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“The brick walls are there for a reason. The brick walls
are not there to keep us out. The brick walls are there to
give us a chance to show how badly we want something.”

Randy Pausch
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1.1 Improved oil recovery

Crude oil is an indispensable fossil fuel that is used in amajority of industrial sectors.
To satisfy the increasing demand of global consumption, maintaining oil production
in current oil fields and improving additional oil recovery is crucial. A significant
proportion of crude oil in the world is found in carbonate reservoirs. It is reported
that carbonate reservoirs store approximately 70% of the oil in the Middle East[1].
Generally, the oil recovery process consists of three stages. The primary oil recovery
stage, extracting oil from natural pressure difference within the reservoir, is ineffi-
cient and recovers only 10%of the original oil in place (OOIP).The secondary oil re-
covery stage involves the injection of fluids such as seawater to increase pressure and
improve sweep efficiency[2]. Combination of these two stages only extracts around
30-35% of the oil in the reservoirs[3]. The tertiary oil recovery stage, so-called im-
proved oil recovery (IOR), uses different methods by adding alkaline, polymer, sur-
factants, nanoparticles, lowering salinity, or varying ion compositions to modify the
physical and chemical interactions with oil reservoirs. This stage can recover 5-20
% more oil[4]. Among these methods, low salinity waterflooding (LSW) is a low
cost and promising technique that has been reported to recover more oil from both
sandstone[5–7] and carbonate reservoirs[8–12].

Compared to othermethods that require injection of tons of chemicals into the reser-
voir, the low salinity waterflooding method is cheaper and more environmentally
friendly. Despite decades of research and development, a comprehensive under-
standing of the working principle of LSW is still lacking. This is demonstrated by
inconsistent reports and conflicting results in the literature[13,14], in particular in
the case of carbonate reservoirs. The principal reasons are that carbonate and sand-
stone reservoirs are complex systems with heterogeneous pore structures and that
the oil recovery process involves a myriad of factors. In the next sections, I will dis-
cuss the parameters and factors involved in the oil recovery process and summarize
the proposed working mechanisms of low salinity flooding. The use of microfluidic
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micromodels to study enhanced oil recovery will be also introduced.

1.2 Prerequisites of Low SalinityWaterflooding

1.2.1 Oil reservoir parameters

a. Connate water composition and its initial saturation

Connate water (formation water) is the salty water that got trapped in the pores of
rock during formation of the rock. The composition of connate water and its initial
saturation, defined as the proportion of remaining water in the rock space before the
brine injection, affect the initial wettability of the rock surface and its interactions
with subsequently injected brines. Wettability is generally described as the tendency
of the rock to maintain contact with brine (water wet) or oil phase (oil wet). Core
flooding experiments have demonstrated the critical role of connate water in trigger-
ing any low salinity effect. After pre-saturation of the rock with connate water fol-
lowed by crude oil saturation, a thin layer of connate water is left on the carbonate
rock surface. This remaining layer facilitates the transport of ionic solutions, such
as injected low salinity brine. By this way, the transport of ionic solutions will be
improved when low salinity brine is injected[15]. G.Q. Tang showed that core plugs
fully saturated with only crude oil reacted poorly to low salinity brine[6]. Therefore,
connate water salinity is an important factor that enables the improved oil recovery
via low salinity brine injection. The formation water mainly contains Na+, Ca2+,
Mg2+ cations and Cl−, SO4

2−, CO3
2− anions. A high concentration of cations in

the connate water makes the carbonate rock more oil-wet and triggers wettability
alteration of carbonate rocks upon exposure to LSW[16]. Wettability alteration gen-
erally refers to the process of rendering the reservoir rock more water-wet. In addi-
tion, the initial connate water saturation also plays a critical role in low salinity brine
injection. The proportion of initial connate water may have a positive or negative
influence on the low salinity effect, depending on rock type and pore network geo-
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metry[16–18].

b. Crude oil composition

Crude oil consists of more than 1.000.000 distilled organic components, (water-in-
oil) emulsion droplets and solid particles[19–22]. The complex physicochemical be-
havior of crude oil plays an important role in both aging and waterflooding stages of
improved oil recovery. In order to understand the wettability alteration mechanism,
it is crucial to know the initial wetting properties of the rock surfaces. It is known
that during the aging process, where formation water and crude oil are kept inside
the pore network for a long time, surface active components such as asphaltenes and
resins bind to mineral surfaces to form organic layers[23–25] that modify the chem-
ical properties of the carbonate rock, such as adsorption/dissolution rates[26,27] and
wettability[23,28–30]. In addition, these components also change the brine/CRO in-
terface properties[31]. Effects of the total acid and base numbers, and their ratios
on the wettability alteration of the calcite surfaces have been reported[32]. Acidic
compounds in asphaltenemixtures also facilitate the formationofwater-in-oilmicro-
dispersions that influence the IOR process[33].

c. Rockmineral properties

Themineral composition of carbonate reservoirs is one of the important factors that
influence the oil recovery during LSW. There are several types of carbonate rocks
such as limestone, chalk, and dolomite. Because of the variation in crystal compos-
ition, the reaction of the rock to crude oil and connate water during the aging pro-
cess and the injection of brines with different compositions is also heterogeneous.
The adsorption of asphaltenes and resins from the crude oil (making the rock more
oil-wet) behaves differently, adding more challenges to obtain a thorough under-
standing of the working mechanism to recover additional oil. Therefore, reported
studies of the low salinity effect on core plug rocks are scattered. The reactions of
limestone cores to potential determining ions Ca2+, Mg2+, and SO4

2− in sea wa-
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ter, which are critical to wettability alteration, also vary for different sources of lime-
stone, partly due to the difference in grain structure and degree of crystallinity[34,35].
Dolomite rock surfaces were reported to behave similarly to calcite surfaces upon in-
jection of LSW[36–39]. It was reported that the reactivity to brine concentration and
pH is stronger in chalk surfaces compared to dolomite ones[40]. Particularly, chalk
cores react to a different extent to SO4

2− ions[41]. These studies demonstrate the
complexity and challenges to obtain a comprehensive understanding of physical and
chemical processes that rock mineralogy is involved in, during oil recovery experi-
ments.

d. Aging conditions

Oil reservoirs haveundergonemillions of years of formation. Toperformwaterflood-
ing experiments in the lab, core plugs and micromodels also need to be aged suffi-
cientlywith formationwater and crude oil to simulate the actual initial condition of a
reservoir. Temperature, pressure and time are important parameters during the aging
process. The temperature directly enhances the rates of chemical reactions between
crude oil molecules and core plug surfaces. Effects of temperature and aging time on
the wettability of carbonate surfaces were reported in a recent study[42]. Pressure
conditions could modify the solubility of compounds in crude oil, which may result
in wettability modification of carbonate rock[43]. It is expected that the longer the
aging time, the better it is to mimic the real reservoir condition. Previous studies
suggested that for this to be the case, the core plugs should be aged from 10 days to
several weeks[44].

1.2.2 Injected Brine parameters

a. Brine salinity

Early low salinity waterflooding to recover additional oil in sandstone with clays was
reported by Bernard in 1967[5]. Tang and Morrow showed an increase in oil re-
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covery with decreasing injected brine salinity in Berea sandstone[45]. For carbon-
ate reservoirs, the efficiency of using brines with lower salinity on additional oil re-
covery has been reported for different kinds of carbonate rocks at various salinities.
Yousef et.al.[9,46,47] reported (around 10 %) higher oil extraction from limestone
cores when using two times and ten times diluted artificial seawater. However, 20-
times diluted seawater recovered much less additional oil (around 1.5 %) and 100-
times lower salinity brine did not recovermore oil. Other researchers[48] observed a
similar trend in limestone cores when they recovered an additional 9.1% oil by shift-
ing from seawater to 16-times diluted seawater. In addition, Sohal et al.[49] showed
improvement in water-wetting of chalk core when using 20-times diluted seawater.
The extent of brine dilution to additional oil recovery was also argued by other stud-
ies. Al-Harrasi et al.[50] observed only 10 % additional oil production at 2-times
diluted formation water while it was up to 21%when using 100-times diluted form-
ation water at 70◦C. In summary, many studies show the efficiency of low salinity
flooding, but there are scattered results in the literature about the optimum concen-
tration of the injected brine solution.

b. Brine components

In addition to total salinity, the ionic composition of the brine also determines the
effect of low salinity waterflooding. It was reported that the potential determining
ions (PDI) in carbonate reservoirs are Ca2+,Mg2+, and SO4

2− [51]. These ions can
modify the interactions in the crude oil/brine/rock (COBR) system and facilitate
the increase in oil recovery when low salinity brine is injected. It was reported that
an increase in Ca2+ and SO4

2− ions in brines results in additional oil recovery in
outcrop chalk from carbonate[52]. Other researchers reported a similar trend for
SO4

2− ions, however, the opposite trendwas found forCa2+ [53] ions in the BuHasa
carbonate field. It indicates that the mineral properties also affect the performance
of PDIs. A stronger effect ofMg2+ ions to wettability alteration compared to SO4

2−

ions on calcite surface was also reported in ref.[54].
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1.3 Low salinity waterflooding: proposed mechan-
isms

The effectiveness of low salinity waterflooding to recover additional oil from carbon-
ate reservoirs was reported in previous core flooding tests[46,47,52,55,56]. Generally,
wettability alteration to a more water-wet condition is accepted as a main contribu-
tion to LSW. However, it is a result of rock/brine/crude oil interactions rather than
the cause. The exact underlying mechanisms to explain this additional oil recovery
are still under debate. During low salinity brine injection, both fluid-fluid and solid-
fluid interactions could change simultaneously and/or sequentially to result in addi-
tional oil release. Therefore, themain suggestedmechanisms for carbonate LSWwill
be divided into separate categories and will be discussed in the next sections. While
several mechanisms are relevant for sandstone reservoirs, LSWmechanisms in these
two reservoirs are different becausemineral compositions and pore structures in car-
bonate and sandstone are very different. Sandstone mostly consists of quartz and
clay, while carbonate mostly consists of calcium and magnesium carbonate. There-
fore, the main differences lie on solid-liquid interactions while liquid-liquid interac-
tions might show little difference. In particular, carbonate minerals have higher solu-
bility, dissolution rates and chemical reactivity compared to sandstone mineral[57].
Aqueous-reactive calcium carbonate can modify the injected brine composition by
dissolution andprecipitationprocesses,makingoil recovery study in carbonate reser-
voirs much more complex than sandstone ones.

1.3.1 Solid-fluid interaction

a. Rock dissolution

Calcite dissolution has been proposed as one of the potential mechanisms for LSW
in carbonate reservoirs[44,47,58–60]. Low salinity brine with a low concentration of
Ca2+ can dissolve carbonate rock. Wettability alteration from oil-wet to water-wet
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occurs at locationswhere dissolution happens. Then crude oil at these places is easily
mobilized and detached from the rock. The dissolution rate depends on the ionic
strength of the low salinity brine, the brine volume, the exposed rock surface area,
temperature, and organic content in the brine[61,62].

However, other researchers[63,64] argued that calcite dissolution cannot be a prin-
cipal mechanism for enhanced oil recovery because in core-flooding and spontan-
eous imbibition tests they observed additional oil extraction without evidence of
rock dissolution. In addition, results from[65,66] demonstrated that the dissolution
quickly occurs at the inlet of the reservoir and the low salinity brine quickly becomes
equilibrated with the rock. Therefore, rock dissolution could not be the dominant
factor for improved oil recovery at locations far away from the inlet of the core plug.
Therefore, a more thorough experimental study and validation is needed to support
this proposed mechanism.

b. Expansion of Electric Double Layer

Electric double layer (EDL) expansion is another mechanism proposed by other re-
searchers[35,56,67,68]. Initially, the carbonate rock surface is in an oil-wet or a mixed-
wet condition because of the positively charged carbonate surface and the negatively
charged crude oil molecules at reservoir conditions. At high salinity, there is still a
thin water film at the mineral-oil interface, balanced by the attractive Van der Waals
and repulsive electrostatic interactions. When low salinity brine is injected, the con-
centration of ions in the brine film decreases and the electrostatic screening between
the rock-brine and oil-brine interfaces also reduces. Therefore, the repulsive force
between these interfaces increases and expansion of EDL happens. By this way, the
carbonate rock surface alters from oil-wet to water-wet[69–71], leading to an addi-
tional amount of crude oil recovery.

c. Multicomponent Ionic Exchange

It has also been suggested that multicomponent ionic exchange (MIE) is a mechan-
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ism forLSW.MIEwas primarily introduced for sandstone reservoirs. Later, research-
ers suggested that it might also matter for carbonate reservoirs. MIE is a process of
ion exchange at the carbonate surface that results in desorption of crude oil from the
carbonate surface and wettability alteration, as proposed by Zhang[52]. PDI (Ca2+,
Mg2+, and SO4

2−) are mainly involved in this process. It is proposed that SO4
2−

ions adsorb on positively charged chalk surface, reducing the positive surface charge.
Then Ca2+ and Mg2+ divalent cations can co-adsorb onto the rock surface due to
the lower electrostatic repulsive forces. The Ca2+ ions interact with carboxylic acid
components bonded to rock surface and break the attractive interactions between
the oil and the rock surface[37,55,56,72,73]. Therefore, the carbonate surface turns to
a more water-wet state, leading to more oil production. The Mg2+ ions are shown
to be more active in replacing Ca2+ at high temperature (> 95◦C)[52]. MIE was
mostly found for chalk, and it also worked in dolomite[37]. However, MIE was not
observed in limestone[74]. Therefore, the mechanism of MIE might depend heavily
on the specific type of carbonatemineral andmay not work for all rock types.

1.3.2 Fluid-fluid interaction

a. IFT reduction and pH elevation

It has also been proposed that pH increase and reduction of interfacial tension (IFT)
are possible mechanisms behind LSW. In low salinity injection, it is suggested that
calcite dissolution induces locally higher pH values[75]. In this case, water flood-
ing acts similarly to alkaline injection, generating surfactants within the oil reser-
voir. This reduces the IFT between crude oil and brine. As a result, the capillary
number increases, promoting emulsification and further oil production[76,77]. How-
ever, other studies show the opposite trend. Some experiments show no connec-
tion between LSW and increase in pH value[78,79]. In addition, a long contact time
between crude oil and diluted brine also results in lower IFT[80].

Yousef et al.[9,46] stated that brine salinity has an insignificant effect on IFT reduc-
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tion compared to rock-brine interaction. Therefore, rock-brine interaction is prob-
ably the main reason for LSW instead of fluid-fluid interaction. While the reduction
of the IFTmechanismwas hypothesized in some studies[81,82], others[49,50] argued
that this effect is not the main reason for the low salinity effect.

b. Formation ofmicro-dispersion

Previous studies[83,84] also proposed that so-called micro-dispersions would form
and lead to ‘swelling’ of the oil phase. This facilitates oil displacement and mobil-
ization and ultimately improves the sweep efficiency in microfluidic micromodel
visualization tests. However, the underlying working principle is still unclear. It
is[48,85] stated that when crude oil is in contact with low salinity brine, the inter-
molecular forces that hold the oil-brine interface become weaker. Therefore, water
molecules canmove into the oil phase to capture polar compoundmicelles, forming
a water-in-oil micro-dispersion. Sandegen et al.[86,87] argued that micro-dispersion
was formed due to osmotic transport from low salinity brine to high salinity brine
through crude oil acting as a semi-permeable membrane. Upon the formation of a
water-in-oil emulsion, the swellingof the crudeoil improves theoil displacement and
mobilization. Recently, other studies[88,89] clearly showed micro-dispersion form-
ation due to diffusion and osmotic effects in both core flooding - using X-ray mi-
crotomography (micro-CT) and micromodel experiments. In another experiment,
Emadi et al.[90] reported the formation of water micro-dispersion in oil in a micro-
model. However, only a redistribution of the brine and the oil phase in the network
was observed, which was not strong enough to improve oil production. The latter
indicates that the effectiveness of micro-dispersion to improve oil recovery in low
salinity brine injection depends on rock type, crude oil properties and brine salin-
ity.

As described in previous sections, we learned that the IOR process is complicated
and little information can be concluded firmly. There are many proposed mech-
anisms for LSW, however, there is not a single concrete mechanism recognized in
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the petroleum research community. The results from the various studies are still
scattered. Therefore, via development of well-definedmicromodels to represent car-
bonate reservoirs properties, we may be able to elucidate some of the proposed mi-
croscopic mechanisms.

1.4 Microfluidicmicromodel for IOR studies

The crude oil extraction and recovery processes occurring at themicro-scale involve
many components, and physico-chemical phenomena such as wettability, adhesion,
surface tension, emulsification, colloid presence, and two-phase flows. Therefore,
the petroleum research community has developed different experimental setups to
study how each factor contributes to the overall oil recovery process as illustrated in
Figure 1.1. For example, surface wettability can be studied on carbonate substrates
at different temperatures, brine salinities and crude oil compositions. The overall
oil recovery value (i.e. the percentage of original oil-in-place (OOIP) that could be
produced) can be measured via complex core flooding experiments with integrated
temperature/pressure controllers and ex-situ chemical analysis of the effluent. How-
ever, this traditional core flooding test is expensive and time consuming. In addition,
direct observations of two-phase fluid at the pore scale are very challenging with this
method. Therefore, an alternative approach, in which microfluidic micromodels are
developed that have similar properties as the pore scale of carbonate oil reservoir, is
highly needed.

Microfluidics is the research field that studies the operation, manipulation, and
movement of fluids in microchannels with dimensions of tens to hundreds of mi-
crometers[91]. It offers many advantages such as low cost, small amount of sample
material and fluids, quick analysis, and small footprint of devices. Droplet forma-
tion, mixing, separation of different fluid phases, chemical synthesis, and biological
analysis in microchannels are several examples of microfluidic applications.



1

12 CHAPTER 1. INTRODUCTION

Figure 1.1: Schematic illustration of different components and techniques involved in study
of improved oil recovery.

The oil recovery process from an oil field requires large equipment and devices such
as pumps, pipes and oil wells. This process relates to the movement of fluids such
as sea water, crude oil and chemicals along the length of kilometers onshore or off-
shore. The injected sea water displaces the crude oil trapped in oil rock reservoirs
and the oil travels a long distance before reaching the upper surface of a well. How-
ever, the length scale of the pores in the oil-bearing rocks and the primary physical
processes that improve the oil recovery involve the micro and nano-scale range of
microfluidics. Therefore, microfluidic micromodels can help to improve our under-
standing of fundamental mechanisms and processes occurring during oil recovery.
They are an ideal tool for visualization and characterization of the complex multi-
phase flow at the pore scale. Potentially, the knowledge and insights obtained from
microfluidic IOR studies can make a strong contribution to improvement of oil re-
covery efficiency and safety of the process. It is estimated that 70% of the oil in the
world is stored in carbonate reservoirs in the Middle East region. Therefore, micro-
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models to mimic physicochemical conditions of carbonate rock are highly needed.
It is noted that the pore geometry in carbonate reservoirs is complex and heterogen-
eous. The pore size typically varies from 0.01 to 100 μm[92].

