.
Low absorption contrast is caused by imaging elements with low atomic
number (Z-values) using low energy beams, or also moderately high Zvalues using high energy beams. It usually requires specific set-ups not
W.-B. Bartels, H.A van der Linde
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F IGURE B.1: Contact and far field imaging reconstruction and their capacity to
resolve perfect absorbers (red disks) and perfect phase objects (blue) different densities
(Als-Nielsen and McMorrow, 2011). In the ‘Contact’ region, there is only absorption
contrast imaging. Increasing distance d between sample and detector shifts the imaging
more to phase contrast methods.
readily available in most labs such as monochromators. Yet, there are
workarounds where a set of gratings can be used to get the desired effect.
Still, attenuation contrast imaging is much more common. In this case,
the difference in gray level is based on X-ray attenuation of the phases.
The X-ray attenuation depends on the density and the atomic number of
the phases and on the X-ray energy. An example is shown in Figure B.3.
The more attenuating phase will thus appear darker (lower gray value)
on a transmission image and brighter (higher gray value) on an attenuation image. In case of the oil, brine and rock system, the densities of brine
and oil and their Z-numbers (e.g. Hydrogen (Z=1), Carbon (Z=6) or Oxygen (Z=8)) are often too close to each other to distinguish between the
phases. In such case, a dopant can be added to one of the phases.
A dopant may increase the density of the phase or aid contrast by

B.1. Introduction
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F IGURE B.2: Effectiveness of a) absorption contrast and b) phase contrast for low Z
material (taken from Pfeiffer et al., 2006).
photo-electric absorption. The latter process is only energetically possible when the energy of the X-rays is above that of the binding energy of
K shell electrons and causes jumps or adsorption edges in the Energy –
Intensity spectrum.
The behavior of the spectrum at the detector is thus non-linear and depends on the incident radiation of the beam, the materials the X-rays travel
through, and the spectral sensitivity of the detector. In this appendix, spectrum changes based on theory and computed in Excel are discussed for a
typical core holder – crude oil-brine-rock system. In addition, a short discussion is added on the dopants used in this thesis.
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F IGURE B.3: Mass attenuation coefficients from NIST (Hubbell and Seltzer, 2017) for
iodine (Z=53), carbon (Z=4) and oxygen (Z=8) up to a maximum tube energy of 77 kV.
The jump in attenuation factors around 33 keV for iodine is because of K-edge
attenuation. Note the y-axis is on a log-scale to enhance the difference between the
curves for oxygen and carbon.

B.2

X-ray spectrum emitted by the source

X-rays are generated by electrons and photons interacting with matter. We
distinguish X-rays from photo-electric absorption (and subsequent fluorescent ’K-edge’ X-ray emissions) and from deceleration of electrons (Bremsstrahlung). Together they determine the spectrum that arrives at a certain
point in space. If a source generates X-rays by shooting electrons at an
(often Tungsten) anode, the maximum energy of the generated X-rays is
equal to the maximum energy that an electron caries on impacting the anode. The slower the electrons move, the less efficient collisions become
and the more efficient decelerations become. Therefore, the IntensityEnergy spectrum leaving the source will look something like Figure B.4,
with characteristic peaks for the photo-electric adsorption and a maximum
energy equal to the 1/3 of the tube energy. The spectrum was generated
with a maximum energy of 77 kV with help of an Excel sheet based on
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(Boone and Seibert, 1997; Boone, Fewell, and Jennings, 1997; Boone, 1998).

F IGURE B.4: X-ray spectrum leaving the source for a maximum energy of 77 kV. The
area under the curve sums to 100%. Characteristic radiation of the tungsten anode can
be seen around 60 kV as a small spike.

B.3

X-ray attenuation

Attenuation of X-rays is depending on the atomic number, the bulk density and the material specific K-edges of all exposed materials. Usually, an
integrated version of Lambert-Beer’s law is used to describe the attenuation of multiple materials over the entire energy spectrum.
I = I0 e−

RR

µ(E)dEdz

(B.1)

with I the intensity, I0 the initial beam intensity, µ the linear attenuation coefficient, E the energy of the beam, and z the thickness of the
material. Please note that µ in this equation is not the mass attenuation
coefficient but the linear attenuation coefficient. The Excel sheet used approximates integrals by summing over tube energy and the thicknesses

170

Appendix B. Dopants in Crude Oil, Brine, Rock Systems

of the different materials. For the example discussed below, the materials
and their thicknesses are shown in Figure B.5.

F IGURE B.5: Set-up used in micro-CT experiments. The dimensions are given in mm.
The attenuation coefficients can be found in so-called NIST tables (Hubbell
and Seltzer, 2017), and are determined experimentally. An example has already been shown in Figure B.3.
The following example illustrates how the different materials, the use
of dopant, and the saturation of the sample influence the source spectrum.
In this example, the core holder set-up specifically designed for micro-CT
scanning is used. Schematics can be found in Figure B.5.

B.3.1

Example: sandstone sample with brine and doped
crude oil

In Figure B.5 we find in total 2 mm of PEEK, 1.1 mm of water, 0.6 mm
of Viton sleeve and 4 mm of rock with both brine and doped oil between
the source and the detector. The amount of rock and fluids depends on
porosity, saturation, and the amount of added dopant. This will change

B.3. X-ray attenuation
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the original (incident) spectrum. Low energy radiation is more likely to
be attenuated by the core holder and sample, and therefore the peak in
the spectrum will shift from 1/3rd (see incident spectrum of Figure B.4) to
2/3rd of the maximum keV, see Figure B.6.

F IGURE B.6: Spectra arriving at the detector for differently doped systems (0-100%)
compared to the source spectrum. Notice the shift in peak energy from 1/3rd to 2/3rd of
the maximum tube energy (77 keV).
In Figure B.6 the spectrum that reaches the detector for different amounts
(0 wt% – 100 wt%, in increments of 20 wt%) of iododecane dopant is
shown for rocks with a porosity of 25% and saturated with 100% crude
oil (Sw = 0). The K-edge of iodine becomes more pronounced when more
dopant is present. Fixing the amount of dopant at 20 wt% iododecane
and the porosity at 25%, the effect of saturation can be shown; see Figure
B.7. Again, a clear difference in spectra is visible. However, this does not
automatically mean that the contrast is sufficient to segment the different
phases.
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F IGURE B.7: Attenuated spectrum that reaches the detector for sandstone with 2%
porosity, 20wt% iododecane - oil and 65000 ppm NaCl brine. Saturations of the fluid
phases are varying between 0 and 100%.