Micromodels for IOR are artificial porous devices that mimic the pore structure of
oil reservoirs. Traditionally, micromodels are fabricated with single depth, so-called
2D micro-models with a transparent cover to enable visualization of the fluids mo-
tionwith opticalmicroscopy techniques[93–95]. Variousmicromodels with different
materials such as silicon[95,96], polymer[97,98], and glass[99,100] were developed for
oil recovery applications in the past. However, the development of micromodels to
represent realistic carbonate rock geometries, reservoir temperature, pressure, fluid
compositions and carbonate geochemistry is still in an early phase. The open ques-
tions of how each and all of these factors influence the physical and chemical process,
underlying mechanisms during oil recovery still pose a challenge. Generally, this
thesis addresses these problems by focusing on the development of micromodels to
bettermimic 3D features ofmultiphase flow in oil reservoir rock and incorporate car-
bonate geochemistry conditions. Waterflooding is performedon thesemicromodels
to study oil recovery and associated mechanisms.

1.5 Open questions of using microchannels in IOR stud-
ies

1.5.1 Micromodels to better mimic 3D geometric features of carbon-
ate reservoirs

Microfluidics offers a direct visualization of the pore-scale dynamics of two-phase
displacements during oil recovery processes. Over the past decades, micromodels
were developed towards a more realistic mimicking of the microstructure of real car-
bonate reservoirs. Based on the fabrication method and its complexity, 2D or 3D
micromodels could be developed. Generally, 2D micromodels consist of an inter-
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connected pore network lying in the same plane (single depth). However, these
micromodels do not fully represent the physical fluids flows occurring in the third
dimension, for example, snap-off processes that are important for oil breakup and
thereby affect the final oil recovery factor. Therefore, one of important questions is:
how to fabricate micromodels to better mimic 3D realistic features of porous media
with high resolution, specifically for carbonate reservoirs?

1.5.2 How to mimic aging and waterflooding processes at reservoir
conditions

Micromodels have been extensively developed in different directions to study im-
proved oil recovery. Majority of research is still limited to perform experiments at
room temperature and ambient pressure condition. However, carbonate reservoirs
in the Middle East are often up to 120◦C[101,102] and 45 MPa pressure[103] condi-
tion. The thermophysical properties of the fluids and rock materials during oil re-
covery processes (e.g. using low salinity or chemical flooding) are also related to
reservoir temperature and pressure conditions. Therefore, the question of how to
develop microfluidic micromodels that could operate aging and waterflooding pro-
cesses at reservoir conditions deserves more attention from researchers. By success-
fully building this microfluidic platform, we can perform improved oil recovery pro-
cess and evaluate its efficiencies at similar condition to oil reservoirs.

1.5.3 Howto incorporate thegeochemistryofcarbonate inmicrochan-
nel

In addition to these two questions, incorporating geochemistry to mimic geological
formations such as carbonate, sandstone oil reservoirs was still at the early stage.
Only a few studies demonstrated the integration of calcium carbonate material into
micromodels[104,105]. Previous studies still have limitations in representing themin-
eral of the carbonate reservoir when the fluids are still in contact with glass or silicon
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surface[95,96,99,100]. Therefore, the question of how to combine chemical composi-
tions of rock reservoirs into microfluidic platform is also an important one. By this
way, the interactions of fluid-rock and fluid-fluid are better tuned to the conditions
of realistic oil reservoirs

1.6 Aim of the thesis

Literature reviews on the low salinity effect in core flooding and the emergence of
microfluidics in IOR underline the importance of the development of microfluidic
micromodels to better mimic core flooding experiments. The microchannels have
several advantages over the traditional core flooding experiments. First, microchan-
nels can generate a simplified system that allows tomimic the actual oil recovery pro-
cesses and to visualize the pore scale phenomena controlling the efficiency of IOR
such as fluid-fluid and fluid-solid interactions. This visual information provides a
better understanding of the relevant processes. Second, themicrofluidic approach is
expected to requires less time and lower cost to enable faster screening of different
IOR conditions. Third, microchannels are also expected to have a good repeatability
with high resolution and controlled fabrication methods. Even though many micro-
fluidic microchannels on improved oil recovery have been developed in the past, a
micromodel to better represent the 3D features of pore structures, geochemistry of
carbonate and waterflooding conditions similar to real carbonate reservoirs is still
missing. One of the main reasons is that fabrication of 3D micromodels with arbit-
rary and high resolution porous structure is still challenging. The available choices
of optically transparent plastic material with strong mechanical and chemical resist-
ant properties are limited. Another challenge is to represent all relevant aspects of
the complexity of the real system such as geometry and aging protocols at reservoir-
relevant conditions while still being able to quantify the efficiency of the IOR pro-
cess and to identify important microscopic processes. In addition, incorporation of
calcite material into a micromodel is also difficult due to the complex properties of
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carbonate material and its stability during the coating process. The overall goal is to
incorporate all these properties to closely mimic the condition of carbonate reser-
voirs.

In this thesis, micromodels mimicking 3D features of porous media are developed
via a 3D packed bed of calcite particles, a 2.5D glass micromodel and a 2.5D calcite-
coated micromodel with dual depth. The effects of fluid aging, calcite coating, brine
composition and reservoir temperature on the physicochemical properties of the
2.5D micromodels and crude oil fraction in the pore space are studied. Further-
more, image analysis tools to quantify the oil recovery and obtain insight into the
oil extraction process are also developed. These findings contribute to the ongoing
development ofmicrofluidicmicromodels to study thewaterflooding oil recovery in
carbonate reservoirs.

1.7 Thesis outline

The thesis is organized in the following order.

Chapter 2 summarizes the development of microfluidic microchannels to study im-
proved oil recovery (IOR) in the past decade. Threemain development approaches:
geometry, geochemistry, high temperature and high pressure conditions will be
presented. For each approach, the materials, fabricationmethod, techniques to visu-
alize the pore space and the main research that is performed will be discussed. This
chapter provides a background for the experimental chapters in the thesis.

Chapter 3 presents a novel and straightforward fabrication method of a 3D packed
bed of calcite particles in a microfluidic chip to study improved oil recovery (IOR)
from carbonate reservoirs. Confocal laser scanning microscopy is used to visualize
1-2 calcite particle layers (in the vertical Z direction) in the pore space with the use
of fluorescently labelled water phase. The average residual oil saturation (ROS) is
measured from different Z stacks at various XY locations across the sample in the
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depth direction. The presented method shows a 3D micromodel with a carbonate
pore structure that is determined by a random packing of the particles.

Chapter 4 provides a method to fabricate a 2.5D glass micromodel, i.e. having a
dual depth to better mimic 3D features of porous media compared to standard 2D
micromodels. Using thismicromodel, we analyzed the effects of fluid aging and reser-
voir temperature on the waterflooding process. An image analysis method is also de-
veloped to separately measure the crude oil fractions in deep and shallow pores. We
identify that sequential aging of the pore space with formation water and crude oil
retainsmore residual oil compared to either only aging in crude oil, or no aging at all.
In addition, it is found that the amount of residual oil decreases with waterflooding
temperature. Highmagnification images showdewetting of thinwater films from the
pore walls. Hence the decrease in ROS value is in agreement with a wettability alter-
ation. Subsequent flooding with low-salinity brine does not recover additional oil,
regardless of aging condition or flooding temperature. Our results show the import-
ance of fluid aging and temperature to design a successful microfluidic IOR strategy
in the future.

Chapter 5 further develops the glass micromodel of Chapter 4 by coating calcite
particles on the inner glass walls. The calcite coating is achieved by injection of cal-
cite nano particles as seeding layer to the glass microchannel, then providing Ca2+

and CO3
2− ionic solutions in an alternating fashion at 40◦C to increase the calcite

particle size. We use the calcite-coated micromodel to investigate the effect of reser-
voir temperature and flooding time on waterflooding outcomes (e.g. ROS values).
Observations during the process are also made with high resolution optical micro-
scopy. In addition, a comparison to bare glass micromodel with the same pore struc-
ture as studied in Chapter 4 is provided. To determine the local amounts of brine
and oil in the pore space, a novel image analysis methodwhich calculates a fractional
ROS per pixel was developed. Also a method for detection and quantification of
calcite-rich areas is described.
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Chapter 6 summarizes the questions and remaining challenges in development of
microfluidic micromodels to study improved oil recovery, focusing on smart water
flooding in carbonate reservoirs. The results of this thesis are also discussed with
respect to literature in the field. In addition, a critical reflection about the develop-
ment of micromodels, future improvements and recommendations is also provided.
Moreover, the contribution of microfluidic micromodels, its advantages and disad-
vantages compared to traditional core flooding studies in oil recovery is discussed.
Further remaining open questions are also presented.
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2
Development of microfluidicmicromodels for

ImprovedOil Recovery

This chapter summarizes recent developments ofmicrofluidicmicromodels to study
improved oil recovery applications. Differentmicromodel approaches tomimic real-
istic sandstone and carbonate reservoir conditions are presented. In addition, the
methodology to implement amicrofluidic setup, the applied experimental processes
and the corresponding image analysis are described with the intention to provide a
fundamental background for the next three chapters.
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2.1 Initial microfluidic development for energy applica-
tions

The microfluidics field emerged in the beginning of 1990s and greatly grew in the
late 20th century. The development of microfluidics was driven largely by biomed-
ical applications such as molecular analysis, molecular biology[1]. Micromodels
mimicking the geometry of porous media were developed to study microscale flow
transport behaviors, fluid-fluid and fluid-solid interactions[2]. Different types of
2D or 3D microchannel networks with various geometries such as Hele-Shaw, or
confined beads[3–5] were developed. The first micromodel consisting of assembled
glass beads (∼ 0.17 mm in diameter) between two plates was developed to study
fluid movement in 1952[6]. A micromodel in which plastic particles were bonded
together and sealed between two plastic plates by heating to 168◦Cwas built in 1957.
In 1961, an etched-glass micromodel with pore size∼ 38 μmwas fabricated to study
the effect of wettability on waterflooding oil recovery[7]. In 1985, a glass micro-
model having a network pattern from a sandstone core sample was fabricated with
lithography and chemical etching methods. With the development of advanced fab-
rication technologies such as photolithography[8], etching (wet, dry, or laser)[9,10],
soft lithography[11], and bondingmethods[12–14] in later years, differentmicromod-
els were developed to studymultiphase flowor IORprocesses. For example, Zhao et
al.[15] studied the effect of wetting and capillary numbers on displacement patterns
in microfluidic flow cells with vertical posts in NOA81 (NorlandOptical Adhesive).
However, the micromodel material, fluids (silicone oil and deionized water) used in
this experiment are different from that in oil reservoirs. Therefore, it is necessary to
develop micromodels that can mimic physico-chemical conditions similar to those
in oil reservoirs.
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2.2 Micromodel’s geometry for IOR

Geometry is an important parameter ofmicrofluidicmicromodels to study IOR pro-
cesses. Depending on the fabrication method, the geometry of a microchannel can
be categorized into 2D, 2.5D or 3D micromodels. The following sections summar-
ize typical developments of these micromodels made from different materials such
as glass, silicon, or polymer.

a. 2Dmicromodels

Traditionally, a 2D model consisting of microchannels with a single depth was de-
veloped to study multiphase flow in porous media. For IOR applications, there are
two types ofmicromodels: (i) idealmicromodels of simple pore geometrywith a few
pores or many pores, (ii) heterogeneous reservoir micromodels with a large num-
ber of pores. Some simple micromodels with dead-end pores[16], sinusoidal pore
lines[17], T-junctions geometry[18], and four-way junctions[19] were developed to
control fluid flow and study specific phenomena such as wettability alteration or
viscoelasticity of the crude oil-brine interface. However, these ideal micromodels
cannot represent the actual oil reservoir with its enormous number of pores. The
first microfluidic microchannel named reservoir-on-a-chip (ROC) was developed
by Gunda in 2011[20]. This micromodel represents the pore structure of realistic
oil-bearing reservoir rock in a silicon substrate and is covered with a Borofloat glass
surface for visualization. The authors used this microchannel to perform traditional
waterflooding experiments in a reservoir-on-a-chip andvisualizedoil, water and their
interface menisci in the microchannel. They observed that oil still remained at dif-
ferent locations in the microchannel due to capillary trapping. They indicated that
the oil recovery curve in this micromodel is similar to that in core scale flooding ex-
periment and the maximum oil recovery factor (65 %) also corresponds to typical
reported values in core flooding experiments[20,21]. They also stressed that extrapol-
ation the results for thismicromodel to the core-flooding scale and field scale should
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be taken with care.

After that, manymicromodels were fabricated from a variety of materials. Glass is at-
tractive to use because of its high transparency and strong resistance to many harsh
thermal and chemical conditions as well as elevated temperature and pressure con-
ditions. For glass-based microfluidic microchannels[22–24], the first etched micro-
model was developed by Karadimitriou et al. in 2012[23] using deep reactive ion
etched (DRIE) technique. This design allows to calibrate the pore network model
and verify its working principle. They showed that this model can be used to study
single and multiphase flow.

For silicon-based micromodels, pore structure is created by performing wet etch-
ing or dry etching techniques such as reactive ion etching or deep reactive ion etch-
ing[25,26]. To provide optical access to the pore structure, the etched substrate is
bonded to a glass cover via the anodic bonding technique[27]. Several silicon-based
pore network micromodels were developed in this manner[28–31]. Vertical pores
wall andhigh spatial resolution couldbe achieved in the silicon-basedmicrochannels.
In addition, the surface wettability of both glass and silicon can easily bemodified by
different methods such as silanization reaction[32] or surface coating[33].

For polymer-based micromodels, chips made from Poly (methyl methacrylate)
(PMMA) and Polydimethylsiloxane (PDMS) materials were commonly fabricated
by the soft lithography method and bonded to a glass slide[34–39]. Although the ad-
vantage of such polymermicromodels is that they are rapidly fabricated and use relat-
ively simple equipment, they suffer from low stiffness and weak chemical resistance.
Figure 2.1 demonstrates several examples of 2D micromodels made from different
materials.

b. 3Dmicromodels

Fluid flow behavior can easily be visualized with 2D micromodels. However, these
micromodels cannot represent the physics related to pore connectivity in the third
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Figure 2.1: a) Reservoir-on-a-chip etched in silicon substrate and zoom-in images. Repro-
duced with permission [20]. Copyright 2011, Royal Society of Chemistry. b) Regular pore
network in glass substrate. Reproduced with permission [24]. Copyright 2011, Elsevier. c)
PDMS microfluidic chip for emulsification application. Reproduced with permission [36].
Copyright 2012, Royal Society of Chemistry.

dimension, as found in real 3D rock reservoirs. To better mimic this aspect, 3D mi-
cromodels have also been developed by densely packing glass beads in a rectangular
or square quartz capillary[40–44] to study spatial fluctuations in fluid flow[40], fluid
breakup[42], or mobilization of trapped non-wetting fluid[43]. However, the fabric-
ation of 3D micromodels with realistic representation of actual pore connectivity
is still a challenging problem. In addition, optical microscopy access to 3D micro-
models is often limited due to mismatches in the refractive indices of solid phase,
brine and crude oil. By using model fluids that have the same refractive indices as
the (glass) beads and dying one fluid to distinguish it from the other fluid. We can
visualize the 3D pore space structure and fluid transport with confocal microscopy
as demonstrated in Figure 2.2a, b. The 3D structure of the oil or water phase can also
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be reconstructed from series of confocal images. However, these 3D visualizations
come only at the price of sacrificing the use of realistic materials.

Rock-particle packedbedmicromodelswere also applied to integrate realistic surface
chemistry for fluid-solid interaction. A quasi-monolayer of crushedmarble particles
was densely packed inside amicrofluidic channel[45] (Figure 2.2c). 3Dprinting tech-
nology has been also used recently to fabricate 3Dmicromodels. However, its applic-
ation in improved oil recovery study is still an infant stage because it is mostly made
from polymer material with low spatial resolution (∼ 50 μm)[46].

c. 2.5Dmicromodels

As mentioned, 3D micromodels can provide a more realistic pore structure than
simple 2D micromodels. However, the fabrication of 3D micromodels with real-
istic representation of actual pore connectivity is still a challenging problem as de-
scribed in previous section. Recently, a so-called 2.5D glass micromodel having two
different depths that better mimics 3D features of porous media than standard 2D
micromodels and provides better optical access compared to 3D micromodels was
developed by Xu et al.[47]. They designed the regular pore network and adjusted
etching parameters to generate a network with pore bodies that are connected to
each other via shallow throats as demonstrated by Figure 2.2d. This micromodel im-
proves the 2D systems by better representing the strong variations in pore depth and
capillary characteristics, while the lack of 3D connectivity obviously prevails. They
reported capillary snap-off and formation of isolated residual oil droplets in water-
wet media that were not observed in 2D micromodels. Later on, other researchers
studied multiphase flow in porous media using this micromodel[16,48,49]. This type
of micromodel was also utilized to study improved oil recovery[50,51].

d. Real rocks

In addition, a newly developed high speed X-ray computer tomography technique
was also utilized to image pore-scale displacements in real 3D porous rock by adjust-
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Figure 2.2: a) Schematic illustration of a 3D porous structure of packed glass beads. Re-
producedwith permission [41]. Copyright 2013, American Institute of Chemical Engineers.
b) Reconstructed 3D images of water invasion into an oil saturated packed bed of glass
beads. Reproduced with permission [41]. Copyright 2013, American Institute of Chemical
Engineers. c) Schematic illustration of packed marble beds in a glass microfluidic channel.
Reproduced with permission [45]. Copyright 2018, Springer. d) 2.5D micromodel with
grain, pore body and throat. Reproduced with permission [47]. Copyright 2017, Royal So-
ciety of Chemistry.

ing brine composition with heavy metal ions to improve the X-ray contrast[52–54].
This method uses 3D real rock, however, it also has limitations such as using unreal-
istic fluids and long acquisition image times.
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2.3 Micromodels at high temperature and pressure condi-
tion

Temperature and pressure are related factors in oil reservoirs. The temperature and
pressure at carbonate reservoirs is up to about 120◦C[55,56] and about 45 MPa[57],
respectively. It was reported that higher temperature results in higher LSW recovery
in carbonates in core flooding experiments[58–60]. Brine chemistry has larger impact
on LSW than pressure in sandstone reservoirs[61]. In addition, pressures from 10 to
70MPa have negligible effect on the contact angle for carbonate and sandstonemin-
erals[62]. It suggested that temperaturemay bemore important than pressure. Using
microfluidics to study improved oil recovery, it is necessary to perform experiments
at the reservoir-relevant conditions. The temperature affects the adsorption and de-
sorption behaviors of crude oil and formation water, the fluid-fluid and fluid-solid
interactions during aging and the waterflooding processes as discussed inChapter 1.
However, manymicrofluidic studies on oil recovery were restricted to room temper-
ature. Only a few studies incorporate to possibility to reach elevated temperatures
in the microfluidic setup for oil recovery applications[63–65]. For example, gas was
reported to displace heavy oil at 55◦C and 85◦C in a square capillary[64]. Steam-on-
a-chip[63] was developed to study bitumen recovery by steam injection near 100◦C.
Recently, Wegner[65] studied the influence of injection rate and surfactant concen-
tration for temperatures up to 55 ◦C. An elevated temperature (80◦C) and pressure
(10.4 MPa) geo-material micromodel was also developed for investigation of pore
scale fluid flow and transport processes[66].