B.3.2

Limitations of this approach

From the perspective of the spectra arriving at the detector, a clear difference between doped and natural systems, and saturation variations can be
detected. However, when attempting to judge if an image is segmentable,
the spectral sensitivity of the detector should be considered. Subsequently,
one needs to integrate over the total energy range of the received spectrum. For each dopant level, the signal-to-noise ratio (SNR) can be determined, after which a threshold can be set that determines whether a
certain amount of dopant leads to a segmentable image. These final steps
were considered beyond the scope of this appendix and thesis. Instead,
the next section discusses the dopants used in this thesis.

B.4. Doping the aqueous or non-aqueous phase
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Doping the aqueous or non-aqueous phase

Micro-CT experiments in two-phase flow require one doped phase. This
can either be the aqueous phase, or the non-aqueous or oleic phase. In the
aqueous phase, iodine salts or caesium salts are often used. In the oleic
phase, iododecane is often the dopant of choice. In this thesis, either the
aqueous or non-aqueous phase has been used as doped phase.
Potassium iodine functioned well as dopant, even though over time I2
was formed. Iododecane was found unstable. During the long duration
of some experiments, moderate heating, or use of hard X-rays in the synchrotron beamline, the molecule was believed to disintegrate. This led to
free iodine ions that would move from the oleic into the aqueous phase
reducing contrast significantly.
In one case shown in Figure B.8, even precipitated iodine salt crystals were found, whereas the original brine did not contain any iodine.
Therefore, the salts could only have formed from iodine separated from
the iododecane molecules.

F IGURE B.8: a) dry scan b) oil saturated rock (oil with 25 wt% Iododecane) c)
precipitation of salt after exposure to heat for four weeks.
There are very few alternatives for the oleic dopants. Other halogens
can be attached to the decane chain, but all of them lead to bonds with relatively low binding energy (C-F: −4.4 · 105 Jmol−1 , C-Cl: −3.3 · 105 Jmol−1 ,
C-Br: −2.8 · 105 Jmol−1 , C-I: −2.4 · 105 Jmol−1 Verkerk et al., 1998). It is
therefore unlikely that they will be much more stable than the C-I bond.
An alternative is using metalo-organic complexes. However, often they
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have a very high toxicity since they penetrate the skin easily and enter
the bloodstream. Nano-particles with high atomic number such as gold
(Z=79) or gadolinium (Z=64) could be another option. However, their
practical application for crude oil, brine, rock systems needs testing.
In short, the preferred way forward would be to make phase contrast
imaging available for benchtop systems. If this would be the new standard, there would not be any need for dopants at all.
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Appendix C

Reconstruction and Image
Processing Workflow
C.1

Standard data processing workflow

All micro-CT data is analyzed following the same workflow: reconstruction, filtering (edge preserving and/or denoising), masking, segmentation, cleaning and quantitative analysis. In this appendix, the effect of
reconstruction methods on image quality and scanning time is discussed,
followed by a more detailed treatment of the image analysis workflow.

C.2

Reconstruction methods

In the end, the spatial resolution of micro-CT scanners is also depending
on the reconstruction techniques used. Choosing a reconstruction technique does not only affect the quality of the reconstructed images but also
affects post-processing time and more importantly scan settings. If a reconstruction technique is more efficient, fewer projections are needed for
successful reconstruction, reducing the temporal resolution of the scan.
Because less data is generated during one scan whilst still giving the same
level of detail, the post-processing times can also be shorter. In the following sections, data gathered on the Procon-CT alpha shows how scan time
can be reduced and image quality can be improved.
W.-B. Bartels
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Filtered Back Projection versus Iterative
Reconstruction Methods

The most common way to reconstruct tomographic images is through Filtered Back Projection (FBP). The most important reason to use this method
is that it is not computationally intensive. Other more efficient reconstruction methods have been developed mathematically, but lack of computational power prevented these iterative reconstruction methods from becoming mainstream. One of these methods is the Simultaneous Algebraic
Reconstruction Technique (SART) which is only now becoming available
commercially. In this appendix, the mathematics behind both methods
will not be discussed. Only the practical implication of choosing FBP or
SART is shown. For mathematical descriptions of reconstruction methods,
the reader is referred to Smith (1997).

C.2.2

The impact of reconstruction methods on
number of projections

Using an efficient reconstruction method reduces the number of projections needed to come to a successful reconstruction. To illustrate this
point, three scans were made of a dry Robuglass sample at 200, 400 and
1200 projections. The raw data was reconstructed with both FBP and SART
methods in the Octopus reconstruction software (InsideMatters). After filtering the images with a non-local means filter, a line plot showing the
intensity values was drawn.
The same criteria as for JIMA charts, see Appendix A apply: the larger
the total amplitude, the better the grains are separated from the pore space.
The steeper the line between the gray level corresponding to the grain and
the gray level corresponding to the pore space the sharper the edge between both phases.
For larger number of projections, the SART reconstruction provides a
similar image quality based on the gray level profiles of the line probes
across grains and pores, see Figure C.1. This can be used to assess the
signal-to-noise ratio of the image. For significantly less projections, the
200 projections in this example, SART provides an image which is still
segmentable while the signal-to-noise ratio in the FBP prohibits that.

C.3. Standard image analysis workflow
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F IGURE C.1: FBP versus SART, comparison between reconstructed gray scale images
and line plots.

The downsides of SART are that (1) it is not clear when the iterations
should be stopped and (2) the long wavelengths are converging faster than
the short wavelengths. Consequently, if insufficient iterations are computed, the image looks smoother but when running more iterations eventually the advantage over the FBP becomes less.

C.3

Standard image analysis workflow

After reconstruction, the images need to be processed to get them ready
for analysis. As indicated in section C.1, the first step in this process is
filtering. In this thesis, usually edge preserving filters (e.g. the anisotropic
diffusion and non-local means filters) were found to be most effective. For
simple materials, such as Berea sandstone and especially Ketton, masking
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of the grains was done using interactive thresholding or, in difficult cases,
a two-phase watershed segmentation algorithm.

F IGURE C.2: Standard image analysis workflow showing filtered and registered
(aligned) dry and wet samples. Registration makes it possible to segment out the grains
by masking (MS). The grains can be obtained via either watershed or thresholding (TS)
of the dry scan. When the grains are masked, the watershed segmentation (WS)
algorithm was be used to separate the fluid phases into oil (dark blue), emulsion (light
blue), and in this case high salinity brine (red).
However, for the fluid phases, two-phase watershed segmentation was
used. Whereas the solid phase is for the larger part a well-defined ’basin’
in the watershed algorithm, the fluid phases are often more difficult to
separate. Especially when emulsion was occurring in some of the experiments, gradients between phases were wider/smeared. This led to wider
regions around the interfaces where no markers for the algorithm could be

C.4. Uncertainties in reconstructed data
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placed. Allowing the watershed algorithm to set the exact phase boundary was therefore believed to enhance reproducibility. A schematic of the
workflow is shown in Figure C.2. All analyses were conducted with Avizo
8-9.2 (ThermoFisher Scientific - FEI).
In case of time series, TCL scripts were used in combination with Avizo,
keeping thresholds throughout the series constant. This means that it is
implicitly assumed that fluctuations in gray value ranges between timesteps
are negligible for each phase. Results were verified by visual inspection,
by assessing whether the boundaries of the segmented phases after analysis
matched those in the gray scale images. This test was conducted on 1-3
slices in top, middle, and bottom of the sample, and in different orientations (horizontal plane (xy) and vertical plane (xz)).

C.4

Uncertainties in reconstructed data

When processing the reconstructed data, there are several factors that add
uncertainty to the analysis. Firstly, there is the quality of data that may be
limited. Important features may fall below the imaging resolution, or the
dopant used may not provide enough contrast between the phases. Secondly, there are limitations on the software side. Datasets have become too
large to analyze without the use of algorithms. Algorithms used in registration and segmentation do not always give us the best results. However,
they do provide us with a reasonable and reproducible result by automated analysis, which is an improvement compared to complete operator
control. This is related to the last factor: operator bias. The operator sets
for instance threshold values for segmentation algorithms and the initial
guesses for the registration algorithms. The result of those algorithms may
therefore vary slightly.
As mentioned briefly in section C.1 above, several techniques can be
used to reduce some uncertainties. For instance, contrast may be enhanced
using different filters or more sophisticated registration and segmentation techniques. In the segmentation step, watershed segmentation can
be used instead of a direct thresholding method. Watershed segmentation uses the gradient image to distinguish the boundaries between two
phases. The operator only sets the seeds and the region expected to hold
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the steepest gradient. The algorithm then finds the boundary voxels and
assigns phases accordingly.
The image processing workflow may have a significant influence on
outcome of the analysis. In the literature, this problem is described in detail, see for instance Porter and Wildenschild, 2010; Leu et al., 2014 and references therein. Therefore, it is prudent to check the robustness of analyses
and the conclusions drawn from them against variations in image processing. As an example, Berea sandstone data is considered, which was
gathered in the synchrotron beamline campaign of December 2015. The
experiments were conducted at the TOMCAT beamline of the Paul Scherrer Institute in Switzerland.
The reconstructed images have been analyzed to the best of our knowledge and conscience as described in section C.1 and Chapter 4 of this thesis. In this data set, emulsion occurs as intermediate gray levels, in between that of oil (dark) and brine (bright). Therefore, this dataset was initially analyzed as containing three separate gray levels and fluid phases,
regardless whether the system could be considered a two or three phase
system in a thermodynamical sense. The volume fraction versus time
curves computed in this analysis will be compared to the same curves
computed on the same sample but with a one pixel (xy-plane) dilated
mask.

C.4.1

Checking robustness of the analysis: mask dilation

The reason to alter the dilation is the occurrence of bright edges around
masked grains. This means that most likely the bigger error in this dataset
is related to registration of the dry scan on the other scans and and segmentation of the dry scan. By dilating the mask by one pixel in the xyplane, a registration mismatch of one pixel of the dry scan can be roughly
corrected, removing the bright edges around grains, see Figure C.3.
Of course, dilation also introduces a bias, since small pores will disappear altogether, whereas the effect on large pores is not as significant. The
phase boundary between the fluid phases does not change. The difference
between the regular and dilated masks is shown in Figure C.4.
The following workflow was used: First, the images are segmented
with the regular masks and water, oil and solid phases are identified. Subsequently, the result is masked again with the dilated mask. Afterwards,

C.4. Uncertainties in reconstructed data
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F IGURE C.3: a) gray scale image b) masked gray scale image where the arrow
indicates a narrow edge between the mask and the dark phase c) segmented image where
the narrow edge is classified as a separate phase. This may be because of a slight off-set of
the mask. The circle indicates a misclassification of the mask with unknown origin.

F IGURE C.4: a) Undilated mask before cropping. b) Dilated mask before cropping.
The sample diameter is 3800 µm.
both the regular masked and dilated masked data was cropped to the
same domain size. These images are used to compute the volume fractions of the different phases. Because of the different masking, volume
fraction versus time curves will differ for all experiments.
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F IGURE C.5: High salinity waterflood volume fraction versus time curve: gray =
bright gray level phase (high salinity brine), orange = intermediate gray level phase
(emulsion), blue = dark gray level phase (oil). The result for the regular (undilated) mask
is shown with thin lines and empty markers. The result for the dilated mask (swollen) is
shown as thick lines and filled markers.

F IGURE C.6: Low salinity waterflood (continuous scanning) volume fraction versus
time curve: gray = bright gray level phase (high salinity brine), orange = intermediate
gray level phase (emulsion), blue = dark gray level phase (oil). The result for the regular
(undilated) mask is shown with thin lines and empty markers. The result for the dilated
mask (swollen) is shown as thick lines and filled markers.

C.5. Concluding remarks
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F IGURE C.7: Low salinity waterflood volume fraction versus time curve: gray =
bright gray level phase (high salinity brine), orange = intermediate gray level phase
(emulsion), blue = dark gray level phase (oil). The result for the regular (undilated) mask
is shown with thin lines and empty markers. The result for the dilated mask (swollen) is
shown as thick lines and filled markers.
The effect of dilation on the curves generated for all three scan regimes
of the experiment – high salinity waterflood with interval scans, low salinity waterflood with continuous scans, and low salinity waterflood with
interval scans – are presented in Figure C.5, Figure C.6 and Figure C.7.