2.4 Integration of geochemistry inmicromodels

Micromodels that can replicate the geometry, temperature, and pressure conditions
of the reservoir, and use real brine and crude oil should provide an appropriate phys-
ical model to study improved oil recovery. Although fluid-rock interactions play an
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important factor in IOR application, the surface chemistry of the rock material (e.g.
carbonate) is often not incorporated into micromodels. The following sections de-
scribe previous studies that do incorporate actual rock properties such as sandstone,
carbonate in microfluidic channels.

a. Sandstone

Standard glass substrates which are strongly water wet and have silicon dioxide
groups at the surface could represent bare sandstone rock. However, clays and as-
sociated properties are not represented in these micromodels. Therefore, phenom-
ena such as detachment of clays, finesmigration and their influence on additional oil
recovery during low salinity waterflooding cannot be studied in pure glass devices.
Song et al.[30] developed amethod to functionalize a siliconmicrochannel with clay
mineral to mimic the sandstone reservoir property. This platform allows visualiza-
tion at pore scale level of fluid-solid interactions in a clay-rich sandstone reservoir.
They studied the effect of clay detachment and release on high and low salinity brine
injection. Another approach is to use a real sandstone rock. Singh et al.[67] de-
veloped a platform named “Real rockmicrofluidic flow cell” in which a 500 μm thick
sandstone rock sample was processed and mounted inside a PDMS microfluidic
channel. They can direct visualize the flow and transport of fluids in contact with
real sandstone. Examples of these micromodels are shown in Figure 2.3a, b.

b. Carbonate

Carbonate reservoirs are more difficult to mimic in microfluidic platform. Calcite is
themost abundantmineral in carbonate reservoirs. Advancedmicrofabrication tech-
niques such as photolithography andetching arewell-established for glass and silicon
substrates and other pure materials, but not for calcite. Therefore, there are two po-
tential approaches: (i) fabricate conventional glass and silicon microchannels and
then coat it with calcite, (ii) develop fabrication techniques for calcite. The first ap-
proach has the fundamental problem that calcite does not grow as films but rather as
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3D crystals. The second approach has the problem that current technology does not
exist andmany fabrication steps need to be developed for simpler geometries.

In the first approach, calcite was selectively grown in straight glassmicrofluidic chan-
nels, using calcite nanoparticles. By supplying more Ca2+ and CO3

2− ions at 40◦C,
the calcite nanoparticles keep growing to micron-size particles[68] (Figure 2.3c).
Wang et al.[69] demonstrated a method to coat the inner surface of a glass micro-
fluidic channel with a thin layer of calcite particles (Figure 2.3d). This is achieved by
firstly functionalizing the inner glass surfacewith a silane coupling agent that exposes
carboxylate groups. Ca2+ ions then bind to these carboxylate groups to form a pre-
cursor layer. By providingmoreCa2+ andCO3

2− ions, a thin layer of calcite is grown
inside the channel. Raman spectroscopy and SEM-EDS (scanning electron micro-
scopy - energy dispersive spectroscopy) were also used to check the chemical com-
position of coated calcite. This method was later used to fabricate a calcite-coated
micromodel to study the effect of (improved oil recovery) surfactants at room tem-
perature[70]. Fluorescence microscopy was utilized to detect brine, crude oil phase
and micro scale mechanism of surfactants. Imran K.Shaik et al.[71] further studied
the effect of initial cleaning, salinization solvents and super-saturation factors on this
calcite coating method. In another study, quartz, kaolinite mixture and calcite in
deionized water were also used to coat these materials in PDMS microchannels[72]

(Figure 2.3e).

The second approach is to use a real calcite rock slab and etch away the calcite byHCl
solution to create the desired pore structure (Figure 2.3f). However, the etching and
bonding of these micromodels are much more challenging than for glass-based or
PDMS-based micromodels. Therefore, only a few simple geometries were used in
this study[73]. This approach demonstrated and validated the fabricationmethod of
microchannels within natural minerals and opened opportunities to other studies in
geology and reservoir engineering.
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Figure 2.3: Examples of geochemistry inmicrofluidicmicrochannels. a) Siliconmicrochan-
nel functionalized with clay material. Reproduced with permission [30]. Copyright 2015,
Royal Society of Chemistry. b) “Real rock microfluidic flow cell” in a PDMS microchan-
nel. Reproduced with permission [67]. Copyright 2017, Elsevier. c) Site selected in situ
growth of calcite nanoparticles. Reproduced with permission [68]. Copyright 2016, Wiley.
d) Calcite-coated glass micromodel. Reproduced with permission [69]. Copyright 2017,
AmericanChemical Society. e) PDMSmicromodel with deposited calcitematerial. Repro-
duced with permission [72]. Copyright 2018, Springer Nature. f) Pore network etched on
a calcite slab. Reproduced with permission [73]. Copyright 2014, Royal Society of Chem-
istry.
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2.5 Experiments and Analysis

a. Microfluidic set up

The typicalmicrofluidic setup consists of a fluid injection device, syringe, tubing, mi-
crofluidic microchannel, chip holder, fitting and connection devices, lighting, cam-
era system and microscope as shown in Figure 2.4. Other devices such as pressure
transducers, temperature and pressure controllers, flow sensors can be added for ad-
ditional diagnosis and control.

A fluid pump is used to inject fluids at a stable rate without interruption to themicro-
fluidic microchannel. The common types of these pumps are peristaltic pumps, syr-
inge pumps and pressure-driven pumps. There are different flow rates for each type
of pump. In addition, thehighprecision syringepumps canwork at different pressure
ranges and injection rates with accuracy down to pico-liters per minute. The syringe
is used to store fluids to be injected into the microchannel by the pump. Gas tight
syringes are commonly used in microfluidic experiments. Fluidic tubing is used to
transfer fluids from the syringe to themicrochannel. There are different types of tube
material such as Polytetrafluoroethylene (PTFE), Polyether ether ketone (PEEK),
Ethylene tetrafluoroethylene (ETFE) with different diameters that can be chosen,
depending on specific applications. For example, PTFE has good thermal and chem-
ical resistance especially to strong acids. PEEK also has similar properties, but it is
attacked by strong acids. In addition, PEEK is roughly 10 timesmore expensive than
PTFE.The tubing is tightly connected to the syringe and themicrofluidicmicrochan-
nel via fitting and connection devices such as nuts and ferrules.

A microfluidic microchannel for IOR is an artificial porous device that mimics the
pore structure and chemical properties of real porous media. Examples of such mi-
crochannels are described in previous section. Themicrochannel is oftenfirmly fixed
in a chip holder. Temperature controller is also integrated into this holder to heat
up the micromodel to a specific temperature with small temperature variation. A
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Figure 2.4: Common microfluidic experimental setup for improved oil recovery applica-
tions. a) Microscope and camera b) Syringe pump c) Chip holder d) Fitting and tube e)
Gas tight syringe.

common lighting device used in microfluidic experiment is a Light Emitting Diode
(LED), illuminating the microchannel.

b. Visualization

A camera integrated into the microscope is commonly utilized to visualize the time-
dependent occupancy of the pores by brine and oil. Normally, the camera is in-
tegrated into the microscope. Depending on the specific application, a microscope
equipped with several objective magnifications provides different image resolutions.
For microchannels with one opaque side, a reflection microscope with the light
source and optical access window on the same side is used. For a transparent micro-
fluidic microchannel, either a transmission or a reflection microscope can be used.
For IOR applications, optical, fluorescent and Raman microscopy can be utilized,
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depending on specific purpose of study. The cover glass thickness of a microchannel
could be chosen for a specific purpose. For example, with 200 μm thin cover glass,
we can detect grown calcite particles inside a glassmicrochannel with a 50x objective
in confocal Ramanmicroscopy. Confocal microscopy is used to visualize 3D images
of pore space in microfluidic network.

c. Image analysis

Micromodels are visualized to keep track of global oil recovery and associated mi-
croscopic phenomena during experiment. Generally, grayscale or color images are
captured with camera. Image analysis is performed to extract insight into the oil re-
covery process out of the captured images. ImageJ and Matlab are common tools
used to detect oil, brine and rock components. Generally, the residual oil saturation
or recovery factor are measured. The captured images are typically converted into
binary ones by binarization step. The residual oil saturation (ROS) is defined as the
ratio of remaining oil to original oil in place. ROS can be calculated as the ratio of
remaining oil pixels to the original oil pixels in micromodel.

ROS =
Sf
Si

(2.1)

where Si and Sf are the initial and final saturation of oil in the micromodel, respect-
ively.

This value is easily obtained in 2D microchannels where each pixel corresponds to
the samevolumeof afluid. Usually snapshot images are captured at different stagesof
thewaterflooding to show the fluid displacement pattern and to infer howmany pore
volumes are needed to displace the oil. Sometimes also contact angles and droplet
sizes of emulsions are calculated. However, if we want tomeasure ROS as a function
of time, manual post-processing takes long time to analyze. An automated image
processing program for this issue is highly needed to be developed. In addition, if
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the microchannel has two different depths, as in 2.5D microchannel, a new image
analysis program is required to measure ROS at different depths. In addition to the
global ROS value, image analysis to diagnosemechanisms such as oil mobilization at
pore level is also very helpful to improve our understanding of processes during oil
recovery process in microchannel.

Considering the limitations of current microchannels to study oil recovery for car-
bonate reservoirs, a 3D packed bed of calcite particles, a 2.5D glass micromodel and
a 2.5D calcite-coated micromodel have been developed in the subsequent chapters.
Specifically, this includes a fabricationmethod of a 3Dpacked bed of calcite particles
to incorporate 3D features of porous network, and a 2.5Dmicromodel to combine a
more realistic pore network, physicochemical conditions and integration of carbon-
ate geochemistry. Waterflooding experiments and image analysis tools to quantify
the oil recovery and obtain insight into the oil extraction process will be also presen-
ted.
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To enable the study of ImprovedOil Recovery (IOR) from carbonate rock via labor-
atory experiments at the pore scale, we have developed a novel microfluidic chip
containing a 3D packed bed of calcite particles. The utilization of fluorescently la-
belledwater phase enabled visualization up to 1-2 particle layerswithConfocal Laser
Scanning Microscopy. Porosity and Residual Oil Saturation (ROS) in this space are
quantified from image stacks in the depth direction (Z). To obtain reliable average
ROS values, Z stacks are captured at various XY locations and sampled over several
time-steps in the steady state. All image stacks are binarized using Otsu’s method,
subsequent to automated corrections for imperfect illumination and Z-drifts of the
microscope stage. Low salinity IORwasmimickedbyusing a packedbed thatwas ini-
tially saturatedwithwater and thenwithmineral oil. Steady stateROSvalues showed
no significant dependence on capillary number (Ca) in the range from 6x10−7 to
2x10−5. In contrast, chemicalmodification of the pore space via adsorption of water-
extracted crude oil components yielded significantly higher ROS values, in agree-
ment with a more oil-wet porous medium. These results indicate a good potential
for using packed beds on a chip as an efficient screening tool for the optimization
and development of different IOR methods.
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3.1 Introduction

Despite decades of research anddevelopment, the efficient recovery of oil from reser-
voir rock remains a challenging problem. Even with current Improved Oil Recov-
ery (IOR) methods, a significant volume of the oil typically remains behind in the
reservoir[1]. Different IOR strategies are being explored to retrieve more oil (while
also minimizing the ecological footprint of the recovery process itself). Most com-
mon are methods based on water injection,[2–5], for which different strategies are
followed: adding alkali, polymers, surfactants or nanoparticles, or adjusting the ion
composition. The latter, also known as Smart Water Flooding (SWF) is a relat-
ively recent technique which has been reported to give higher yields than conven-
tional (sea) water injection[6], in both sandstone[7,8] and carbonate[9–13] reser-
voirs.

However, a comprehensive understanding of how LSWF works is still lacking, as
evidenced by scattered results from different field studies[14], and ongoing debates
on mechanisms in the scientific literature[15], in particular to carbonate reservoirs.
Convergence towards an encompassing understanding has been hampered by the
difficulty to acquire experimental data that allow straightforward analysis of the ef-
fect of changing the water flooding condition. An important reason for this is that
experiments using coreplugs are both time-consuming andcostly. In thepast decade,
microfluidics has emerged as a potential alternative, offering a visualization of the re-
tention and transport of oil andwater at the (micro andnano) length scales pertinent
to oil reservoirs[16,17]. In principle, both quantification of residual oil and mechan-
istic insights could be obtained from such visualizations, especially when combined
with systematic variation of the flooding water composition. Microfluidics offers
such possibilities via a flexible design of the pore space and accurate fluid control,
at relatively low cost[18].

However a challenge that remains in the microfluidic approach is, the difficulty in
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achieving two ideal conditions simultaneously: optical access to the pore space and
a good representation of the (geo) chemical ingredients (crude oil, brine and rock).
In relation to this, mostmicro-fluidic studies on LSWF have optimized either one or
the other aspect.

Various studies were undertaken with the emphasis on representing the pore struc-
ture of oil reservoirs. The first microfluidic device named reservoir on-a-Chip[19]

(ROC) was fabricated with this purpose in 2011. In this 2D micromodel the con-
nected pores were all lying in a single plane, thereby making optical access easy.
Since then, a variety of 2D micromodels have been developed, from various materi-
als such as glass[20,21], silicon[19,22,23] and polymers[24–27]. To better represent the
fluid processes occurring in 3D porous media, so called 2.5D[28,29] and dual poros-
ity/depth micromodels[30,31] were also established. In micromodels with dimen-
sionality higher than 2, visualization of the rock and the fluids generally requires
the use of dedicated imaging techniques and/or adaptation of the materials; ex-
amples are the application of X-ray tomography using brines enriched in heavymetal
ions[32,33] or the use of glass beads together with two immiscible fluids having the
same refractive index in optical microscopy studies[34,35]. To capture the physical
aspects, the model fluids were selected to present clearly different wettabilities for
the model rock surfaces[36].

Other studies focused more on an adequate representation of the chemistry of the
rock surface. Alzahid et al.[37] developed amethod to coat sandstone and carbonate
minerals on a poly(dimethylsiloxane) (PDMS) surface. They could visualize multi-
phase flow phenomena such as snap-of[38] and corner flow[39] that usually occur in
reservoir rock. Wang et al.[40] coated a thin layer of calcite crystals on cover glass to
achieve the proper mineral-fluid contact. Yun et al.[41] later used this calcite coated
microfluidic chip to both quickly and cost-effectively prescreen surfactant chemicals
used for oil recovery tests in carbonate cores. Doyle et al.[42] developed a method
to coat the inner surfaces of microchannels in situ with CaCO3 , to achieve tunable



3

64 CHAPTER 3. OIL DISPLACEMENT IN CALCITE PACKPED BEDS

porosity and geochemical properties.

Also real rock surfaceswere used inmicrofluidic chips: Song[43] used carbonate rock
to study geological processes, whileMohammadi et al[17] reported on the use of nat-
ural calcite rock. Singh et al. (2017)[44] designed a new microfluidic test bed called
“Real Rock Microfuidic Flow Cell (RR-MFC)”, wherein a 500μm-thick North Sea
reservoir rock sample was mounted inside a PDMS microfluidic channel. Gerold
et al.[45] fabricated and used a microfluidic device called “Flow On Rock Device
(FORD)” by directly integrating thin sections of reservoir rock into micro-fluidics
for oil recovery studies. While these microfluidic chips should offer a closer cor-
respondence with the (geo) chemical properties in real oil reservoirs, they have not
been used with water and oil as co-existing phases in three dimensions to the best of
our knowledge. Also the geometry of the pore network did not always correspond
closely to that of real reservoirs, which often display a ‘grainy’ 3D nature with dual
porosity[46].

This current state of know-how, where simplifications of the real porous medium in
oil reservoirs have been applied along either ‘physical’ or ‘chemical’ lines, has promp-
ted us to explore a hybrid approach, in which a close chemical representation of the
rock material is combined with a corresponding 3D and double porosity aspects of
the porous network. This is achieved by packing mineral particles inside a micro-
fluidic chip. In this work, we have used synthetic calcite particles tomimic carbonate
reservoirs; in this case a proper representationof the chemistry is particularly import-
ant, since the calcite can not only ad/desorb organic molecules, but is also prone to
dissolution and precipitation[47–49]

An inherent compromise with our approach is that optical accessibility is limited:
water, oil and calcite all have very different refractive indices, with the consequence
that any visible light impinging on the packed bedwill be strongly scattered. Visualiz-
ation of the spatial distribution of the three components with an optical microscope
is hence restricted to a thin layer near a transparent bounding surface. This raises the



3

3.2. EXPERIMENTAL SECTION 65

question, to which depth it is still possible to obtain reliable information about the
distribution of water, oil and rock phases. An additional question is, to what extent
the proximity of thewall could influence the structure of the porousmediumand the
ensuing distributions of water and oil.

In the present work wemainly focus on addressing the first question, while we touch
upon the second one. We will consider optical microscopy observations up to pen-
etration depths, where the images get completely blurred, and use image enhance-
ment and analysis techniques to identify the smaller depth range in which the water,
oil and calcite volume fractions can still be measured. Using the image data for this
depth range, we measure the amount of oil at various locations inside the packed
bed, and average over it, to obtain a reliable number for the residual oil saturation.
Measurement of this ROS value as a function of time (or equivalently, injected pore
volumes) is then used to study the effect of changes in the waterflooding conditions.
Two variations will be explored: the capillary number of the water injection, and the
wettability of the calcite particles. We will show that a packed-bed microfluidic chip,
combined with our image analysis method, allows to detect changes in ROS caused
by changes in the waterflooding physicochemical conditions.

3.2 Experimental section

3.2.1 Materials insidemicrochannels

All chemicals were obtained from Sigma Aldrich. To mimic the rock material of car-
bonate reservoirs, CaCO3 was synthesized using only sodium carbonate (Na2CO3)
and calcium chloride (CaCl2). A precursor Na2CO3 solution (100mL, 50mM)was
adjusted from pH 11.7 to pH 10.0 by addingHCl, and thenmixed with a solution of
CaCl2 (100mL, 50mM)bygently stirringwith amagnetic bar for 2minutes. The res-
ulting supersaturated solution was kept at 22 ◦C for 24 hours to allow precipitation.
The CaCO3 precipitates were then washed three times with ethanol, dried and char-
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acterized by scanning electron microscopy (JEOL JSM 5610) and confocal Raman
microscopy (WiTec Alpha 300R, using a 532 nm excitation laser).

Deionized water (Millipore Synergy, conductivity: 18 MΩcm−1, viscosity: 1.0
mPa.s) with 1.0 mM fluorescein and heavy mineral oil (viscosity ≈ 55 - 61 mPa.s)
were used in the waterflooding experiments. At 22 ◦C, the interfacial tension
between thewater and theoil is 46mN/m. TheDIwater andoil have respectivedens-
ities ρ1 = 0.998 g/cm3 and ρ2 = 0.86 g/cm3. Equilibrated Formation Water (eqFW),
a high salinity brine containing water soluble organic components from crude oil
(CRO), was prepared as described in the Appendix. The key physicochemical char-
acteristics of CRO are summarized in Table A3.1. Formation water with a defined
ionic composition (shown in Table A3.2) was initially prepared. Then equal parts of
CRO and FWwere equilibrated in the presence of few Iceland spar chip at 95 ◦C for
a period of 48 h. After cooling to room temperature, the brine phase (eqFW) was
isolated using a separating funnel and stored in sealed glass containers.