C.5

Concluding remarks

The difference between the saturation curves is significant when looking at
the absolute values. However, both saturation trends and timing of large
events remain the same. Therefore, conclusions that are based on trends
and not on absolute numbers will still hold. The workflow used, even for
this data set with complex fluid phases, is therefore deemed adequate.
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D.1

Coreholder for micro-CT flow experiments

D.1.1

Purpose

This coreholder is designed for ageing and flow experiments. Depending on the purpose of the experiment, a different cap can be used. When
studying ageing only, the set-up can be completely sealed, see Detail 3 in
Figure D.1. For flow experiments, a different cap can be used that allows
the connection of an outflow line, consider numbers 10 and 11 in Figure
D.1.

D.1.2

Main components

The set-up consists of five main parts. From bottom to top these are the
connector and valve for the confining pressure, the pressure vessel, the
connector and valve for the injection of fluid, the actual coreholder, and
the end-cap, which either completely seals the set-up or can be used as
connector to an outflow line.

D.1.3

Aditional notes

Both gas and liquid can be used as pressurizing fluid for the confining
pressure. However, since gas diffuses relatively fast through the sleeve
surrounding the sample, the use of incompressible, low Z fluids is advised. In this study, we have used distilled water for this purpose.
Another detail that should be mentioned is that sleeves typically come
in two varieties: red and black. The red sleeves contain iron particles
which attenuate radiation significantly more than their black counterparts
and should therefore be avoided in X-ray studies.

D.2

Flowloop for micro-CT flow experiments

D.2.1

Purpose

The flowloop is necessary to conduct flow experiments inside a micro-CT
scanner without moving or touching the sample(holder). Currently, these
experiments can only be done by alternating between flow and scanning.
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This is because of the temporal resolution of benchtop scanners, which
is in the order of hours. Benchtop micro-CT scanners and reconstruction
techniques are continuously improving therefore more dynamic experiments will be possible in the (near) future.

D.2.2

Main components

The set-up consists of six main components: CO2 bottle, two pumps with
two pistons each that can be operated separately or paired, a micro-CT
scanner, a coreholder as discussed in section D.1, and an optional heater,
all depicted in Figure D.2.
Rock samples can be (de-)saturated before they are placed in the coreholder or, when more control is required, when they are in the coreholder
inside the micro-CT scanner. In both cases, confining pressure needs to
be put on the sleeve before any flooding is conducted. When opting for
(de-)saturation inside the micro-CT scanner, CO2 can be used to flood the
sample so no air remains inside the pores. This can be verified by making a micro-CT scan. Subsequently, the sample is desaturated with crude
oil of which the saturation and distribution can be monitored by making
another scan.
After verification of the proper initial state of the sample, a flooding
experiment can be started. The four pistons give sufficient versatility for a
range of different flooding experiments, whilst assuring proper confining
pressures.

D.2.3

Additional notes

The progression of liquid-liquid interfaces can be tracked within the flow
lines. This allows determination of the exact moment when a liquid reaches
the sample. Another important note is that all interfaces in the sample
have a relaxation time. Therefore, scans should be made only after the
sample has ’come to rest’. Based on Armstrong et al. (2014) this should be
after several minutes.

D.2. Flowloop for micro-CT flow experiments

F IGURE D.2
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D.3

Coreholder for spontaneous imbibition experiments in a micro-CT scanner

D.3.1

Purpose

This cell shown in Figure D.3 is a supplement to standard Amott cells
which are used for SCAL samples. The smaller samples used in this setup allow spatial resolutions up to several micrometers when placed in
a micro-CT scanner. To ensure the sample does not move during scans,
a small holder was designed to keep the sample stationary. The contact
points between the holder and the sample are made of glas to prevent
oil spreading along the holder. The contact points between sample and
holder number only six in total, since Amott tests require samples that are
completly surrounded by brine.

D.3.2

Main components

In addition to the aforementioned cell and holder, the set-up has a bottom
part which contains a valve and connector to a flow line. This is usefull to
start the experiment or to replenish or replace brines. An outflow line can
always be inserted into the cell from the open top.

D.3.3

Additional notes

The holder is still quite oil-wet. Therefore, exceptional care should be
taken when installing the oil filled sample, since oil will spread easily on
the holder.

D.3. Coreholder for spontaneous imbibition experiments
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Samenvatting
Oliewinning kan worden versneld en/of verhoogd door doorstroming
van reservoirs met laag-saliniteitswater in plaats van hoog-saliniteitswater.
Dit effect kan optreden in zowel secundaire als tertiaire injectieregimes.
De extra winning treedt echter niet op voor elke combinatie van ruwe olie,
brijn en gesteente (aangeduid met ’COBR’). Daarom is het van belang de
reactie van een reservoir op de injectie van laag-saliniteitswater te testen in
het laboratorium, alvorens over te gaan tot het implementeren van de techniek in het veld. Doorgaans worden hiervoor combinaties van speciale
kernanalyse-experimenten (’SCAL’) gebruikt, waaronder doorstromings-,
centrifuge-, poreuze plaat- en spontane-imbibitie experimenten. De methode is enkel geschikt voor het beschrijven van het gedrag van reservoirs
waarvan reeds bekend is dat ze positief reageren op de injectie van laagsaliniteitswater. Dit komt door de grote hoeveelheid parameters die getest
moeten worden om de optimale respons te vinden, de duur en kosten van
deze experimenten, en door de strengere eisen aan de apparatuur en protocollen. De werkwijze is noch geschikt voor het identificeren en beoordelen van nieuwe kandidaatreservoirs, noch voor het optimaliseren van de
ionische samenstelling van injectiewater.
Het ontwikkelen van voorspellend vermogen voor het vinden van nieuwe kandidaatreservoirs en injectiewateroptimalisatie is daarom één van
de hoofddoelen van het onderzoeksgebied wat zich bezighoudt met injectie van laag-saliniteitswater. Voorspellend vermogen zou risico’s terug
moeten dringen wanneer wordt overgegaan tot veldimplementatie van
de injectie van laag-saliniteitswater. Meer specifiek betekent dit dat een
screeningtool ontwikkeld moet worden die efficiënt kan beoordelen welk
COBR-systeem een gunstige reactie vertoont op injectie van laag-saliniteitswater met een geoptimaliseerde samenstelling.
Om bij te dragen aan het bereiken van deze doelen, hebben we in
dit proefschrift een benadering gekozen die kan worden samengevat als
’fysische consistentie door de lengteschalen heen’. Deze benadering beschouwt de fysica verantwoordelijk voor reacties op laag-saliniteitswater
op iedere lengteschaal. De gedachte hierachter is dat fysica, die verantwoordelijk is voor het uiteindelijke effect op de oliewinning, op elke lengteschaal aanwezig moet zijn. Door het volgen van deze werkwijze kwam
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naar voren dat er een kenniskloof bestaat tussen de sub-porieschaal en de
kernschaal, waarover hieronder verder wordt uitgeweid.
Op de sub-porieschaal vinden we veel voorbeelden van positieve reacties wanneer het zoutgehalte wordt verlaagd. Zulke reacties kunnen bijvoorbeeld zijn het veranderen van contacthoeken, zeta-potentiaal, of adhesiekracht, vaak dusdanig zodat olie loskomt van het substraat. Er zijn
vele mechanismen voorgesteld die verantwoordelijk kunnen zijn voor, of
kunnen bijdragen aan dit gedrag (Sheng, 2014).
Kernschaalexperimenten vertonen niet altijd een reactie wanneer het
zoutgehalte veranderd wordt. Wanneer een respons wordt waargenomen,
is dit meestal in de vorm van een toename in totale olieproductie of productiesnelheid. Soms wordt dit gecombineerd met een respons in andere parameters, zoals pH-waarde, en de ionische samenstelling van de
uit het sample geproduceerde vloeistof. Tot nu toe kan dit niet worden
gecorreleerd met (bulk)eigenschappen van het COBR-systeem, noch met
sub-porieschaalobservaties. Met andere woorden: het is nog steeds onduidelijk hoe sub-porieschaalreacties vertaald kunnen worden naar oliewinning op de kernschaal. Het vinden van de link zou het ontwikkelen van
het voorspellend vermogen dichterbij kunnen brengen.
Om het gat te dichten en de link te vinden kijken we naar de fysische consistentie door de lengteschalen heen en wel naar de lengteschaal
tussen de sub-porie en kernschaal in: de porienetwerkschaal. Voordat het
specifieke geval van doorstroming met laag-saliniteitswater kan worden
begrepen, moet het meer algemene geval van doorstromingsfysica van
mixed-wet systemen worden beschreven. Deze staat van gemengde bevochtigbaarheid (mixed-wet) is de natuurlijke staat van de meeste gesteenten die olie bevatten. Tevens wordt verondersteld dat dit de meest preferente initiële bevochtigbaarheidsstaat (wettability state) is om een laagsaliniteitseffect waar te nemen. Hoewel er veel bekend is over het gedrag
van mixed-wet systemen op de kernschaal, wordt de verplaatsingsfysica
op de porieschaal nog niet goed begrepen. Normaal gesproken wordt dit
porieschaalgedrag geëxtrapoleerd van sterk hydrofiele (water-wet) systemen door de contacthoeken aan te passen. Deze methode komt bijvoorbeeld voor in porienetwerkmodellering. Wij laten echter in dit werk zien
dat mixed-wet systemen een significant ander stromingsregime hebben dan
systemen die water-wet zijn en dat een simpele extrapolatie waarschijnlijk
incorrect is.
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In dit proefschrift ligt daarom de focus op het beschrijven van de types
en tijdschalen van verplaatsing in mixed-wet systemen, alsmede het vergelijken van deze data met data van water-wet systemen. Vervolgens is de
verandering van wettability als functie van veranderend zoutgehalte onderzocht, inclusief factoren die dit proces beïnvloeden, de relevante tijdschalen, en mogelijkheden voor de mobilisatie van olie.
De apparatuur, hulpmiddelen en experimentele protocollen die nodig
zijn om deze onderwerpen op de porienetwerkschaal aan te pakken, zijn
in dit proefschrift ontwikkeld. De nadruk op apparatuur en protocollen
komt voort uit de observatie dat de in de literatuur gebruikte methoden
vaak niet afdoende worden uitgelegd. Die uitleg is belangrijk, omdat in
veel gevallen gestandaardiseerde methoden niet beschikbaar zijn.

Synthese en vooruitzichten
De gekozen benadering, samen met een werkwijze van toenemende complexiteit, heeft uitgewezen dat onderzoek zich moet richten op de porienetwerkschaal. Dit is de lengteschaal waarop olie vanuit enkele poriën
verbonden raakt en clusters vormt, die op hun beurt weer leiden tot de
vorming van een oliebank. Dit is een voorwaarde om tot oliewinning te
komen (Lake, 1989). De inzichten die in dit proefschrift worden gepresenteerd hebben betrekking op het evalueren en ontwikkelen van de experimentele protocollen van porienetwerk- tot kernschaal, het leggen van
het fundament voor de visualisatie en beschrijving van vloeistofstromen
in mixed-wet systemen, het beschrijven van factoren die invloed hebben
op het veranderen van de wettability van een systeem, en de verschillende
tijdschalen die een rol spelen bij vloeistofstroming en veranderingen in
wettability. Deze zaken worden hierna in groter detail beschreven.