3.2.2 Surface characterization

The eqFW was used to modify both the inner glass wall and the calcite packed bed
of the microchannel. To examine the effects of this ’aging’ treatment on the separ-
ate materials, contact angle measurements of mineral oil droplets in ambient water
were measured using a goniometer (Dataphysics OCA 20L) in the captive bubble
mode. Freshly cleaved Iceland spar (Ward’s Science) and cover glass were examined
before and after being immersed in eqFW at room temperature for 18 h. In addi-
tion, chemical analyses of calcite powders before and after agingwere performed, via
Fourier transform infrared (FTIR) spectroscopy with a Bruker Alpha spectrometer
operated in attenuated total refectionmode. Thermogravimetric analysis (TGA) on
calcite powders was performed using a NETZSCH STA 449 F3 Instrument under a
nitrogen atmosphere and heating rate of 20 ◦C/min.
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3.2.3 Microfluidic chip design and fabrication

Figure 3.1: (a) Schematic 3D illustration of the packed bed in the rectangular microchan-
nel, graymicroparticles are CaCO3. (b) Schematic top view (not to scale) of XYRegions of
Interest visualizedwithConfocal Scanning LaserMicroscopy (CLSM).The space between
adjacent ROIs is 100 μm and the visualization depth is 5-10 μm (c) Top view cartoon of
the distributions of water (green) and oil (brown). The subsequent injection of oil and
water represents a cycle, which is repeated.

A schematic illustration of the poly(dimethylsiloxane) (PDMS) microchannel is
shown in Figure 3.1a (see SI Figure A3.1 for additional design aspects). The chan-
nel has two inlets and an outlet, each 0.8 mm in diameter. A perpendicular side port
(Figure A3.1) facilitates a fast fluid exchange between the different water-flooding
operations. The microchannel dimensions are 8 mm (length) × 0.31 mm (width) ×
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55 μm (height). A barrier consisting of six equidistant pillars (40 × 40 µm2), with
gaps of 11 µm in between, is incorporated to enable the generation of a packed bed.
Since the spacing is larger than the particles, initially someparticleswill be lost. How-
ever, on sustaining the flow, a regime of ‘clogging via sieving’[50] sets in, leading to
an ongoing particle accumulation, while the solvent keeps flowing through the inter-
stitial space. This process is enabled by the so-called ‘keystone effect’[51]. Following
up on the findings by Nagy and Gaspar, we designed the gap to be two times the
average particle size, to maximize the efficiency of particle retention.

A polydimethylsiloxane (PDMS) channel obtained from soft photolithography[52]

was bonded onto a 170 μm thick cover glass (Menzel-Glaser, Germany) after an oxy-
gen plasma treatment at 60W for 1min. The bonded channel was put into an oven at
60 ◦Covernight to improve the bonding strength. Teflon tubes (1/16 in. ODX1/32
in. ID) were connected to the inlets and outlet using 23G stainless steel couplers
(0.025 inch OD × 0.013 in. ID, length: 15 mm) and Loctite EA 3430 epoxy glue.
Themain inlet tubing and syringe were connected via male 1/4”-28 threaded fittings
andmale Luer Lock adapter. TheTeflon tubing from the outlet was connected toTy-
gon LMT-55 tubing (1.65 mm ID × 0.8 mm wall) by epoxy. The completed sealed
channel was then cured for 24 h at 60 ◦C before use.

3.2.4 Filling and flushing protocols

Theoutlet tubing was connected to a peristaltic pump, while the main inlet was con-
nected to a displacement pump (KDScientific) operatedwith gastight glass syringes
(Hamilton). The microfluidic channel was cleaned by flushing with DI water and
then with ethanol for 1 min each. The packed bed was prepared by injecting the
suspension of microparticles (10 μL) at a flow rate of 20 mL/ min from the side
port using a peristaltic pump. The calcitemicroparticles have an estimatedmean dia-
meter of 5.5 ± 0.6 μm (Figure 3.2d). Further information can be found in Section
3.3.1. Meanwhile, the PDMS chip was kept vertical (outlet down) to ensure that the
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particleswerehomogeneouslypackedover the entire channel cross section. After the
side port was closed, DI water was injected at a high flow rate of 200 μL/min from
the main inlet to make the initially somewhat loose packing more compact.

The densely packed bed was then kept horizontal in the absence of flow for 12 h
at room temperature, to equalize the pressure and achieve a tight packing via the
clamping effect[53,54]. Finally, the packed bed was consolidated via a chemical pro-
cess. First, a mixture of CaCl2 and Na2CO3 solution (2 mM each; supersaturated in
CaCO3) was injected at 1.0 μL/min to saturate the packed bed. Next, intermittent
injection was applied, which involved injecting the ionic mixture at 0.5 μL/min for
5min, followed by a waiting time of 5 min. This cycle was repeated 8–10 times, after
which the channel was dried at 70 ◦Covernight. All on-chip experiments were done
at room temperature.

Upon completion of the packed bed, its absolute permeability was measured by in-
jectingDIwater at varying flow rates and recording the corresponding pressure drop
using a pressure sensor (Elvefow microfluidic pressure sensor MPS4, resolution ±
1.2 kPa, range 100–690 kPa). Thepermeabilitywas calculated usingDarcy’s Law[55]

as follows:

k =
QμL
AΔP

(3.1)

where Q is the injection flow rate, μ is the viscosity of water, ΔP is the pressure drop,
A is the cross sectional area of the channel. k is obtained by a linear fit of (Qμ/A)
versus (ΔP/L).The permeability of packed bed wasmeasured to be around 220mD
(Figure A3.3).

To perform waterflooding, first fluorescein-dyed water was injected at high flow rate
until it reached the unlocked side port. This procedure speeds up the fluid transport
without causing excessive hydraulic pressure on the packed bed. The flow rate was
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Figure 3.2: (a,b) Representative SEM image of synthesized CaCO3 microparticles (c)
Representative Raman spectra of synthesized and reference calcite.(d) CaCO3 size distri-
bution, along with a normal distribution fitted to the data.

then lowered to 1.0 μL/min and the side port was closed, to allow a gentle saturation
of the packed bed in the main channel. This “first water injection”, aimed at “prim-
ing” the calcite packed bed, was terminated when the water reached the main outlet.
Second, oil was injected in a similar way. This “drainage” process was terminated
when, based on visual observations with the CSLM, the oil saturation had reached
So≈ 1 without further change. Third, a “second water injection” using fluorescein-
dyedwater was performed at a chosen capillary number (Ca). This “imbibition” pro-
cess was continued for a sufficiently large number of pore volumes to reach an appar-
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ent steady state, as assessed from CSLM images. Each waterflooding condition was
repeated two or three times (“cycles” in Figure 3.1c) to check repeatability of the
experiment.

3.2.5 Image acquisition

Z stacks at 25 (X, Y) regions of interest (ROI) inside the packed bed (Figure 3.1b),
each covering a field of view 90 × 90 μm2 were acquired by a Visitech Infnity3 Con-
focal Scanning Laser Microscope (CSLM) in fluorescence mode, using a 488 nm
laser, 100× objective (oil immersion, NA = 1.49) and an ORCA Flash 2.8 camera at
2 × 2 binning. The effective pixel size was 0.135 × 0.135 μm. The middle regions of
the packed beds were visualized, while the downstream regions (300–400 µm close
to the pillars) were excluded to avoid end effects[56]. At each (X, Y) ROI, a series
of images along the Z-direction was recorded over a range of 25 μm (in steps of 330
nm), at an exposure time of 100ms per image. For the water and oil saturation steps,
only image stacks of the end resultwere recorded. For the secondarywater injections,
Z stacks at Nxy = 25 locations weremeasured as a function of time. Each image stack
was recorded in 10 s and a programmable XY stage was used to revisit each XY loc-
ation at regular time intervals (about 5 min). Decreasing the Z range from 25 to 15
μm, would allow a cycling time of about 6Nxy seconds.

3.2.6 Image Analysis

Image stacks along the Z-direction were first separated manually into individual
(XY) images using ImageJ FIJI software developed by NIH and LOCI (Wiscon-
sin)[57,58]. Further data analysis was performed automatically with Matlab codes
to quantify the area fraction of fluorescein-dyed water per individual image. By av-
eraging this fraction over the different Z slices while taking into account all (X, Y)
ROIs, an average water volume fraction, representative for the (optically accessible
part of the) packed bed is calculated as a function of time (or equivalently, pore
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volume).

First a pre-processing was done to improve image quality. Given the illumination
conditions in our CSLM system, the (90 × 90 μm) images showed slightly reduced
intensities, (1) in the corners and (2) due to an alternating stripe pattern. After crop-
ping 4 μm from the edges, the striping issue was mitigated by fast Fourier transform-
ing (FFT) a representative striped image, and judiciously “masking out” the respons-
ible peaks in the FFT image. This mask in reciprocal space was applied to all images,
after FFT and before the inverse transformation.

The pre-processed images were next binarized usingOtsu’s method[59], which auto-
matically determines the optimum intensity threshold. To examine the robustness
of the binarization, also slightly lower and higher intensity thresholds were explored.
The area fraction of bright pixels [denoted as water area fraction (WAF)] was at-
tributed to the presence of fluorescent water, while dark pixels could correspond to
either oil or calcite. Saturating the packed bed with fluorescent water before the first
exposure to oil, allowed measuring the fraction occupied by (non-fluorescent) cal-
cite particles. By assuming this reference WAF to remain constant throughout the
entire experiment, the residual oil fraction in relation to initial WAF values was es-
timated.

While averaging the values of WAF over different Z values, it had to be ensured that
the same Z-range was analyzed for each experimental condition. Small tilt angles
or vertical drifts of the micro-channel might cause the channel bottom (i.e., the in-
ternal Z = 0) at different (X, Y) locations or times, to be located at slightly different
Z-positions in the (external) coordinate system of the microscope. This issue was
resolved by estimating the local Z = 0 from the corresponding intensity (I(Z)) pro-
file, where I(Z) is the average intensity of an image at depth Zwithin a pre-processed
grayscale image stack. This I(Z) function typically shows a maximum (at Zmax≈ 1
μm) that can be found via parabolic fitting; except for cases, where the packed bed
is almost completely saturated with oil. Considering that the maximum depth res-
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olution was about 5 μm from the channel bottom, the same Z-distance range was
utilized for all (X, Y) ROIs.

3.3 Results and discussion

3.3.1 Characterization of CaCO3 particles

The major mineral constituents of carbonate reservoirs mostly consist of calcite and
dolomite[60]. X-ray powder diffraction (XRD) of carbonate reservoir rocks indic-
ates that the calcite content is even up to 100 % at certain depths[61]. Therefore,
calcite particles were synthesized to represent the predominant mineral constituent
of carbonate reservoirs (see Sect. 3.2.1. Figure 3.2a,b shows an SEM image of the
synthesized CaCO3. The particles have an estimatedmean diameter of 5.5± 0.6 μm
(Figure 3.2d). The typical crystal morphology is rhombohedral, similar to the char-
acteristic crystal habit of calcite[62,63]. Figure 3.2c presents the Raman spectrum
of the synthesized CaCO3 particles, with peaks observed at 1089 cm−1(symmetric
stretching CO3, ν1), 715 cm−1 (in-phase bending CO3, ν4) as well as 285 and 158
cm−1 (lattice modes). These peaks positions correspond well to the spectrum for
calcite[40,64] and confirms that our crystals do not contain other crystalline phases
of CaCO3.

3.3.2 Characterization of the packed bed

The mechanical stability of the packed bed was examined by flushing fluorescein-
dyed water at 1 μL/min (superficial velocity v ≈ 1 mm/s) in the packed bed and
simultaneously monitoring several (X, Y) ROIs with CSLM. The calcite particles
showed no significant displacement, as evidenced by the image-time series shown
in Figure A3.2. The permeability of packed bed was measured to be around 220mD,
which iswithin the range of that in carbonate reservoirs[46]. Using an estimatedpore
volume fraction of about 0.53 (measurement shown in Sect. 3.3.3) and the average
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particle size of about 5.5 μm, an approximate permeability can be calculated from
the Kozeny-Carman equation for spheres[65]:

k =
a2ϕ3

45(1− ϕ)2
(3.2)

where ϕ is the porosity and a = 2.75 μm the average sphere radius. This estimation
provides k ≈ 130 mD. The discrepancy could arise from factors such as different
particle morphologies, polydispersity and possibly also the presence of the nearby
glass wall[34]. In addition, the coefficient (here taken 45) also shows some variation
with the type of porous medium[66].

Figure 3.3: Representative Z stack in the 3D calcite packed bed immersed in fluorescently
labelled water. The 2D images are shown at different depths into the channel, measured
from the inner glass surface.
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Figure 3.3 presents an example of a Z stack at a given (X, Y) ROI in the packed bed
filled with fluorescent water. Clearly, the image contrast gets compromised as the
optical penetration into the sample (i.e., the Z coordinate) is increased. This is due
to the scattering of (both the incoming and outgoing) light by the calcite particles,
which have an average refractive index of 1.65 (compared to 1.33 for water). Typic-
ally, the images get blurredwhen focusingmore than a depth of 5 μm into the packed
bed (Figure 3.3e, f). A typical Z stack after second water injection shows a similar
phenomenon (Figure A3.4). Previous studies reported likewise difficulties when us-
ing CLSM to visualize the bulk of rocks materials[67]. A key observation is that the
packedbedexhibits bothmacro- andmicro-porosity (thedivision lies around10µm)
for various ROIs close to the glass surface. The packed bed thus reasonably repres-
ents the geometrical complexity of the pore structure in carbonate reservoirs, where
micro-porosity constitutes up to 50% of the total porosity[46,60,68].

3.3.3 Measurement of (local) porosity

The image analysis procedure performed on a single (X, Y) ROI of a packed bed in
fluorescent water is illustrated in Figure 3.4.

The conversion from a raw grayscale image to a binary one, as shown in Figure 3.4a,b,
is effective for images acquired in proximity to the glass bottom. However, the bin-
arization becomes increasingly difficult upon deeper optical penetration into the
packed bed, i.e., for larger Z. While already shown in Figure 3.3, this is illustrated
more quantitatively in Figure 3.4c, where WAF(Z) is plotted for binarizations using
slightly different intensity thresholds (ITH). In the first 5 μm from the bottom the
WAFmagnitudes are very similar, but for larger Z theWAF(ITH) values diverge due
to image blurring. WAF(Z) curves after the second water injection show a similar
trend (Figure A3.5). For this reason, we have limited our measurement (and sub-
sequent Z-averaging) of WAF(Z) to a distance ≈ 5 μm from the bottom (see Sect.
3.2). In this case, the porosity of the packed bed near the wall (≈ 5 μm) is defined
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Figure 3.4: Illustration of the image analysis process:(a) raw grayscale image. (b) Binar-
ized image. (c) Fluorescently-dyed water (white) area fraction versus image depth. (d)
3D reconstruction image of a Z stack (green:water, blue: calcite)

as the average of local porosity of ROIs, where it is a Z-averaged value of void area
fraction.

Up to 5 μm, the steady decrease of WAF with Z increasing is thus reliable. It illus-
trates a featurewhich is probably intrinsic for a packed bed: the channel walls induce
a heterogeneity of the particle packing density, at least at the length scale of the con-
stituent particles. Clearly, WAF(Z) should “saturate” for Z values far enough from
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the wall, where the structure will reach the random packing of the bulk material. Be-
cause of the geometrical wall effect, the porosity of the packed bed is thus somewhat
different than near the wall. However, since the typical porosity length scale will still
be comparable, we can expect that the changes in residual oil saturation, obtained by
interventions in capillary number or wettability, will still be similar. Because of the
slight arbitrariness of the Z integration range, the calculated oil andwater saturations
will depend somewhat on the upper Z limit.

Comparison between the ROIs at different (X, Y) locations (Figure 3.5) reveals
some heterogeneity in WAF at larger length scales; the typical lateral distance
between the ROIs is 100 µm. The WAF values at Z = 0 for the different ROIs do
not show any systematic dependence along the downstream direction, nor perpen-
dicular to it, but there are small variations. This could produce a spread in occupancy
between the different ROIs. Taking the average over 25 ROIs reduces the standard
deviation of the average to≈ 2.6%, which is in our case sufficiently small tomeasure
effects of capillary number and wettability alterations.

3.3.4 Waterflooding experiments

The waterflooding conditions explored using twomicrofluidic chips (with the same
design) are summarized in Table 3.1. In IOR from oil fields, the typical injection
velocity typically varies between 1 and 4 ft/day; some variations exist between liter-
ature values[45,69]. Since the flow rates correspond to typical capillary numbers in
the range 106 to 105,[70] we have also explored this range (Table 3.1).

We further investigated the effect of surface modification of the porous medium on
ROS, defining the latter as the fraction of oil in the XYZ pore space for Z ⩽ 5 μm
(see above). After the waterflooding experiments using unaged calcite, the packed
beds were injected with eqFW to displace the fluorescently labelled water, and aged
for 18 h. The goal of the long equilibration time was, to allow adsorption of organic
components onto the pore surfaces. Thereafter, the same injection protocols were
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Table 3.1: Flow conditions in waterflooding experiments. Ca numbers were explored from
low to high.

Sample Qw(μL/min) Ca (-) Uw(μm/s)

1 0.03 6.3x10−7 29
1 2.1x10−5 980

2 0.3 6.3x10−6 294
1 2.1x10−5 980

performed, to enable optimal comparison between the results obtainedwith unaged
and aged pore spaces.

Figure 3.5: (a) Spread inWAF(Z)profiles forROIs located at 25different (X, Y) locations
in the packed bed, in the case of 100%water saturation.(b)Histogramof the (Z-averaged)
porosity: the standard deviation is≈ 2.6%

Figure 3.6 summarizes the results of the waterflooding experiments. The remaining
water saturation (RWS), i.e., the WAF averaged over Z-depths from 0 to≈ 5 μm for
(X, Y) ROIs, is plotted versus the number of effective pore volumes (PVef). Here
PVef is estimated from the pore volume and the injected water volume. The (‘drain-
age’) stage where oil is injected to replace the water is not shown, because the water
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content was too low to obtain a reliable number. However, from the CSLM images
it was observed that some regions on the calcite surface were still covered by a layer
of water; this is shown in Supplementary Figure A3.6b. The initial water saturation
(IWS) (equivalent to the porosity of the packed bed) appears to be very similar (at
≈ 53%) for the two chips. This illustrates the reproducibility of the particle packing
procedure.

In the second injection stage, water is injected continuously, to displace oil from
the packed bed. Direct CSLM images (not shown) revealed that oil was mostly dis-
placed from the large pores. This is in agreement with previous studies[71] and can
be explained by the lower capillary pressure in those pores.

The quantitative image analysis shown in Figure 3.6 reveals that generally, within
a given waterflooding cycle, the RWS quickly reaches a stable value. Also gener-
ally, the differences between subsequent cycles under the same condition (capillary
number, aging history) are modest. A slight exception is panel C, where the scat-
ter is somewhat larger (for which we have no tentative explanation). Importantly,
the remaining water content is significantly lower for the chip that had been aged in
eqFW. For example, in Figure 3.6a, the aged case (blue symbols) presents anRWSof
31.5%, whereas it was 36.5% for the unaged case (red symbols). Similar differences
are found in Figure 3.6b–d, and the differences between the aged and unaged cases
are always bigger than the differences within these two datasets. This underlines that
aging the pore space with eqFW has a significant effect on the ability of water to dis-
place oil. Previous studies[72] also indicate that the endogenous crude oil species in
equilibrated brines can apparently increase the oil-wetness of both quartz and calcite
surfaces. Moreover, the magnitude of such effect depends strongly on oil nature and
brine salinity.