Complexere stromingsregimes bij doorstromingsexperimenten
in mixed-wet systemen
In kernschaalproeven worden relatieve-permeabiliteits-verzadigingskrommes gemeten voor het bulk poreuze medium. De vergelijking die wordt
gebruikt om het systeem op deze lengteschaal te beschrijven (de tweefase
Darcy-vergelijking) gaat ervanuit dat er enkel stroming door onveranderde
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continue paden plaatsvindt. Dit concept houdt echter geen stand wanneer
direct naar het vloeistofgedrag in de poriënruimte wordt gekeken: clusterdynamiek kan eerder losgekoppelde olie opnieuw verbinden en heeft invloed op welke olie deel uitmaakt van de verbonden paden. Uiteindelijk
betekent dit dat zelfs in steady-state experimenten preferentiële paden
in de loop van de tijd kunnen veranderen en bijgevolg kan de relatieve
permeabiliteit in de loop van de tijd ook variëren. Deze conclusies zijn
getrokken door het bestuderen van water-wet systemen (Armstrong et al.,
2014; Berg et al., 2014a; Youssef et al., 2014; Rücker et al., 2015b).
In mixed-wet systemen lijkt doorstroming complexer te zijn dan in waterwet systemen, zoals blijkt uit de uitgevoerde experimenten in Hoofdstuk
3 en 4. We hebben ontdekt dat, naast de in de literatuur al bekende watervulgebeurtenissen, ook olievulgebeurtenissen kunnen voorkomen in de
porieruimte van mixed-wet systemen. Deze olievulgebeurtenissen kunnen
zich uitstrekken over meerdere poriën. Met andere woorden, doorstroming in mixed-wet systemen is een uniek regime dat wordt gekenmerkt
door een breder scala aan tijdschalen en verplaatsingsmogelijkheden. Dit
maakt clusterdynamiek mogelijk belangrijker in mixed-wet systemen dan
in water-wet systemen, wat leidt tot een groot verschil met het oorspronkelijke concept van relatieve permeabiliteit. Dit is niet alleen belangrijk voor
doorstromingen met een laag zoutgehalte, maar kan ook verstrekkende
gevolgen hebben voor elk onderzoeksveld waarin meerfasestroming van
belang is.
Op basis van deze bevindingen zou toekomstig onderzoek zich moeten
richten op de karakterisering en beschrijving van stromingsregimes en dynamica van mixed-wet systemen naast water-wet systemen. Het doel zou
moeten zijn om de wettability expliciet op te nemen in een fysieke beschrijving van de stroming op de porienetwerkschaal en hoe dit kan worden gebruikt in een opgeschaalde beschrijving van doorstroming. Als eerste suggestie kan men vloeistofverplaatsing over een bandbreedte van wettability
staten onderzoeken, van volledig hydrofoob (oil-wet) tot volledig waterwet en van homogene wettability tot heterogene wettability. Het ontrafelen
van de invloed van individuele sub-porieschaalverschijnselen (zoals mineralogie en ruwheid) op vloeistofverplaatsing op de porienetwerkschaal
is een goede volgende suggestie.
Een ontbrekend onderdeel in de opschaling van de porienetwerkschaal
naar de kernschaal is de observatie van de vorming van een oliebank;
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dit geldt ook voor doorstroming met laag-saliniteitswater. Toch wordt
deze notie van oliebankvorming vrijwel niet besproken in de literatuur
over doorstromingen met laag-saliniteitswater. Visualisatie van de manier
waarop een oliebank wordt gevormd en/of zich verplaatst en hoe dit
wordt verbeterd vanwege het verlaagde zoutgehalte, zou belangrijke inzichten kunnen bieden in de manier waarop processen van porieschaal leiden tot extra oliewinning. De lengteschaal waarop een dergelijke oliebank
waarneembaar kan zijn, loopt echter van een tiental centimeters tot mogelijk enkele meters. Dit maakt het een grote experimentele uitdaging om
dit fenomeen te observeren.

Afhankelijkheid van de vorm van spontane imbibitie
van de wettability staat
De (initiële) wettability staat beïnvloedt niet alleen de stroming in experimenten met geforceerde imbibitie (doorstroming), maar ook de productie
van ruwe olie in spontane-imbibitie proeven (zogenaamde Amott-tests).
In hoofdstuk 5 is spontane imbibitie onderzocht in zowel kleine gesteentemonsters als monsters met standaardafmetingen zoals gebruikt in SCAL.
Afhankelijk van de initiële wettability van de monsters, manifesteert spontane imbibitie zich op verschillende manieren: in monsters die water-wet
zijn, vormt zich een imbibitiefront, terwijl in mixed-wet systemen imbibitie
lijkt plaats te vinden door lokale watervulgebeurtenissen door het monster heen.
Over het algemeen wordt aangenomen dat spontane imbibitie in cylindervormige monsters over de gehele omtrek gelijktijdig voor komt. Wanneer een cirkelvormige doorsnede wordt beschouwd, impliceert dit dat
het imbibitiefront ook cirkelvorming zou zijn. Echter, wij hebben ontdekt
dat dit niet het geval hoeft te zijn, zelfs niet in water-wet systemen. Dit
zou af kunnen hangen van preferente productieplekken, die in onze experimenten alleen in water-wet systemen voorkomen. Preferente productieplekken zorgen voor versnelde imbibitie op sommige plekken, waardoor een asymmetrie in het imbibitiefront ontstaat.
Daarnaast hebben we gevonden dat de productie-tijdcurves voor mixedwet SCAL-systemen niet overeenkomen met observaties op de porienetwerkschaal. Veel meer olie werd geproduceerd dan kon worden afgeleid
op basis van afbeeldingen van de poriën. Dit is een belangrijk gegeven
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aangezien de olieproductie en productiesnelheid de belangrijkste variabelen zijn die gemeten worden in dit soort tests. Wij denken dat de discrepantie gerelateerd is aan de verhoogde connectiviteit van de oliefase
door de oliefilm die de buitenzijde van het monster bedekt. In zulke
gevallen is de lengte waarover het drijfvermogen werkt niet de lengte van
een porie, maar de lengte van het grootste (verbonden) cluster. In deze
experimenten is dit gelijk aan de lengte van het monster, wat de invloed
van het drijfvermogen vergroot ten opzichte van de capillaire krachten.
We hebben om deze reden ook de balans tussen het drijfvermogen en de
capillaire krachten in meer detail onderzocht. Het effect van drijfvermogen op olie die uit de poriën van het monster steekt, is significant bevonden. In de porieruimte is dit effect echter verwaarloosbaar. Met andere
woorden, drijfvermogen is van belang op het grensvlak van het monster
met de indringende vloeistof: wanneer de capillaire krachten wegvallen
verschuift de krachtbalans in de richting van het drijfvermogen.

Factoren met invloed op de verandering van de wettability staat
Ten opzichte van het specifieke geval van lage-saliniteitsstroming laat deze
studie zien dat vele factoren (die vele achterliggende mechanismen impliceren) bijdragen aan (het veroorzaken van) een lokaal laag-saliniteitseffect. Dit is in lijn met Hoofdstuk 2 en 6. Het is echter zeer belangrijk om
onderscheid aan te brengen tussen een lokale reactie/ lokaal effect en de
toename van oliewinning; een onderscheid wat zelden gemaakt wordt in
de literatuur. Daarbij komt nog dat hoewel sommige factoren misschien
niet bijdragen aan het voorkomen van een laag-saliniteitseffect, maar invloed hebben op de grootte van het effect. Dit is niet onderzocht in dit
werk. De uitgevoerde experimenten laten zien dat van de onderzochte
factoren (type olie, ageing, injectiemodus, en aanwezigheid van klei) het
type olie de grootste invloed heeft op het voorkomen van een respons,
zoals verder verklaard wordt in de volgende paragraaf.
De micro-modellen die ruwe olie bevatten, laten allen een reactie zien
in de vorm van contacthoekverandering, wanneer zij blootgesteld worden aan water met een lage saliniteit. De micro-modellen met decaan
bleken inert. Dit impliceert dat polaire groepen, of misschien zelfs een
subgroep hiervan, benodigd zijn voor het verkrijgen van een respons. In
enkele gevallen werd naast contacthoekverandering ook een toename van
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de connectiviteit van de oliefase waargenomen na blootstelling aan laagsaliniteitswater. Dit in tegenstelling tot bevindingen uit eerdere studies op
de kernschaal, waar de aanwezigheid en hoeveelheid van klei als belangrijke factoren zijn genoemd (Tang and Morrow, 1999).
Het zou interessant zijn om onze studie uit te breiden met het effect
van de aanwezigheid van formatiewater op de verandering van wettability. Daarnaast zou een stochastische benadering kunnen worden genomen
om de invloed van bovengenoemde factoren op de grootte van het laagsaliniteitseffect te meten.