The range of capillary number studied here has no noticeable effects on the RWS.
This can be seen by comparing Figure 3.6a (low Ca) to Figure 3.6b (high Ca) and
likewise for Figure 3.6c, d. We emphasize here that, although our reported RWS and
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Figure 3.6: Evolution of the remaining water saturation during waterflooding experiments.
Values represent remaining water (%) for initial water injection (i.e., before first oil injec-
tion; orange) as well as for (after oil-drainage) waterflooding of packed beds, unaged (red)
and aged in eqFW (blue). Waterflooding cycles: 1=circle, 2 = triangle, 3= square. Sample
1: (a) Ca= 6.3×107, (b) Ca=2.1× 105. Sample 2: (c) Ca= 6.3×106, (d) Ca= 2.1×105.
Vertical bars present the spread among the 24–26 ROIs in the packed bed (calculated as
a standard deviation)

ROS values do not strictly correspond to the averages over the entire packed bed,
very similar trends in RWS and ROSwere found for differently chosen Z integration
ranges.

The final Residual Oil Saturation, ROS = 1 − RWS
IWS for the different waterflooding
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Figure 3.7: Average ROS for waterflooding experiments in two freshly prepared chips (tri-
angles or squares). For each sample, capillary numbers were varied in the increasing direc-
tion, and the unaged calcite (red) was studied before the eqFW-aged calcite (blue). Error
bars indicate the standard deviation of ROS measured at different locations across the
channel

experiments (highlighted in Figure 3.6) are plotted in Figure 3.7 versus the capillary
number. We observe that the data for Ca = 2.1×105, which were measured on two
different chips, correspond well. Again, we see that the capillary number does not
have a clear effect on the ROS in any of the explored conditions. Previous studies
also showed a weak dependence of ROS on Ca. Krummel et al.[34] found that ROS
decreases significantly for Ca larger than 2 × 104 but not for lower capillary num-
bers as used in our study[34,56]. It is worth noting here that our findings were made
at comparable capillary numbers but for smaller pore sizes and a higher (oil:water)
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viscosity ratio.

The higher ROS values for samples aged in eqFW confirm the expectation that the
intermediate aging with crude oil equilibrated formation water makes the porous
medium more oil-wet: in that case it should be more difficult to displace oil. This
trend is similar to previous studies in which 2D arrays of cylindrical polymer posts
were used. Here we observe a similar behaviour[36,73] but with different materials
and for a 3D porous medium. This similarity of the observations further confirms
that our visual observations in a packed bed close to a wall, can be used to detect the
effect of wettability alteration on the fraction of residual oil.

We note here that not only the calcite particles but also the glass wall (and possibly
also the PDMS) could adsorb components from the eqFW. To examine this inmore
detail, we exposed a glass slide and a piece of Iceland Spar calcite to a similar aging
procedure, andmeasured the advancing and receding contact angles before and after
aging. Here, the glass surface showed a 15◦ lower advancing contact angle (for an oil
droplet in ambient water), while for the calcite substrate this contact angle remained
unchanged (see Figure A3.7). It is remarked here that for many substrates, contact
angles provide a mixed information that can often not be disentangled: the inherent
wettability of the surface material gets modulated by chemical heterogeneity and/or
surface roughness. In fact, additional characterizations of the calcite particles using
TGA and FTIR (see SI Figure A3.8, A3.9 and Table A3.3) revealed that adsorption
of organic compounds had in fact taken place during the aging step.

3.4 Conclusions and outlook

Wedemonstrated howmicron-sized calcite particles can be assembled into a porous
medium inside amicrofluidic chip. Fluorescence based visualization of the particles,
water and oil in various regions close to the transparent wall, followed by automated
image analysis, allows accurate quantification of the residual oil saturation. This al-
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lows detecting the consequences of wettability alteration, as is of interest in the ex-
ploration of SWF. Compared to traditional core flooding experiments, our micro-
fluidic approach potentially ofers an attractive alternative tool for screening many
fluid compositions and/or flow rates in a short time.

While our approach can already accommodate the use of other particles (e.g.,
crushed rock), a further development of the platformwill be needed to enablemeas-
urements with crude oils and at elevated temperatures. Defining the microfluidic
channels inmaterials with enhanced thermal and chemical resistance will be a neces-
sary step for that. Materials which such characteristics are known and have been ap-
plied[74], whilemethods to coat typical wall materials with calcite have also become
available recently[40]. The use of crude oil may then contribute to the visualization
via its auto-florescence.
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Appendix

Crude oil and formation water preparation

Batches of dead crude oil (CRO) samples were obtained from a carbonate reservoir.
TableA3.1 shows the characterizationofCRObatchesperformedbya certified labor-
atory at Saybolt Nederland B.V and the viscosity measured with aHaake RS600 con-
trolled stress rheometer using a Couette geometry.

Table A3.1: Physicochemical characteristics of crude oil.

Viscosity (at 22 ◦C) 24 mP.s
Acid number 0.2± 0.04 mg KOH / g
Base number 1.1± 0.1 mg KOH / g
Asphaltenes 2.6± 0.3 mass%
C10+ 91± 3.3 mass%
n-heptane 0.9± 0.4 mass%
n-octane 1.0± 0.2 mass%
n-hexane 0.6± 0.5 mass%

Artificial formation water (referred to as “FW” or “unaged FW”) was prepared by
mixing SigmaAldrich reagent grade chemicals (sodium chloride,magnesium sulfate,
calcium chloride, magnesium chloride and sodium bicarbonate) with deionized wa-
ter (18.2 MΩcm−1, Milli-Q), to achieve the ion composition listed in Table A3.2.
The aqueous suspension was stirred overnight at room temperature and filtered
through a PES filter membrane (0.45 μm).

FormationWater-CrudeOil Equilibration

125 mL of formation water (FW) and 125 mL of crude oil (CRO) in a sealed glass
bottle (500mL)were equilibrated at 95 ◦Cwithin 48 h. After equilibration and cool-
ing to room temperature, the brine and oil phases were extracted using a separat-
ing funnel and stored in sealed glass containers. The equilibrated formation water
(eqFW) and oil (eqCRO) phases were cooled down to room temperature. Then
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Table A3.2: Composition and geochemical analysis of artificial formation water (FW).

FormationWater

Na+(ppm) 59491
Ca2+(ppm) 19040
Mg2+(ppm) 2439
Cl−(ppm) 132060
SO42−(ppm) 350
HCO3−(ppm) 354
Total dissolved solids (ppm) 213734
Ionic strength (M) 4.3
pH 6.8

Table A3.3: IR band frequencies (cm−1) for calcite powders (unaged and aged in eqFW)

Reference calcite eqFW calcite
Calcite 1083 (ν1) ; 872 (ν2); 1392 (ν3); 712 (ν4)

Aliphatic (C-H stretching) - 2851; 2918
Water - 1637; 3378

they were separated using a funnel and stored in sealed glass containers.

Figure A3.1: Schematic of microfluidic design. There is an inlet, a side port and an outlet.
The side port is used to facilitate fluid exchange
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Figure A3.2: (a) Images to illustrate stability of calcite particles. Fluorescein-dyed water
was injected at 1 µL/min, v≈ 1mm/s. Images were taken every 5 mins at the same (X,Y)
location. Calcite pattern is kept stable in this condition

Figure A3.3: Plot of linear regression fit to get absolute permeability (K). Six data points
were recorded duringDIwater injectionwith flow rate from0.5µl/min to 3 µl/min. Linear
regression fit shows the slope is 2.166*10−13 m2≈ 220 mD (K), with R2 = 0.997.
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Figure A3.4: Representative Z stack in the 3D calcite packed bed after the second time
water injection (oil, water, particle). The 2D images are shown at different depth into the
channel, measuring from the inner glass surface.

Figure A3.5: Representative WAF with 3 different threshold variations (default Otsu’s
method value T, T-1, T+1) at Z stack. Error bar (std) presents sensitivity of WAF value
to threshold: A Z stack after waterflooding (second water injection).
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Figure A3.6: An example of calcite distribution after first water injection at a (X,Y) loca-
tion (b) After oil injection (c) Water and oil distribution after second water injection.

Figure A3.7: Advancing oil contact angle for non-aged and aged in eqFW of (a) Cover
glass and (b) Iceland Spar calcite.

Figure A3.8: (a) TGA result of reference and eqFW aged calcite powder. (b) A close-up
section of original image. For reference calcite powder, not weight loss up to 600◦C. For
eqFW calcite powder, weight loss occurred after 100◦C, suggesting the presence of organic
components bind to calcite.
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Figure A3.9: (a) FTIR spectroscopy of reference and eqFW aged calcite powder. (b) A
close-up section of original image. Blue arrows show existence of organic composition on
calcite particles.
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To study improved oil recovery (IOR) via laboratory experiments at the pore scale,
we performed waterflooding experiments in a glass 2.5D micromodel (dual depth:
12 and 27 μm) with crude oil (CRO) and brines of variable composition at temper-
atures from 22◦C (room temperature) to 90◦C.The time-dependent residual oil sat-
uration (ROS) for various flooding and aging protocols was extracted from optical
microscopy images of the entire pore space in themicromodel. Additionally, weused
high-resolution images to examine the microscopic distributions of oil and brine at
the subpore level. Variation of the fluid aging history (before the first flooding with
high-salinity water, HSW) revealed that sequential aging with formation water and
CRO led to significantly higher ROS values than aging with CRO only. Video ana-
lysis of the pore space showed that most of the oil was trapped via a complete by-
passing of the deep pores. On increasing the waterflooding temperature, both the
ROS and the fraction of bypassed pores became smaller. An increase in dewetting of
tiny oil drops andfilms from theporewalls supports the notionof aROSdecrease via
a wettability alteration. Subsequent flooding with low-salinity water (LSW) did not
lead to recovery of additional oil, regardless of aging condition or temperature. Our
results show the significance of fluid aging and temperature to design a successful
microfluidic IOR strategy.
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4.1 Introduction

A persistent concern in improved oil recovery (IOR) applications is that significant
amounts of oil remain trapped in the oil reservoir. In the past decade, low-salinity
water flooding (LSWF)[1] has emerged as a common method to improve oil dis-
placement in both sandstone[2,3] and carbonate[4–8] reservoirs. However, a better
comprehensive insight into howLSWFworks, as needed to optimize IORprocesses,
is still lacking[9].

The use of microfluidics has recently emerged as an alternative, quick and efficient
method to mimic oil recovery[10,11]. In principle, microfluidics can offer quantific-
ation of residual oil and microscopic observation of pore scale physical phenomena
at relatively low cost. This is made possible through the broad availability of ma-
terials for fabrication (e.g. glass[12,13], silicon[14–16] or polymers[17–20]), the low
consumption of chemicals, the accurate fluid control and detection, and the flexible
design of the pore space.

However, even with these capabilities, the question remains on how to adequately
mimic oil recovery processes using the microfluidics platform. IOR processes can
present complexity in variousways: (i) the geometry of the pore space[21,22], (ii) the
aging of the rock, brine and oil (and their interfaces)[23], (iii) the elevated temper-
ature and pressure conditions[10,24,25], (iv) the complex composition and physico-
chemical behavior of the crude oil[26,27], and (v) the fluid/fluid and fluid/rock inter-
actions[28]. Different approaches to this problem have been followed. In reduction-
istic approaches, simplifications are made by using regular pore geometries[15,29],
and/or simple alkanes,[30,31] and/or temperatures around 22 ◦C[32,33]. Sometimes
comparisons to a more complex ‘reference’ experiment are made to validate the sim-
plification[34,35].

In more holistic approaches, certain types of complexities are integrated into the
design of the experiment. To better represent the complex structure of the por-
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ous rock medium, dual porosity/depth[36,37], so-called 2.5D[38,39] and 3D micro-
models[40,41] have been used. Also micro-fluidic studies at high temperature and
pressure have recently seen the light[42–46]. Although the use of crude oil (CRO)
in microfluidic devices has been relatively scarce, a growing trend can be observed
here[28,47–49]. This has been made possible through the use of chemically resistant
chip materials such as glass or silicon. Also, studies on the influence of chemical
aging[32] have thereby come within easy reach.

In this paper, we connect to these developments inmicrofluidic technology to enable
mimicking IOR phenomena at higher levels of complexity. Novel explorations are
made by addressing two aspects in conjunction: (i) more realistic physicochemical
conditions and (ii) a more realistic pore network.

The rich and complex physicochemical behavior of crude oils could play an im-
portant role in different stages of the IOR process. Surface-active components (as-
phaltenes and resins) are known for their ability to adsorb onto rock surfaces as well
as brine/CRO interfaces[50–54]. These adsorption (and desorption) behaviors de-
pend on brine composition and temperature and can play distinct roles in wettabil-
ity alteration during both the initial aging and subsequent waterflooding stages. To
examine this aspect, we study the behavior of (nondiluted) crude oil in a glassmicro-
fluidic chip at various temperatures. High-temperature agingwithCROisperformed
with or without a preceding exposure to formation water, which makes a significant
difference, as we will show. Subsequent displacement of the CRO by high-salinity
water (HSW) is tested as a function of flooding temperature.

Regarding the pore network geometry, a significant influence on the outcome of the
water-flooding experiment (e.g. the ROS) could be expected too. Even though com-
parative studies (e.g., ref[32]) using the same physicochemical conditions but differ-
ent pore network geometries are relatively scarce, it is clear that the pore size (distri-
bution) aswell as the pore connectivitymust have an effect via the capillary pressures
and hydraulic resistances. While microfluidic devices that replicate the 3D nature of
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the pore network can bemade with modern printing technology[55], the possibility
to observe the 3D oil displacement processes with time-resolved (confocal) optical
microscopy is precluded by the opaqueness of the crude oil andmultilayer structure.
Observations are then restricted to the flow channels that are very close to the outer
chip surfaces. Possibly in relation to this, many microfluidic studies with CRO are
still done in single-depth (i.e., 2D) chips.

Pore spaces characterized by two distinct depths (denoted in literature as dual depth
or 2.5D) do not offer the same pore connectivity as 3D, but improve on the 2D sys-
tems by better representing the strong variations in pore depth, as well as the stag-
nant flow regions where oil slugs get trapped more easily. With 2.5D networks, the
connectivity between deep and shallow pores can also be better examined for its
role in the outcome of IOR processes. Indeed, significant differences in both the
ROS and the oil release mechanism have been found for 2D and 2.5D pore net-
works[38,39].

To mimic the IOR processes via microfluidic experiments under more realistic con-
ditions, we use a chip with a pore network that closely resembles that of sandstone
reservoir rock[39]. The use of glass as the chipmaterial also provides a certain chem-
ical similarity to the sandstone. By etching the pore throats with a shallower depth
than the pore bodies, we obtain a 2.5D pore network that offers (i) an approximate
representation of the real rock structure (where the pore throats are both narrower
and shallower) and (ii) the possibility to optically distinguish between the different
types of pores, via the differences in optical path length. In our experiments, optical
microscopy is used as the main analysis tool. We first explore the influence of chem-
ical aging, where we will find that exposing the glass pore space to formation water
before the standard prolonged exposure to CRO has a significant effect on the ROS
values obtained after subsequent waterflooding with HSW. In the second set of ex-
periments, we vary the temperature of thewaterflooding fromRT to 90 °C and find a
clear temperature dependence of the ROS. To obtain more mechanistic insights, we
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use an image analysis method that first classifies each pore as either deep or shallow
and next measures the time-dependent (brine or CRO) content per individual pore.
This allows us to elucidate the role of the shallow pores in the fluid displacement
pattern. Finally, we use optical microscopy at high magnification to examine for the
presence of tiny droplets or thin films in the pores after the waterflooding.

4.2 Materials and Instrumentation

4.2.1 Fluids

Deionized (DI) water (18.2 MΩcm−1) was obtained from a Millipore Synergy in-
strument. All chemicals were purchased from Sigma Aldrich. All salts and cleaning
agents (ethanol, isopropanol (IPA), toluene, xylene)were used as received. Artificial
formation water (FW), high-salinity water (HSW) and low-salinity water (LSW)
with ion compositions given in Table A4.1 (Appendix) were prepared by dissolving
the salts overnight under stirring at room temperature, followed by filtering through
a 0.45 μmpolyethersulfone (PES)membrane. LSW is obtained by dilutingHSW10
times. A batch of ‘dead’ crude oil (CRO) was obtained by extracting oil from a reser-
voir and subsequently removing the dissolved gases and volatile components. The
results of a chemical characterization by Saybolt Nederland B.V. are given in Table
A4.2. The viscosities of theCROat different temperatures asmeasuredwith aHaake
RS600 rheometer are shown in Table A4.2. Temperature-dependent interfacial ten-
sions (IFTs) between CRO and brines, measured using a DataPhysics OCA 20L ap-
paratus and inverted pendant drops, are shown in Table 4.1. The temperatures were
chosen as close as possible to those of the flooding experiments (22, 60 and 90 ◦C)
in the microfluidic chip; 85 ◦C was the highest accessible temperature for the IFT
measurement. IFTs betweenCRO and brine are generally time-dependent; they de-
crease over the first few minutes and then saturate[56–58]. We present the saturated
values measured after 20-25 minutes.
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Table 4.1: IFT (mN/m) of HSW and LSWwith CRO at different temperatures ∗.

Temperature 22 ◦C 60 ◦C 85 ◦C

IFT: HSW and CRO 3.2± 0.7 6.7± 0.2 7.6± 0.4
IFT: LSW and CRO 8.8± 0.6 9.5± 0.6 10.2± 0.5
viscosity: CRO 24 7.4 3.4
viscosity: water ∼ 1.0 ∼ 0.47 ∼ 0.34

∗ Viscosity (mPa.s) of CRO and water at different temperatures.

4.2.2 Microfluidic chips

Thedesignof the entire 2.5Dmicrochannel is shown inFigure 4.1. Our porenetwork
was inspired by a real sandstone core, as presented in ref[39]. In this paper, a cross-
sectional scan obtained with micro-computed tomography was subjected to image
analysis to separate the pore bodies from the pore throats. After we scaled the pore
maps obtained from this paper to a ∼ 6.3 x 6.3 mm horizontal area, we used them
as etch masks. The pore throats were isotropically etched to a depth of 12 μm, while
it was 27 μm for the pore bodies. Figures 4.1b,c shows the deep and shallow pore
spaces (projected onto a horizontal plane). The typical lateral dimensions are∼ 55
μm for the shallow pores and ∼ 200 μm for the deep ones (see Figure A4.1 for the
lateral size distributions). Hence for both pore types, the depth is typically much
smaller than the width, implying that the depths will dominate the curvatures of the
liquid-liquid interfaces in the chip. Assuming a uniform depth of 27 (12) μm, we
calculate a total volume of∼ 0.5 (0.09) μL for deep (shallow) pores by multiplying
the projected area with the depth. Defining the total volume of the porous medium
as 6.3 x 6.3 x 0.027 mm, we then obtain a porosity of∼ 55%. Notably, the separate
sets of deep and shallow pores do not offer complete flow paths, hence a sustained
transport of fluid can only be realized via alternating flow through deep and shallow
pores.

The lithography process used for etching the dual-depth pore space in a glass wafer
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Figure 4.1: a) Schematic of the 2.5Dmicromodel including both the pore network and the
distribution fractures. The black regions correspond to deep channels and pores, while the
red regions are the shallow pores. Lower panels show the deep (b) and shallow (c) channels
separately. Scale bar is 1 mm. Reproduced with permission from reference [39]. Copyright
[2019] Publisher Elsevier.

is discussed in the Supporting Information. The obtained etched glass substrate was
bonded to a 100mmdiameter 200 μm thick glassMEMpax substrate in which circu-
lar holes (∼ 2 mm diameter) had been powder blasted (abrasive jet machined)[59].
These holes served as inlet and outlet for the liquids. After thermally bonding the
wafers, the wafer pair was diced into five individual chips. Finally, a ∼ 20 nm chro-
mium layer was sputtered on the backside of the glass chip to enhance the reflectivity
for the impinging light of the upright optical microscope onto which the chip was
mounted (see Figure A4.3).

Experiments at elevated temperatures were made possible via a homemade chip
holder (Figure A4.4) that was made from PEEK because of its chemical inertness
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and good thermal insulation. Temperature control over the chip was achieved by at-
taching it to a (high thermal conductivity) copper block, which in turn was attached
to a ceramic heater (HT24S 24W, Thorlabs). A TCS651 thermistor was placed in-
side the copper block (see Figure A4.5), and both the heater and the thermistor were
connected to a 5300 TEC Source temperature controller. The typical temperature
difference across the pore space of the chip was measured to be as small as∼ 0.5 ◦C.
Teflon tubings (1.6 mm OD X 0.5 mm ID) were connected to the inlet and outlet
of the glass chip via VitonO-rings, PFA (Teflon)/ETFE 1/4”- 28 UNF thread fitting
and ETFE Ferrules 1/4”- 28. The outlet is exposed to atmospheric pressure. The in-
let tubing and syringe were connected via male 1/4”- 28 threaded fittings and a male
Luer Lock adapter. Liquids were injected using a syringe pump (KD Scientific) and
a gastight 1 mL glass syringe (Hamilton).

4.2.3 On-chipmeasurements

All aging andwaterflooding experiments were carried out with themicromodels em-
bedded in the holder (held at constant temperature) that was placed on the stage
of a Zeiss Axioskop upright microscope equipped with a Basler (type a2A5328-
15ucBAS) 5328x4608 pixels color CCD camera (see Figure A4.3). Use of a 2x ob-
jective allowed to capture the entire pore space in a single projection image (∼ 1.6
μm/pixel). Using this magnification, movies at a frame rate of 30/s were collected
by capturing from a virtual monitor screen of 644x562 pixels using Active Presenter
recording software (∼ 11.4 μm/pixel). An independent 10x objective was used to
acquire high-resolution still images (∼ 0.32 μm/pixel) of selected pores.

The absolute permeability of the 2.5D microchannel was measured by injecting DI
water and increasing the pressure stepwise from400 to 1800mbar using aOB1Mk3+
controller (Elveflow). The corresponding flow rates were measured using a mini-
Cori M12 flowmeter (Bronkhorst). The permeability K was calculated by linear fit-
ting to Darcy’s Law[60]:
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k =
QμL
AΔP

(4.1)

where Q is the injection flow rate, μ is the viscosity of water, ΔP is the pressure drop,
andA the cross sectional area of the channel. The data shown in Figure A4.6 confirm
the laminar nature of the flow (maximumReynolds number∼ 1) and give a value of
∼ 1.6 Darcy. The permeability of our micromodel is within the range of sandstone
cores[61].

4.2.4 Aging and waterflooding protocols

With aging, wemean the set of chemical exposures of the pore space prior to the wa-
terflooding. The aging starts with clean glass and ends with an (almost) completely
CRO-filled chip at room temperature (RT). Examined aging conditions were as fol-
lows: (i) no aging, (ii)CROaging, and (iii) subsequentFWandCROaging. In aging
conditions (ii) and (iii), the chip was filled with the aging liquid(s) at RT, heated till
95 ◦C (at a rate of 5 ◦C/min), held at that temperature for a certain time, and then
cooled down to RT. The dwell time was 1.5 h for FW and 22 h for CRO, to take into
account the fact that CRO molecules need more time to adsorb than ions from the
FW. The deposition of CRO molecules on glass slides under these conditions was
confirmed by confocal Raman microscopy (not shown). Fillings and displacements
were performed at a rate of 0.2 μL/min. The filling with FWwas preceded by a flush-
ing with ethanol to avoid trapping of air bubbles; after that, 10 Pore Volumes (PVs)
of FW were pumped through the chip to ensure complete removal of the ethanol.
The injection with CRO at 0.2 μL/min was sustained during the 22 h dwell time.
Next, subsequent injections of HSW and LSW were carried out: at 0.2 μL/min for
30 min (corresponding to 10 PV) and 60 min (20 PV), respectively. This similar
flooding timescale was also used in other studies[32,48] and was sufficient to remove
a significant fraction of the trapped oil. Based on ourmeasurements of the interfacial
tensions and viscosities of our system (Table 4.1), we find that the capillary number
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rangesbetween∼6x10−6 and∼8x10−7, indicating that capillary forcesmust play an
important role for all temperatures and brine compositions[62,63]. In practical IOR,
the typical superficial injection velocity is up to 4ft/day in traditional core floods[64].
Ours is comparable∼ 5.2 ft/day.

All waterflooding experiments were preceded by a 30 minute waiting time to ensure
thermal equilibration of the chip. Flooding temperatures were maintained constant
at either 22 ◦C, 60 ◦Cor 90 ◦C. After the waterflooding experiments, themicromod-
els were cleaned to enable reuse. After flushing with 1 mL toluene, 1 mL (xylene +
IPA) (50/50% vol) to remove organics, they were injected with abundant amounts
of DI water and dried under air flow. A final heating step in an oven at 500 ◦C was
done to remove any organic traces[32].

4.3 Image Analysis

4.3.1 Separation betweenGlass, Shallow Pores andDeep Pores

Aflowchart of the principal image analysis steps is shown in FigureA4.7. Most image
analysis was performed on video data of the entire pore space captured at 644x562
pixel resolution. To enhance visualization and to facilitate quantitative analysis, the
porous medium was divided into glass, deep pores and shallow pores. This separa-
tionwas achieved by analyzing the colors (i.e., RGBpixel values) in a high-resolution
(5328x4608 pixels) “reference image” of a chip that had been completely filled with
CRO. In a first RGB thresholding step, the glass parts were identified, and the cor-
responding pixels turned to black (R=0, G=0, B=0). This step is illustrated in Figure
A4.8. Setting the same pixels to (000) in each subsequent video image during the
waterflooding resulted in a better visualization of the brine invasion pattern.

The remaining non-black pixels were also further subjected to color thresholding,
making use of the stronger light absorption of the CRO in the deep pores, compared
to the shallow ones (see Figure A4.8). While this second thresholding yielded “deep
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pore” and “shallow pore”maps that closely resembled themask images shown in Fig-
ure 4.1b and c, it also resulted in some artifacts, like individual pixels that were incor-
rectly assigned to deep or shallow pores, and pores that appeared connectedwhereas
they should be separatedbasedon the etchmaskdesign (and the etching conditions).
These issueswere resolved viaMatlab-based erosion/dilation and object-filling oper-
ations. The so-improved pore-space images were then transformed into (high resol-
ution) binary masks. A subtle difference between these masks and the etch masks is
that the transition zones between the two pore depths are more easily “cloven” into
deep/shallow via the RGB colors.

Since the pore space was identical for all used chips, the same high-resolutionmasks
were used in all experiments. However, before these masks could be applied, it had
to be taken into account that (i) the video images had a lower pixel resolution and
(ii) mounting the chip into the holder never resulted in exactly the same position.
Therefore, for each new experiment, a video image of the CRO-filled chip before wa-
terflooding was compared to the high-resolution “reference image” using Matlab’s
MSER image registration method. The obtained transformation matrix was then
used to properly scale down and align the two reference masks onto the video im-
ages.

As illustrated in Figure 4.2, these filtering operations allow generation of separate
color maps for deep (Figure 4.2c) and shallow (Figure 4.2d) pore spaces. Brine in-
vasion of both pore types is visible via local color changes. To calculate the residual
oil saturation (ROS) for each pore subspace (deep or shallow), each pixel belong-
ing to that subspace was assigned a status of either being brine-filled or CRO-filled
based on grayscale value (after conversion from RGB values). Threshold gray levels
were based on the histograms at the beginning (fully oil-saturated) and at the end
(partially brine-saturated) of the experiment. ROS values of the deep and shallow
pore spaceswere then calculatedby simply counting thenumbers of brine- andCRO-
assigned pixels of the involved pore subspace.
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The ROS of the entire pore space was calculated from the ROS values of the sub-
spaces as a weighted average, where the weight factor of each subspace was given by
the product of the number of pixels and the (12 or 27 μm) pore depth. Here, it is
worth noting that the shallow pores correspond only to about 10% of the total pore
volume.

Figure 4.2: (a) Example of originalmicromodel image after waterflooding; (b) glass parts
are filtered out to reveal only fluid pores (c) deep and (d) shallow pores are further separ-
ated.

4.3.2 Tracking changes in individual pores

Using the masks for the “deep” and “shallow” pore-spaces, a more detailed analysis
was also carriedout. Utilizing the lackof connectivity betweenporeswithin the same
subset, each individual pore was given a unique identifier that was stored along with
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the (x,y) pixel locations occupied by the pore. This separation allowed to analyze the
time-dependence of the liquid content of each individual pore.

Two types of signals were calculated. Firstly, the evolution of the average grayscale
value of each pore (corresponding to ROS) was smoothened with a Savitzky-Golay
filter, and sub-sequently differentiated with respect to time.

S1(t) = SGF(
1
N

N∑
i=1

GRt+1
i − GRti) (4.2)

where SGF indicates the noise filtering, i is the pixel index, N is the number of pixels
of the considered pore, t is a video frame number andGR indicates a grayscale value.
The S1(t) signal allows detection of brine invasion through a peak (see Figure A4.9,
Figure A4.10).

Second, RGB color difference images between two subsequent video frames were
transformed into a mean square difference per pixel.

S2(t) =
1
N

N∑
i=1

((Rt+1
i − Rti)

2 + (Gt+1
i − Gt

i)
2 + (Bt+1

i − Bti)
2) (4.3)

where i, N and t have the samemeaning as before, andR,G andB indicate the corres-
ponding color channels. Signal S2(t) not only detects events like progressive brine
invasion but also changes that leave the average grayscale unaltered, such as the mo-
tion of a trapped brine droplet within a pore, which produces a nonzero S2(t), unlike
S1(t), which would remain (near) zero. The normalization of S1(t) and S2(t) by the
number of pixels produces numbers that can be compared between differently sized
pores. This is useful for distinguishing peaks from random noise.
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4.4 Results

4.4.1 Influence of Aging Condition on Residual Oil Saturation

The residual oil saturations (ROS) obtained after executing the different (high tem-
perature) aging protocols and subsequently flooding with 10 pore volumes of HSW
(at room temperature) are shown in Figure 4.2. Clearly, the aging procedure has a
significant effect on the outcome of the subsequent waterflooding. Leaving out the
aging, i.e., starting the waterflooding after filling the pristine chip with CRO (and
waiting 30 min, see Section 4.3), results in an oil retentions of 13%. Aging the pore
spacewithCROat 95 ◦Cfor 22hbefore theRTwaterflooding leads to aROSat 17%.
The strongest effect is, however, observed when the CRO aging is preceded with an
exposure to FW; this leads to a ROS of 46%. Illustrative images of the brine/CRO
filled pore spaces after the HSW flooding are shown in Figure 4.3 for different aging
protocols. Remarkably, following up the HSW flooding by∼ 20 PVs of low salinity
water (LSW) does not lead to any noticeable change in ROS in our experiments. An
interpretation of these trends will be given in Section 4.5. Considering that the com-
bined FW/CRO aging protocol is themost representative tomimic in-situ reservoir
conditions, we will focus the remainder of this paper on experiments with this aging
condition.

4.4.2 Locations of Oil Retention

Focusing on the HSW flooding experiment after FW/CRO aging, we can obtain ad-
ditional insights from an analysis of the dynamic distribution of the brine and oil.
Time-resolved analysis of the video images allows tomonitor the evolution of the re-
sidual oil saturation. As shown inFigure 4.3, saturation of theROS is already reached
after about 1 pore volume, suggesting that no further changes occur after the first
sweep. A similar finding (saturation after 1-2 PVs) was reported in a recent study
with 2D glass micromodel[32].
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Figure 4.3: Influence of aging protocol on the outcome of subsequent waterflooding with
HSW at room temperature. (a) Residual Oil Saturations are displayed with error bars
(standard deviation) from three experiments per aging condition. See text for further de-
tails. Illustrate images of the corresponding brine/CRO distributions: (b) no aging, (c)
aging with CRO, and (d) subsequent aging with FW and CRO.

Distinguishing between deep and shallow pores (see Section 4.3.2) allows us to cal-
culate separateROS values (shown in Figure 4.4). Asmight be expected from the ob-
served homogeneous spread of both pore subspaces over the 6.3x6.3 mm area (see
Figure 4.1), both ROS values for deep and shallow pores reach their steady values
roughly simultaneously. Notably, theROSof the shallowpores is significantly higher
than the ROS of the deep pores. While the direct effect hereof on the total oil reten-
tion is modest because shallow pores only occupy∼ 0.1 PV, there is also an indirect
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Figure 4.4: Evolution of residual oil saturation as a function of the number of injectedHSW
pore volumes (1PV∼0.6 μL).TheROS is dominated by the contribution of the deep pores.
Both the deep and shallow pore subsets reach saturation after about 1 PV (corresponding
to about 3 minutes). The ROS values for the deep and shallow pores are relative to the
total volume of the respective pore type.

and more important effect as we will see.

To obtain more insight into the relation between CRO release and the 2.5D pore
network structure, we now consider the pattern of the brine invasion. To achieve
this, we analyzed the time-dependent brine/oil distribution for each individual pore.
After calculating the signals S1(t) and S2(t) from Equations 4.2 and 4.3, they were
compared with corresponding noise levels T1 and S2 (measured during the water-
flooding, in the stage that the pores had not been invaded with brine). Owing to the
occurrence of pronounced peaks in S1 and S2 for a large number of pores, T1 and T2
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could be defined from the average magnitudes of the same S(t) signals prior to the
appearance of the first peak (we remind the reader that both S1(t) and S2(t) should
be zero in absence of brine/CRO redistribution). Subsequent use of theseT1 and S2
values to define thresholds enabled us to detect which pores got invaded with brine
and at what time. More details on this can be found in the Appendix (Figure A4.9
and A4.10).

The occurrence of the first peak in S1(t) and S2(t) thus indicates when the first brine
invasion takes place for the considered pore. Thus knowing the “opening times” for
each of the pores, we made a reconstructed video in which each pore was given a
uniform color to indicate whether or not it had been previously invaded by brine.
Using green for invaded and red for non-invaded pores (lighter shades were used for
the shallow pores) produces Video S1 in the Supplemental Information.

Figure 4.5a shows a single frame from that video taken at the end of the HSW flood-
ing stage (at 10PV).Dark and light brown coloredporeswere never invadedbybrine.
Considering how the noninvaded (i.e., CRO-filled) deep pores are connected to the
shallowpores, it becomes evident fromFigure 4.5a that shallowpores can act as “gate
keepers” for the deep ones. A significant fraction of the deep pores (the ones shown
asdarkbrown) turnsout tobe completely bypassedby theflowingbrinedue toblock-
ing shallow “gateways” (indicated with light brown). For the shown experiment, this
mechanism is responsible for 71% of the residual oil. An interpretation will be given
in Section 4.5.

This alsomeans that 29%of the residualCROis retainedvia anothermechanism, i.e.,
trapping in pores that got invaded by the brine but did not completely get “cleared”
by it. This is illustrated (for the deep pores only) in Figure 4.5b; the pores that were
completely filled with dark green in Figure 4.5a (because they were invaded) now
show the internal distributions of both brine (light green) and oil (yellow). Analysis
of the S2(t) signals indicates that these distributions are generally stable. This could
mean (i) that the entire pore gets bypassed by the brine flow from a certain point in
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time or (ii) that the pore still participates in the flow network, but the flowing brine
is unable to change the spatial distribution of the brine and the CRO in the pores.
While, in principle, we cannot distinguish between the two scenarios (particle im-
age velocimetry experiments would be required for that), indications can be found
for both. Some pores show a large brine/CRO interface in the central region, which
could be in agreement with scenario (i). Other pores show accumulation of CRO
near the side walls in possible agreement with scenario (ii). Although it cannot be
concluded from Figure 4.5b, it is also conceivable that the dual-depth nature of the
pore network could contribute to scenario (ii) by providing “dead ends” in the ver-
tical direction.

Figure 4.5: Reconstructions of pore space on the FW/CRO-aged chip after HSW-flooding
at room temperature. Both images correspond to the steady state after≫ 1 PV. (a)History
plot in which colors indicate for each pore, and whether it has previously been invaded
by the brine (bright green or dark green) or not (orange or red). (b) Invaded deep pore
space. Colors indicate for each individual pixel whether it is filled with brine (green) or oil
(yellow).

Finally, we use still images made at increased microscope magnification (10x) and
maximum image resolution (5328x4608 pixels) to reveal additional details of the
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state obtained after the HSW flooding. As illustrated by Figure 4.6, it turns out that
the brine-invaded pores do not only contain large oil slugs as shown in Figure 4.5b
but also much smaller droplets and films of CRO. On comparing the color intens-
ity of the small droplets with that of CRO-filled pores (all deep pores have the same
height and hence optical path length), we infer that the small droplets are not span-
ning the 27 μm local pore height but instead are attached to either the floor (or ceil-
ing) and have brine above (or below) them. The adherence of theCROfilms or slugs
to the side walls is likely a manifestation of the same interaction between FW/CRO-
aged and subsequently HSW-exposed glass and crude oil.

These finer details also shed some light on the classification of individual pixels as
either brine- or CRO-filled: this classification seems to depend on the optical res-
olution, and ROS values might get underestimated by classifying pores, as shown
in Figure 4.5b, as 100% brine-filled. However, these slight inaccuracies should not
affect any of our main conclusions.

4.4.3 Influence ofWaterflooding Temperature

Adhering to the FW/CROaging protocol, we next explore the influence of the flood-
ing temperature. Figure 4.7 summarizes the results for the residual oil saturation. A
clear trend is observed; ROS decreases with temperature upon flushing with high sa-
linity (i.e., HSW) brine. For example, the waterflooding at RT presents a ROS of 46
%, whereas it is 36 % for flooding at 90 ◦C. Representative pore spaces after HSW
flooding at different temperatures are shown in Figure A4.11. Similar to our observa-
tions at RT, no significant changes in ROS were found at elevated temperatures after
changing to LSW as the flooding fluid.

Next, we turn to the more detailed quantitative analysis of the locations of CRO re-
tention, as discussed and illustrated for the RTwaterflooding in Section 4.4.2. Table
4.2 provides an overview of the different oil retentions, for three typical experiments
at 22, 60 and 90 ◦C. The first column shows the ROS values per subset: all shallow
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Figure 4.6: Representative high-resolution images of pores invaded by HSW after aging in
FW/CRO at 95 ◦C and subsequent flooding withHSWat room temperature. (a) and (c)
correspond to different samples of the pore space. (b) and (d) are magnified regions of the
pictures on the left. Blue arrows indicate CRO droplets, while red arrows indicate CRO
films.

pores or all deep pores. At all temperatures, the shallow pores have a higher propor-
tion of residual CRO after the flooding. Meanwhile, the ROS in the shallow pores
follows the samedecreasing trendwith temperature as in the deep pores. The second
and third column show how the residual CRO is divided between the pores that are
completely bypassed and the pores that get brine-invaded but still retain CRO (refer
to Figure 4.5b). If a higher waterflooding temperature is chosen, the amount of oil
that remains behind due to complete bypassing of deep pores, clearly becomes smal-
ler (second column). In other words: at higher temperature it is easier to “open up”
the deep pores. However, the deep pores that do get invaded retain the oil more ef-
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Figure 4.7: ROS of HSW injection at different temperatures, in glass channels that were
aged in FW and CRO at (95 ◦C) The ROS decreases with waterflooding temperature.
Error bars indicate the standard deviation from three experiments per condition.

fectively at higher temperatures (third column). The dominant mechanism of CRO
retention thus changes with temperature.