Een respons zonder mobilisatie en oliewinning
We hebben ook laten zien dat het mogelijk is de wettability te veranderen
zonder dat er extra olie gemobiliseerd wordt. Met andere woorden: we
bieden een mogelijke verklaring waarom COBR-systemen die een reactie
vertonen op sub-porieschaal niet gegarandeerd een reactie vertonen (in de
vorm van extra winning) op de kern- of veldschaal. Merk op dat zelfs als
deze experimenten extra olie opleveren deze resultaten niet direct kunnen worden toegepast op grotere lengteschalen, omdat micro-modellen
over het algemeen onder het representatief elementair volume zitten. Een
eerste suggestie om mobilisatie beter te onderzoeken is het gebruiken van
micro-modellen met een netwerkgeometrie.
Behalve het onderzoeken van factoren die de respons beïnvloeden,
hebben we ook een aantal resultaten gevonden met betrekking tot de mechanismen die de respons veroorzaken. Zo weten we bijvoorbeeld dat
voor het COBR-systeem dat in dit onderzoek gebruikt is, oppervlaktespanning niet significant verandert wanneer het zoutgehalte verandert.
Dat betekent dat in deze studie de vaste stof-vloeistof grensvlakenergie
belangrijker is dan de vloeistof-vloeistof grensvlakenergie. Een andere
bevinding uit experimenten in secondaire injectiemodus is dat osmose niet
een primair mechanisme is voor het laag-saliniteitseffect. Het zou echter
nog steeds kunnen bijdragen aan dit effect.
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Tijdschalen van stroming en verandering van wettability
De directe observatie van de porieruimte bracht ook een ogenschijnlijke
discrepantie tussen tijdschalen aan het licht in de reactie van een COBRsysteem op laag-saliniteitswater. De tijdschaal voor de verandering van de
wettability is niet in lijn met de tijdschaal van de processen in de doorstromingsstudies in Hoofdstuk 3 en 4. Uren tot dagen na verandering van het
zoutgehalte zijn de contacthoekveranderingen in de micro-modelexperimenten van Hoofdstuk 6 optimaal. Dit effect kan niet verklaard worden door standaard Fickiaanse diffusie in de waterfilm; hiervoor is het
noodzakelijk het effect van de elektrochemische potentialen van vloeistoffen en vaste stoffen op het diffusieproces mee te nemen (Joekar-Niasar
and Mahani, 2016). In doorstromingsexperimenten verandert de vloeistofbezetting van een porie echter op een veel kortere tijdschaal. Daarbij komt
dat in mixed-wet systemen dit soort verplaatsingsgebeurtenissen over tijdschalen plaatsvinden die een orde groter kunnen zijn dan die in water-wet
systemen. De vraag is dus of we in standaard SCAL-experimenten een optimaal laag-saliniteitseffect zien of dat we het effect van de lange tijdschaal
compleet missen.
Is het laag-saliniteitseffect een reactie van het vaste stof-vloeistof grensvlak of het vloeistof-vloeistof grensvlak?
Dit heeft te maken met een andere vraag: is het meest belangrijke effect
van het verlagen van de saliniteit een effect op het vaste stof-vloeistof
grensvlak of een vloeistof-vloeistof grensvlak? De meeste studies linken
het effect aan een verandering van wettability, dus aan vaste stof-vloeistof
grensvlakken [zoals Mahani et al. (2015b), Mahani et al. (2017), and Sheng
(2014) en referenties daarin]. Recentelijk is echter de suggestie gedaan dat
de verandering van connectiviteit van olie door bijvoorbeeld grensvlakreologie ook een belangrijke rol kan spelen (Alves et al., 2014; Morin et
al., 2016; Wang and Alvarado, 2017). Dit is een effect van het vloeistofvloeistof grensvlak. Dit zou kunnen betekenen dat de verandering van
wettability enkel een neveneffect is. Men zou het kunnen onderzoeken in
micro-modellen met netwerkgeometriën waarin het mogelijk is vloeistofnekken en grensvlakken te volgen. Als de lengte van vloeistofnekken
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groter is in lage-saliniteitscondities dan in hoge-saliniteitscondities voordat snap-off optreedt, zou de connectiviteit versterkt of verlengd kunnen worden. Als gelijktijdig hiermee contacthoeken en de vorm van het
vloeistof-vloeistof grensvlak gemonitord worden, kan het effect van de
vaste stof-vloeistof grensvlakken worden aangegeven, mits de oppervlaktespanning constant blijft.
De tijdschalen kunnen ook gebruikt worden het nut van bepaalde typen
laag-saliniteitsexperimenten te duiden. In het geval dat de verandering
van wettability belangrijker is dan de effecten op korte tijdschaal is er bijvoorbeeld geen noodzaak meer tot het uitvoeren van dynamische experimenten. Een andere implicatie van de tijdschaaldiscrepantie is dat shut-in
perioden in SCAL-experimenten het laag-saliniteitseffect zouden kunnen
versterken.

Experimentele opstellingen en protocollen
Inzichten in bestaande werkwijzen en protocollen
Door het gebruik van micro-CT scanners kunnen de effecten van experimentele werkwijzen en protocollen op de monsters en vloeistoffen op de
kernschaal worden gevisualiseerd. Hierdoor kunnen bijvoorbeeld al lange
tijd in gebruik zijnde protocollen voor steady state en unsteady state SCALexperimenten en spontane-imbibitie experimenten worden geëvalueerd.
Het toevoegen van informatie op de porienetwerkschaal biedt een aanvullende manier om bijvoorbeeld het capillaire-eind-effect en het achterblijven of ontstaan van gasbellen te visualiseren. Daarnaast kan het functioneren van een sleeve en de stabiliteit van confining pressure in de gaten
worden gehouden om de correcte experimentele condities te waarborgen.
Een voorbeeld van de toegevoegde waarde van micro-CT scans voor
protocollen op de kernschaal is gerelateerd aan de standaard werkwijze
voor spontane-imbibitie experimenten. De procedures vereisen het rollen
van een monster over een bevochtigd oppervlak om de overmaat aan olie
van de buitenzijde te verwijderen. Wij hebben ontdekt dat deze actie de
productie-tijdcurve significant beinvloedt. Dit is een probleem aangezien
dit de meest belangrijke variabele is in spontane-imbibitie experimenten.
Conventionele CT-scans kunnen niet de benodigde resolutie behalen om
dit waar te nemen.
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Deze bevindingen suggereren dat de geschiktheid van monsterbereidingsprocedures en technieken onderzocht en geduid moeten worden met
aanvullende micro-CT testen. Dit kan interessant zijn voor protocollen die
betrekking hebben op het omgaan met monsters, het gebruik van dopants,
saturatie- en desaturatietechnieken, en de tijdschaal voor ageing. De toevoeging van porieschaalinformatie kan helpen bij het vinden van zwakke
plekken in protocollen en zo bijdragen aan een correcte uitvoering van
experimenten. Het vervolgens standaardiseren van de protocollen moet
het ook eenvoudiger maken om de resultaten van verschillende studies
direct met elkaar te vergelijken.
Nieuwe opstellingen en protocollen
We hebben ook nieuwe opstellingen en protocollen ontwikkeld in deze
dissertatie. De opstellingen worden uitvoerig besproken in Bijlage D. Hieronder volgt een korte samenvatting.
Ten eerste is er een nieuwe gebruiksmethode ontwikkeld voor een
kernhouder die gebruikt is in fractionele doorstromingsstudies (fractional
flow studies) (Rücker et al., 2015b). De nieuwe methode behelst het gebruik
van de kernhouder in laag-saliniteitsexperimenten in tertiaire modus, zie
ook Hoofdstuk 3 en 4. Ten tweede zijn er procedures ontwikkeld die
de representativiteit van micro-modellen ten opzichte van zandsteen vergroten, zoals besproken in Hoofdstuk 6. Ten derde is er een mini-doorstromingsopstelling (kernhouder en flowloop) ontwikkeld en twee kernhouders (een voor mini-pluggen en een voor SCAL pluggen) voor spontaneimbibitie experimenten in micro-CT scanners die besproken worden in
Hoofdstuk 3, 6, en 5.
Bij het gebruik van bovengenoemde opstellingen kwam naar voren dat
een veelgebruikte dopant voor de oliefase, iododecaan, instabiel is. Iododecaan wordt instabiel onder invloed van harde Röntgenstraling, gemiddelde temperatuursverhoging en over langere tijd. Dit alles had tot gevolg
dat contrast tussen de vloeistoffasen in verschillende experimenten significant afnam, wat segmentatie van de fasen onmogelijk maakte. Deze
experimenten zijn daarom buiten deze dissertatie gelaten.
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Slotopmerkingen
In deze dissertatie hebben we nieuwe inzichten verworven en besproken met betrekking tot de stromingsregimes op de porienetwerkschaal
en de daarbij behorende lengte- en tijdschalen van vloeistofverplaatsing
in mixed-wet systemen. We hebben aangetoond dat stroming in mixed-wet
systemen geen simpele extrapolatie is van stroming in water-wet systemen,
zoals vaak wordt aangenomen in de literatuur. Daarnaast hebben we opnieuw gekeken naar de door de literatuur voorgestelde voorwaarden voor
het waarnemen van een laag-saliniteitseffect. Dit hebben we gedaan door
de afhankelijkheid van de respons te testen van het olietype, ageing, de injectiemodus en de aanwezigheid van klei. Bovendien laten we in dit werk
zien waarom een respons op de sub-porieschaal niet hoeft te betekenen
dat er ook een respons/extra winning optreedt op de kernschaal.
Wij concluderen daarom dat verandering van wettability op zichzelf
niet voldoende is om de extra oliewinning te verklaren wanneer de saliniteit verlaagd wordt. Dit staat haaks op wat in de literatuur wordt
geschreven, waar doorgaans wordt beweerd dat de verandering in wettability de enige oorzaak is van het laag-saliniteitseffect. Daarnaast hebben
we laten zien dat processen die invloed hebben op de respons van een
COBR-systeem dat blootgesteld wordt aan laag-saliniteitswater een groot
bereik aan tijdschalen bestrijken. Er kan sprake zijn van een directe reactie,
vaak geassocieerd met vloeistof-vloeistofgrensvlakken, tot aan een reactie
na enkele dagen, wat gekoppeld wordt aan vaste stof-vloeistofgrensvlakken
en verandering van wettability. Dit betekent dat voor spontane-imbibitie
experimenten de verandering van wettability zeer relevant kan zijn, aangezien deze testen enkele weken tot maanden kunnen duren. Voor doorstromingsexperimenten is dit proces echter van minder belang en daarom
kunnen in deze testen de vloeistof-vloeistof grensvlakken een grotere rol
spelen.
Al deze resultaten houden verband met de vraag hoe sub-porieschaalreacties zich verhouden tot oliewinning op de kernschaal en welke natuurkundige processen relevant zijn om beide lengteschalen met elkaar
te verbinden. Het is daarom van belang om te blijven werken aan het
beschrijven van de (verandering in) connectiviteit en oliebankvorming op
de porienetwerkschaal. Dit is de eerstvolgende stap in het bepalen van
welke fysica moet worden meegenomen door de lengteschalen heen: van
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de sub-porieschaal via de porienetwerkschaal naar de kernschaal, zodat
het laag-saliniteitseffect kan worden verklaard. Na wiskundige beschrijving van deze processen kan meer inzicht worden verkregen in het relatieve belang van factoren en mechanismen die invloed hebben op het
laag-saliniteitseffect door het gebruik van porieschaalmodellen en modellen op grotere schaal. Deze stappen zouden het bereiken van voorspellend vermogen met betrekking tot laag-saliniteitsstroming dichterbij kunnen brengen.
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