Lastly, we also extend our visual inspection of the pore space (as done in Figure
4.6) to higher waterflooding temperatures. From a comparison of the brine-invaded
pores in Figure 4.8, it can be seen that the tiny CRO drops embedded in the brine
as observed at RT are also found at 60 ◦C and 90 ◦C, albeit that these droplets ap-
pear to have become smaller and less abundant (especially at 90 ◦C). Focusing on
the pores that are mostly filled with crude oil, another trend can be observed; for
higher temperatures, the CRO slugs get increasingly separated from the pore walls
by rather thick brine layers (this is most clearly visible from Figure 4.8c, correspond-
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Table 4.2: Dependence of Residual Oil Saturations on the Pore Type and Waterflooding
Temperature.

pore type and temperature ROS bypassed pores invaded pores

shallow at 22 ◦C 0.83 0.62 0.20
shallow at 60 ◦C 0.76 0.51 0.24
shallow at 90 ◦C 0.54 0.35 0.19
deep at 22 ◦C 0.45 0.32 0.13
deep at 60 ◦C 0.41 0.21 0.20
deep at 90 ◦C 0.37 0.14 0.22

ing to 90◦C).

To extract more quantitative information about this “dewetting” phenomenon, we
examined the whole pore spaces and calculated the fraction of edges that showed
this “dewetting”. Here, we define an edge as an interface between remaining CRO
in a pore and one of the glass grains that defines the pore. Figure 4.8d displays the
“dewetting fraction”definedabove as a functionof flooding temperature. However, at
room temperature, this dewetting is insignificant; only a slight dewetting ismeasured
at 60 ◦C, and at 90 ◦C, the dewetting fraction reaches as high as 36%.

We like to point out here that the brine layers indicative of the dewetting, were not
observed during the high temperature (95 ◦C) aging. Since this aging with CRO
was preceded by an exposure to FW (See Section 4.2.4), brine layers wetting the
glass walls may have been present during the aging step. However, in spite of the
high temperature, they were not thick enough to be visible. This indicates that the
appearance of thick brine layers during the waterflooding at 90 ◦C is not simply the
consequence of a thermal expansion of water films that were present already during
the aging. The implication hereof is that additional brine must have been flowing
into the pores during the waterflooding. Most likely, “gutter flows” were responsible
for this.
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Figure 4.8: Representative pore scale images after HSW flooding at different temperature:
(a) RT, (b) 60 ◦C and (c) 90 ◦C. (d) Dewetting fraction at three different temperatures
for HSW flooding. Error bars indicate the standard deviation measured from three exper-
iments. See text for details on the calculation. The glass areas were not made black in this
figure to better show the glass walls.

4.5 Underlying Physicochemical Aspects

4.5.1 Liquid Invasion Pattern

Theoutcome of waterflooding experiments at the level of the retention fraction (i.e.,
residual saturation)of thedefending liquid is the resultant of an interplaybetween (at
least) hydraulic and capillary pressures. In porous networks, this interplay becomes
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complex because of (i) the fluid-mechanical coupling between the pores and (ii) the
changes in the global pressure drop (between the inlet and the outlet of the pore
network) as the invadingfluid advances. Theensuingpatternbywhich thepore space
is filled by the invading fluid, also determines the amount of defending fluid that is
retained.

Because of the complex collective behavior of the pores, quantitative predictions of
how the retention fraction depends on flow rate, interfacial tensions, viscosities and
pore dimensions can only be made via numerical calculations[65]. In the so-called
“moving capacitor” model[66], the pore space is represented by an equivalent elec-
trical network, in which capillary menisci act as capacitors, and differences in wet-
tability (i.e., contact angle) function as batteries. These concepts were also used in
a recent modeling study[67], that extends the well-known work of LeNormand et
al. (1985)[68] via a systematic variation of the contact angle. Using circular posts
to define a network of relatively shallow pores (Hele-Shaw) at a constant height (2D
geometry), Primkulov et al. calculated a “phase diagram” for the filling pattern as
a function of three parameters: capillary number, viscosity ratio and contact angle.
Hysteresis in the contact angle was not taken into account.

Disregarding the differences between their used pore geometry and our 2.5D net-
work, a crude comparisonbetweenPrimkulov’s predictions andour experiments can
still be made. The phase diagram (see Figure 12 in ref[67]) has three axes: capillary
number (Ca), viscosity ratio (M), and the contact angle of the invading phase (Θ).
Based on measurements of the temperature dependent interfacial tensions and vis-
cosities of our system, we find that our viscosity ratio varies from ∼ 0.05 to ∼ 0.1,
while our (standard) capillary number ranges between∼ 6x10−6 and∼ 8x10−7 (see
Table 4.3) for the temperature range of 22 - 85 ◦C.For these typical numbers, the the-
oretical phase diagram (shown in Figure A4.13) shows a transition in the filling pat-
tern from “invasion percolation” towards “cooperative filling” asΘ gets lowered. The
more compact displacement pattern observed at elevated temperature (Figure S11)
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could therefore be in agreement with a wettability alteration of the glass surfaces to-
wards water-wet, as was already suggested by the observations in Figure 4.8.

Table 4.3: Capillary number (Ca) ofHSWandLSW injection andViscosity Ratio inOur
Waterflooding Experiments at Different Temperatures∗.

22 ◦C 60 ◦C 85 ◦C

Ca (HSW) 6.1x10−6 1.4x10−6 8.7x10−7

Ca (LSW) 2.2x10−6 9.6x10−7 6.5x10−7

viscosity ratio ∼0.04 ∼0.06 ∼0.1
∗ Ca = μv/γ with v = 1.8x10−5 m/s. M = μinv/μdef with the brine as the invading phase.

4.5.2 Pore yielding

In another interpretative approach, we can make some simplifying assumptions for
the (time-dependent) pressure distribution in the pore network while taking into
account the distinction between deep and shallow pores. Taking a closer look at the
geometries of both types of pores, it is clear that generally (i) all pores have a width
that is much bigger than their height (shown in Figure A4.1) and (ii) the shallow
pores also have a smaller width than the deep pores (see Figure 4.1 and Figure A4.1).
This means that for the shallow pores, both the capillary pressure threshold (in case
the flow is blocked) and the hydraulic resistance (in case the flow is permitted) will
be significantly larger.

In our experiments, changes take place during injection of the first pore volume of
brine (see Figure 4.4 and SI Video 2). Until the point that the brine has reached
the back end of the pore space, a gradually increasing number of menisci have to
yield, causing the pressure drop over the entire chip (and hence also over the pore
space) to increase. However, upon reaching “water breakthrough” a low-resistance
flow path is created, leading to a steep decrease in the overall pressure drop (for ex-
ample, ref[32]). Assuming a similar shaped transient pressure drop for our system,
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several of the observations can be explained.

Considering the pores to be slit-like (width≫ height) with a height h (being either
12 or 27 μm), and the contact angle of the CRO to be ΘCRO

∗ a simplistic yield cri-
terion can be formulated for each pore. The brine/CRO interface will get displaced
if:

ΔP >
2γ
h
cosΘCRO (4.4)

where γ is the brine/CRO interfacial tension and ΔP is the pressure drop across the
pore (with brine at the front end and CRO at the back end). Before the “break-
through”, i.e. the point where the flow of the brine has reached the back end of the
pore network, the liquid displacement imposed by the pump will ensure that some
local pressures will get high enough to enforce progressive brine invasion of the pore
space. After the breakthrough, the local pressures in the pore network will be de-
termined by the local flowrates, hydraulic resistances and capillary yield pressures,
similar to the currents, resistors and capacitors in an electric network[66,67]. If the
hydraulic resistances in the “breakthrough flow path” of the brine are large enough,
then the local pressure drops over some till-then noninvaded pores can still exceed
the yielding pressure, leading to new brine invasions. Additional flow paths created
in this waywill further lower the hydraulic resistance until the point is reachedwhere
all local pressure drops are too low to satisfy Eq. 4.4. The brine flow pattern then sta-
bilizes, leaving the pores that are still filled with CRO, intact. This explains why the
ROS reaches saturation about 1 PV (similar to other studies[32,39]).

It is also clear from Eq. 4.4 that (for all ΘCRO < 90 degrees) the shallow pores will
offer a stronger resistance to capillary yielding. This could explain our finding that

*It is remarked here that more precisely,ΘCRO should be the receding contact angle, which
will be smaller than the Young’s angle. However, since we only consider relative changes in
contact angle, we will ignore the difference.
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the ROS is always higher in the shallow pores (Figure 4.4). An indirect consequence
of the pore connectivity in our 2.5D micromodel is that the deep pores can only be
reached via shallow pores. This means that effectively, the brine invasions are gov-
erned by capillary yielding of the shallow pores. This is also what we observe in Fig-
ure 4.5a.

The same simplistic picture can also explain why the secondary flooding with LSW
does not produce any changes in the brine/CRO distribution. As shown in Table
4.1, the interfacial tensions of the LSWwith theCROare always higher than those of
theHSW,meaning that the capillary yielding pressures of the remaining brine/CRO
menisci only get higher, while the hydraulic pressures due to the brine flow remain
essentially the same (considering that the flow rates are the same and the viscosity
should be slightly lower for the LSW).

Lastly, we consider how raising the waterflooding temperature affects the balance
between hydraulic and capillary pressures. As shown by Table 4.1, all fluids show
a clear decrease in viscosity, meaning that for the same flowrate the hydraulic pres-
sures will be much smaller. In contrast, the brine/CRO interfacial tensions show an
increase. Looking at Eq. 4.4, the changes in ΔP and γ would work together in mak-
ing it more difficult for the flow to invade the pores. However, our experiments show
the opposite trend, since theROSdecreases with temperature (Figure 4.7). This sug-
gests that the more abundant yielding of the pores at elevated temperatures would
be due to a significant increase in ΘCRO, or in other words, a wettability alteration
towards water-wet.

4.5.3 Molecular Origin ofWettability Alteration

This important role of wettability directs toward the discussion of the two key trends
found in this work (Figure 4.3a and Figure 4.7) from the microscopic point of view,
i.e., the adsorption and desorption of CRO molecules on the glass surfaces.
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The trend in Figure 4.3a implies that FW/CRO aging renders the glass surface in a
more oil-wet state than aging with CRO only. This perhaps counterintuitive finding
is, however, plausible: a clear wettability alteration of clean glass can only originate
from the adsorption ofCROmolecules. Crude oil containsmany surface active com-
ponents (e.g., asphaltenes, resins) having both hydrophilic and hydrophobic sides.
Adsorption of their hydrophilic sides onto the glass, stimulated by divalent cations
from the FW, could thus expose the hydrophobic sides to the pore space. This be-
havior is also well known for fatty acids in mica[69–71] and oxidized silicon[72] sub-
strates, crude oil on quartz substrate[73,74] and on calcite substrat[75,76] at roomand
elevated temperatures. Asphaltene adsorption on glass surfaces has also been repor-
ted in literature[77–79]

The clear decrease in ROSwe observed at elevated waterflooding temperatures (Fig-
ure 4.7) would be consistent with a wettability alteration towards water-wet, via an
increased desorption of amphiphilic CRO molecules at higher temperatures. It is
well known that both the aggregation and the adsorption of asphaltenes are highly
temperature dependent (see e.g., ref[80]) and references therein), making it unsur-
prising that temperature would have an effect on the desorption as well. Strong wet-
tability alteration via the effect of temperature on interfacial assembly has also been
found for model systems like mica surfaces and fatty acids[81].

4.6 Comparison toOther Studies

Considering the various other microfluidic and core flooding studies done in recent
years with the aim to better understand improved oil recovery, and given the mul-
titude of variables that can influence the residual oil saturation, it is interesting and
relevant to compare the outcomes of other studies with a similar scope.

Several other studies aimed atmimicking recovery processeswithmicromodels have
alsousedglass todefine thepore space[32,46,48]. While it is clear that the surface com-
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position of glass is significantly simpler than that of reservoir rock, glass is considered
in manymicrofluidic andmillifluidic studies to be “chemically similar” to sandstone
rock. Both glass and sandstone present silicon dioxide groups at the surface, and
in sandstone reservoirs that contain little clay[82], SiO2 is by far the most abundant
mineral species.

Remarkably, only few microfluidic studies using glass devices have examined the in-
fluence of the chemical aging history. Exposure of the micromodel to CRO for a
certain waiting time prior to the waterflooding is common to all aging protocols, but
it has be donewith[32] andwithout a preceding exposure toFW.Different aging tem-
peratures have also been used. Comparisons between these different aging protocols
are scarce. In a recent study by Saadat et al., different aging protocols were compared
using a 2D glass chips with a regular pore structure. They also found a significant
increase in ROS if the aging in CROwas preceded by an aging step in brine[32]. The
same work also found a very modest increase in oil recovery after a second flooding
with lower salinity brine; in our case, the effect was too small to measure within the
accuracy of our method. These similar trends seem to confirm the important role
of wettability alteration, which should indeed depend on the materials’ chemistry
rather than the pore network geometry.

Also, the influence of the waterflooding temperature on CRO recovery has not been
much addressed in other experimental studies using glass micromodels. Again, the
qualitative trends in the ROS can be expected to depend on thematerials rather than
the geometry. The finding in a recent study[46] that different CROs with distinct
SARA/TAN profiles produced qualitatively different temperature dependences of
ROS, underlines this point. Numerical simulations, even if performed in simple 2D
pore networks[83] could play an important role in mapping these varying experi-
mental outcomes onto model parameters.

Dewetting phenomena, whether induced by chemical aging, brine salinity or tem-
perature, also fit well into the scope of microfluidic studies. Since its manifestation
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dependson theunderlyingphysico-chemical processes, both the required (temperat-
ure, pressure, composition) conditions and the timescale at which it becomes mani-
fest can vary widely. For example, Mahzari et al.[84] found dewetting after low-
salinity flooding at ∼ 206 bar and 60 ◦C. Bartels et al.[29] observed incipient oil
dewetting during high-salinity flooding at RT, but only after long time (several days).
The stark contrast with our study, where a timescale of minutes was sufficient to gen-
erate the dewetting films, underlines the need to get a better insight into the under-
lying physicochemical processes.

Another important aspect in the development of microfluidic devices to study oil
recovery processes is the geometry of the pore network. Recent work shows an
increased interest into the connectivity or dimensionality (2D, 2.5D) of the pore
space[38,39]. While such geometrical aspects at the micron scale do not influence
the molecular processes that change the interfacial tensions and wettability, the con-
sequences of the pore space geometry for the quantitative oil mobilization efficiency
can be significant[39]. The present work, in which the shallow pores are identified as
gate keeper for the brine invasion of the deep pores, also confirms the important role
of the pore space geometry.

These ongoing developments of the microfluidic platform as a tool to better under-
stand and optimize conditions for IOR are promising in the sense that already some
trends, as found in core flooding experiments, can be reproduced[85–88]. However it
is also clear that somephenomena occurring in the real rock reservoirs, could only be
replicated viamore sophisticatedmicromodels. One example could be the introduc-
tion of clay particles adsorbed onto the pores walls; these particles could change the
outcome of the IOR process via desorption or swelling[89,90]. Also, the sandstone
rock itself may need to be better mimicked. Glass materials as used in the current
fabrication of micromodels cannot represent aspects like heterogeneity, swelling or
dissolution[32,46,48].
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4.7 Conclusions

Microfluidics is a powerful tool for the study of ImprovedOil Recovery (IOR) from
rock reservoirs via laboratory experiments at thepore scale. Weused themicrofluidic
technology to fabricate a porenetwork thatwasmade fromglass, andwith a structure
that was inspired by sandstone rock. This structure, showing a network of shallow
and deep pores where no path across the chip exists without both depths, was trans-
lated into a so-called 2.5Dmicrofluidic device by using two different etch depths. By
performingwaterflooding experiments, we extracted time-dependent residual oil sat-
uration (ROS) data for variable brine composition, aging protocol and temperature.
Both aging protocol and temperature showed a pronounced effect on ROS inmicro-
fluidic IOR.The video images revealed complex behavior where shallow pores acted
as “gatekeepers” to deeper pores and entire regions of the chip remained oil-filled
at long times due to an inability for the shallow “gates” to be forced open. This be-
havior can be explained through comparison to 2D models of Laplace pressure and
hydraulic resistance in pores of variable size. Additionally, high-resolution images
of the waterflooding process revealed visible changes in wettability in which CRO
gets dewetted from pore walls, and a change in CRO retention mechanism at elev-
ated temperature. This understanding should lead to a more complete picture of
oil mobilization mechanisms in 3D pore networks at representative reservoir con-
ditions.
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Appendix

Brines andCrude oil:

Artificial formation water (FW) and High salinity water (HSW) were prepared
by mixing Sigma Aldrich reagent grade chemicals (sodium chloride, magnesium
sulfate, calcium chloride, magnesium chloride and sodium bicarbonate) with de-
ionized water (18.2 MΩcm−1, Milli-Q), to achieve the ion composition listed in
Table A4.1. The aqueous solutions were stirred overnight at room temperature and
filtered through a PES filtermembrane (0.45 μm) as a precaution to remove any dust
particles.

A batch of dead crude oil (CRO) was obtained from an actual reservoir. Table A4.2
shows the chemical characterization performed by a certified laboratory (Saybolt
Nederland B.V.).

Table A4.1: Composition and geochemical analysis of artificial formation water (FW)
andHigh salinity water (HSW). Low salinity water (LSW) is obtained by diluting HSW
10 times.

FormationWater High salinity water (HSW)

Na+(ppm) 59491 18345
Ca2+(ppm) 19040 650
Mg2+(ppm) 2439 2117
Cl−(ppm) 132060 35534
SO42−(ppm) 350 429
HCO3−(ppm) 354 696
Total dissolved solids (ppm) 213734 57872
Ionic strength (M) 4.3 1.1
pH 6.8 7.2

Fabrication process of 2.5Dmicrochannel:

The fabrication process is illustrated in Figure A2. The 2.5D micromodel was fabric-
ated on a 100mmdiameter, 500 μmthick glass wafer (MEMpax, SCHOTTtechnical
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Table A4.2: Physicochemical characteristics of crude oil.

Viscosity (at 22 ◦C) 24 mP.s
Acid number 0.2± 0.04 mg KOH / g
Base number 1.1± 0.1 mg KOH / g
Asphaltenes 2.6± 0.3 mass%
C10+ 91± 3.3 mass%
n-heptane 0.9± 0.4 mass%
n-octane 1.0± 0.2 mass%
n-hexane 0.6± 0.5 mass%

glass solutions). Because our chip contains two pore depths, we need a multi-layer
lithography process. A 10 nm thin chromium adhesion layer is sputtered on the glass
wafer followed by a 200 nm thin gold layer. This metal layer will serve as protection
for the shallow pores while the deep ones are being etched. First, photoresist (Olin,
Fujifim) is spunon thewafer andUV-cured throughaphotomask, protecting all areas
except those that will become deep pores. After development of the resist, the gold
and chromium layers are wet-etched away. The state of the chip after this step is that
the pattern for the deep pores is uncovered and the rest of the chip is protected by
both metals and photoresist.

Next the original photoresist is stripped and a new photoresist layer is spun onto
the wafer. A secondUV-exposure is performed through a photomask containing the
pattern of both deep and shallow pores (aligned to the layers already on the wafer).
The state of the chip after development of this second layer of photoresist is that the
pattern for the deep pores is still completely uncovered, while the pattern for the
shallow pores is covered by a single protective layer of metals. The areas that will not
be etched are covered by both the metals and photoresist layers.

Finally, the wafer is immersed in a 25%HF solution and the exposed areas (the deep
pores) are isotropically etched to a depth of 15 μm. Following this first glass etching
step, the metal layers not covered by photoresist are etched in wet etching solutions,
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revealing the pattern for the shallow pores. The wafer is again immersed in the 25%
HF solution and isotropically etched for another 12 μm. The previously etched 15
μm deep pores are finally 27 μm deep and the shallow pores only etched during the
second glass etching step are 12 μm deep. All remaining photoresist and metals are
then removed and the chip is washed for bonding step.
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Figure A4.1: Histograms for the lateral size of the deep and the shallow pores. By defining
the lateral size as the square root of the area, comparison with the pore depths (12 μm
for shallow and 27 μm for deep pores) is facilitated. The typical lateral size of the shallow
pores is 55 μm, while it is about 200 μm for the deep pores.

Figure A4.2: Sketch of the fabrication process.
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Figure A4.3: Schematic diagram of experimental setup of waterflooding experiment.

Figure A4.4: Top view of dedicated PEEK chip holder used in waterflooding experiment.
The glass chip is mounted on the copper block.

Figure A4.5: A schematic of the heater part embedded in the chip holder.
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Figure A4.6: Measurement of the absolute permeability of our 2.5Dmicromodel. Inserting
the slope of the fitted straight line into Darcy’s equation, we find an absolute permeability
of∼ 1.6 Darcy.

Figure A4.7: Flowchart of the principal image analysis steps. High resolution (5328x4608
pixels) overlay masks of the deep and shallow pore populations are made once from a high
quality image of a micromodel completely filled with oil. For each video experiment the
hi-res masks are transformed into properly scaled (644x562 pixels) and aligned overlay
masks via image registration. Application of the masks to the entire image-time series al-
lows to characterize the (changes in) content of individual pores as a function of time.
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Figure A4.8: Illustration of the color thresholding process, used to obtain masks that can
be subsequently overlaid onto images, to visualize i) the deep pores, or ii) the shallow pores,
or iii) both. The image on the left shows amicromodel filled with crude oil. The histograms
of the Red, Green and Blue intensities on an 8-bit scale are shown in the right. Rejection
of all pixels for which R> 170 or G> 150 or G> 140, filters out the glass, rendering the
middle picture. In the latter, all non-black pixels with R> 130 andG> 105 are identified
as shallow pores while the remaining non-black pixels are identified as either deep pores or
entry/exit channels.
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Figure A4.9: Detection of pore invasion events. Signals S1 (upper panel) and S2 (lower
panel) for 10 typical deep pores. Signals belonging to different pores have been vertically
offset for clarity. Threshold levels (10−3 for S1, 100 for S2) are used to identify pore inva-
sion events.
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Figure A4.10: Illustration of a pore that gets filled in two steps. Upper panel: Signals S1
(grad-gray) and S2 (SquareDif) as a function of frame number in the image-time series.
Lower panel: images of the pore at frames 1, 160 and 200.
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Figure A4.11: Images of the pore space (glass parts have been overlaid with black) corres-
ponding to the state where no further crude oil could be removed. (a) Top, (b) middle and
(c) bottom panels correspond to 22, 60 and 90 ◦C.
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Figure A4.12: Stills from the progressive displacement of CRO byHSW in the waterflood-
ing experiment at 90 ◦C. Time progresses from left to right, and row after row. The time
interval between two images is constant, except for the last two images, where the time
difference was 25 times larger. This was done to illustrate that no further changes in distri-
bution occur.
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Figure A4.13: Extended Lenormand diagram, taken from Figure 12 in [Ref. [67]]. Five
principal flow regimes are identified within the M–Ca–Θ parameter space: viscous fin-
gering, stable displacement, invasion percolation, cooperative pore filling and corner flow.
HereΘ is the contact angle measured from the invading liquid, M the viscosity ratio of the
invading/defending liquids and Ca the capillary number defined as the ratio of charac-
teristic pressure drops: viscous/capillary. Reproduced with permission from reference [67].
Copyright [2021] Publisher Cambridge University Press.
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Inmicrofluidic studies of improved oil recovery, mostly pore networks with uniform
depth and surface chemistry are used. To better mimic the multiple porosity length
scales and surface heterogeneity of carbonate reservoirs, we coated a 2.5D glass mi-
crochannel with calcite particles. After aging with formation water and crude oil
(CRO), high-salinity Water (HSW) was flooded at varying temperatures and dura-
tions. Time-resolved microscopy revealed the CRO displacements. Precise quan-
tification of residual oil presented some challenges due to calcite-induced optical
heterogeneity and brine-oil coexistence at (sub)micron length scales. Both issues
were addressed using pixel-wise intensity calibration. During waterflooding, most
of the ultimately produced oil gets liberated within the first pore volume (similar to
glassmicromodels). Increasing temperature from22◦Cto60◦Cand90◦Cproduced
somemore oil. Waterflooding initiated directly at 90◦Cproduced significantlymore
oil than at 22◦C.ContinuingHSWexposure at 90◦C for 8 days does not release addi-
tional oil; although, a spectacular growth of aqueous droplets is observed. The effect
of calcite particles onCRO retention is weak on the flat surfaces, where the coverage
is ∼ 20%. The calcite-rich pore-edges retain significantly more oil suggesting that,
in our micromodel, wall roughness appears a stronger determinant for oil retention
than surface chemistry.
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5.1 Introduction

In the past decade, the microfluidics platform has emerged as a promising comple-
mentary tool for studying processes related to oil recovery, at low cost and high
speed. Compared to coreflooding experiments, studies of improved oil recovery
(IOR) throughmicrofluidic waterflooding offer the advantage of real-time visualiza-
tion, while compared tomillifluidicmodels, microfluidics offersmicron lengthscales
which are pertinent to many oil-bearing rocks. Recently, X-ray micro-computer-
tomography has also become capable of addressing micron length scales, but this
technique requires contrast agents. While the development of the so-called IOR-
on-a-Chip[1–4] started with glass/silicon micromodels studied at room temperat-
ure[5,16], and alkane[7–9] or model oils[10,11], significant improvements are cur-
rently being made along several lines.

Temperature control of the pore space is crucial for mimicking the elevated temper-
atures encountered in many subterranean reservoirs. Depending on the oil field and
on the reservoir depth, the temperature varies typically from 50 to∼ 120◦C, along
with enhanced pressures. Recent microfluidic studies have mimicked IOR at elev-
ated temperatures up to 100◦C and ambient pressure[12,13] while very recently the
combination of high temperature and high pressure was also addressed[14? ,15]. The
waterflooding temperature was found to have significant effects on the amount of
produced oil, expressed via the residual oil saturation (ROS) and, in some cases,
a relation with the temperature dependent underlying processes could be elucid-
ated[12,13,16].

The use of crude oils (CROs) rather than model fluids without the surface-active
asphaltenes and resins is another major step in better mimicking the oil recovery
process. Adsorption and desorption of these amphiphilic compounds on the rock-
liquid and liquid-liquid interfaces (where brine and CRO are the two liquids) are of
key importance to the wettability alterations that are often required in waterflood-
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ing strategies[17–21]. In improved oil recovery, a simple change in ionic composi-
tion of the flooding brine can change the presence, structure and composition of
interfacial layers[22]. The use of real crude oils also allows to mimic the geochem-
ical aging which takes place in reservoirs; particularly in combination with elevated
temperature, such aging can strongly change the chemical nature of the pore sur-
faces[23–25].

The chemical composition of the rock surface represents another aspect that is being
considered when developing more realistic microfluidic CRO/Brine/Rock systems.
Glassmicromodels provide silicon dioxide surfaces which somewhat resemble sand-
stone rock through the presence of surface silanol groups. Some present-day sand-
stone reservoirs that are very low in organic surface content[5,16] can display these
silanol groups, but in many reservoirs the rock is covered by adsorbed species. Im-
provements in themimickingof sandstone reservoirs aremadeby adsorbing (model)
clay particles[25–28].

Calcite reservoirs are more difficult to mimic via microfluidics, which could explain
why only few microfluidic studies with this scope have appeared till now[29? –31].
Some calcite-coated microfluidic chips were made by functionalizing a glass mi-
cromodel with calcite nanoparticles. While this approach offers the calcite sur-
face chemistry, the coating density and spatial distribution of the particles appear
as new parameters that could play a role in the outcome of waterflooding experi-
ments. In brines that can dissolve the calcite, these parameters can even become
time-dependent. These aspects related to the discrete nature of the calcite particles
have hardly been addressed up until now. An alternative way of making micromod-
els for IOR in calcite reservoirs, is to etch the pore space in a macroscopic calcite
slab[33–35]. This approach offers a sustained fluid-calcite contact, even if the calcite
is dissolving. However, the etching and sealing of such micromodels appears more
challenging than for glass-based chips, which could explain why mostly simple pore
geometries are used in these studies.
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In real rock reservoirs, the geometry of pore network also plays an important role.
Reservoir rocks often showmultiple pore length scales or ‘dual porosity’. This aspect
can be taken into account either by making packed beds of micron-sized particles
(e.g.[36]) or by etching a multiscale porous network. The former option is simple,
but often comes with the drawback of a limited optical access (only a few μm deep
into the porous medium); while with the latter option an additional chemical func-
tionalization can still be required after the etching, as discussed above.

Considering these various ongoing developments in ‘microfluidics for IOR’, a clear
trend towards a better mimicking of the IOR process is observed, but there is still
a lack of microfluidic studies that combine the specific conditions of IOR (elevated
temperature, crude oil, aging, surface chemistry and pore heterogeneity). With the
presentworkwewant tomake a further step inmimicking reservoir conditions, while
focusing on calcite reservoirs.

In a previous study[37], we used a glass microchannel to mimic several aspects of
IOR from sandstone reservoirs: i) aging in formation brine and crude oil at elevated
temperature, ii) waterflooding at different temperatures, iii) use of a dual porosity or
‘2.5D’ network. The principal extensions in the current work are: a) to partially coat
the chip with calcite and b) to address longer timescales. With aspect a), we want
to study the effect of the present calcite particles on the dynamic brine and CRO
distributions during waterflooding, after controlling and characterizing the calcite
coating density.

Aspect b) is not strictly related to the development of ’realistic’ microfluidics chips
for IOR, but addresses an apparent controversy in the literature about the time dura-
tion that is needed for flooding brine, to change the (dis)assembly of interfacial lay-
ers. While several studies have reportedwaterflooding experiments that lasted∼ 1 h
and showed no further changes after[5,16], other works showed that, in some cases,
several days are needed for the brine to effect a wettability alteration[27,38].
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To perform these experiments, we adapt methods from the literature to coat a 2.5D
glass chip with calcite nanoparticles, and subsequently grow them to the micron
scale. Optical microscopy at different magnifications is used to study the evolution
of the spatial brine and CRO distributions for the entire pore space and individual
pores. Additional image analysis tools are developed to take into account the optical
heterogeneities introduced by the calcite particles. Our microfluidic platform and
associated analytical methods provide the opportunity to assess fluid displacement
and wettability alteration phenomenology close to the actual waterflooding condi-
tions applied to oil reservoirs.

5.2 Materials andmethods

5.2.1 Chemicals

Deionized (DI) water with a conductivity of (18.2 MΩcm−1) was obtained from a
Millipore Synergy instrument. All salts (NaCl, CaCl2, MgSO4, NaHCO3), organic
solvents (acetic acid, ethanol, isopropanol (IPA), toluene, xylene), 1 M NaOH solu-
tion and silane coupling agent (3-trimethoxysilyl-propyl methacrylate, TPM) were
purchased from Sigma Aldrich and used as received.

Artificial formation water (FW), high salinity water (HSW) with ion compositions
given in Table A5.1 (Supporting Information) were prepared by dissolving the salts
overnightunder stirring at roomtemperature, followedbyfiltering througha0.45 μm
polyethersulfone (PES) membrane. Crude oil (CRO) was obtained from a carbon-
ate reservoir with the absence of the dissolved gases and volatile components. The
results of a chemical characterization by Saybolt Nederland B.V. are given in Table
A5.2. Temperature-dependent interfacial tensions (IFTs) between CRO and brine,
measured using a DataPhysics OCA 20L apparatus and inverted pendant drops, are
shown in Table A5.3.

To facilitate the coating of the inner chip surfaces with calcite particles (see section
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2.2), a ‘precursor liquid’ was used: a photocurable mixture of 1,6-hexanediol diac-
rylate, Mn 250 (HDDA) (technical grade, 80%, Sigma Aldrich, Amsterdam, The
Netherlands), photoinitiator 2 wt% phenylbis(2,4,6-trimethyl benzoyl) phosphine
oxide (97%, powder, Sigma Aldrich, Amsterdam, The Netherlands), and photoab-
sorber 0.05 wt% Sudan I (CAS: 842-07-9, Acros Organics, Geel, Belgium). After
making a 20 wt% solution of the precursor liquid in IPA, calcite nanoparticles (dia-
meters: 15-40 nm) purchased from SkySpring Nanomaterials were added up to 1.0
wt%. This ‘seed solution’ was sonicated for 3 h to disperse the particles. These
seed crystals were chosen because of their polymorphic stability and well-known
growthmechanisms[29,39]. To achieve outgrowth of the calcite particles, aCa2+ and
CO2−

3 rich ‘ionic solution’was prepared by carefullymixing equal amounts of 40mM
NaHCO3 and 1.6 mM CaCl2 solutions in DI water.

5.2.2 Calcite coating on 2.5Dmicrochannel

The etch masks for the 2.5D microchannel pore space (see Figure A5.1) were based
on a real rock structure. Dual depth/porosity is encountered in oil reservoirs[40,41]

and is represented in our microchannel by ‘deep’ (27 μm) and ‘shallow’ (12 μm)
pores, where the deep pores have a typical width of 200 μm, while it is 55 μm for
the shallow pores. The arrangement of the pores is such that the fluid cannot tra-
verse the chip without encountering both deep and shallow pores: see Figure A5.2
and ref[42].

Fabrication of the calcite-coated 2.5Dmicrochannel includes threemain procedures:
(i) fabrication of the glass microchannel; (ii) calcite nanoparticle (CalNP) seeding
along the inner surfaces; and (iii) in situ outgrowth of the surface-adhering CalNPs.
Thedesign and fabricationof the 2.5Dglassmicrochannel are described indetail else-
where[37]. The calcite coating step was adapted from a previous study[43].

A schematic of the calcite coating process is shown in Figure 5.1. Firstly, the 2.5D
glassmicrochannel is injectedwith 1M aqueousNaOH solution for 1 h, followed by
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rinsing with DI water. Then the microchannel is functionalized with 4% v/v TPM
and1% v/v acetic acid in ethanol by injecting solution at 5.0 μL/min at room temper-
ature for 2 h, to introduce acrylate groups on the inner surface. After a thorough rins-
ingwith ethanol and thenDIwater, the channel is cured at 80◦C for 30min. This pro-
tocol creates the ‘functionalized glass microchannel’ shown in Figure 5.1b.

Figure 5.1: Schematic illustration of the process to coat the inner surfaces of microchannel
with micron-sized calcite particles. (a-c) a seed solution, containing calcite nanoparticles
and photocurable polymer is injected into the functionalized 2.5D glass microchannel. (c-
d) blowing with hot air removes the solvent and promotes surface-binding of the CalNPs.
Steps (a-d) are repeated three times. (d-e) exposing to UV light solidifies the matrix and
enhances the CalNP immobilization. (e-f) adding a solution rich in Ca2+ and CO2−

3
leads to outgrowth of the exposed CalNP surfaces. This step is repeated four times. Draw-
ings are not to scale, and calcite crystals are simplistically represented as spheres.

Secondly, to generate a thin layer of CalNPs on the inner surface of the functional-
ized glass micromodel, the seed solution is injected at a rate of 5.0 μL/min for 10
min. Themicrochannel is purged with air and cured at 60◦C for 5min and cooled to
room temperature (RT). Three such cycles are performed to deposit a thin layer of
seed particles. An example of the microchannel after three cycles is shown in Figure
A5.3. The microchannel is then exposed to UV light for 1 h to cure the monomers
in the surface layer, and thereby attach the calcite NPs more firmly. Related to the
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wetting properties, calcite particleswill be sticking out of the cured layer[43], thereby
offering surface areas of bare calcite.

Finally, to grow the adhering CalNPs into calcite crystals, the Ca2+ and CO2−
3 con-

taining ionic solution is injected at 5.0 μL/min into the microchannel. This flow is
strong enough to remove weakly adhering CalNPs while it is still laminar (Reynolds
number ∼ 0.1). To avoid the trapping of air bubbles, we initially inject a 50/50
mixture of ethanol and ionic solution[43,44]. Next, pure ionic solution is pumped
through the channel for 30 min (∼ 250 Pore Volumes) at 40◦C to achieve growth
of the surface-bound calcite. This step is performed four times, each with a freshly
made ionic solution, after which the chip is purged with air and dried in an oven at
60◦C. These repeated steps lead to calcite crystals that are large enough to visualize
with optical microscopy, while the calcite coverage is also increased. Figure A5.4
shows a section of the microchannel in which the CalNPs grow with time.

Figure 5.2: (a, b) Optical images of the calcite coated 2.5D glass microchannel: (a) Entire
microchannel and (b) at randomly chosen deep pore at 50x magnification. (c) Represent-
ative Raman spectra of the calcite particles grown on the glass surface (red) and reference
calcite (blue).

While optimizing the method, we initially used a CalNP concentration of 1.0 wt%.
Figure5.2 shows theobtained2.5Dmicrochannel coatedwithCaCO3 particles along
with a Raman spectrum. These data were collectedwith aWitec 300RRamanmicro-
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scopewith a 50x objective. Raman spectra of the grown particles showRaman peaks
at 1084 cm−1 (symmetric stretching CO3, ν1), 711 cm−1(in-phase bending CO3, ν4),
282 and 157 cm−1 (calcite lattice modes), in agreement with the reference calcite.
From the optical transmission image, we estimate the total calcite coverage on the
horizontal surfaces to be ∼ 70%, with the remarks that i) we cannot distinguish
between the upper and lower surfaces, and ii) small (< 1 μm) calcite crystals can-
not be detected. At this high coverage, blocking of the flow occurs in some pores.
Therefore, we lowered the CalNP concentration in the seeding solution to 0.4 wt%
in our protocol. This leads to lower coverage, especially in the flat pore centers; the
pore edges remain densely populated. Even when imaging the entire pore space as
we did, a precise quantification of the calcite coverage is not possible with optical
or Raman microscopy. This also means that we cannot exclude small differences in
calcite coverage even for microchannels that were prepared with the same protocol.
Finally, we performed a stability test on the calcite coating by injecting FW at 30
μl/min (much higher than the 0.2 μl/min during waterflooding) for 1 h. The ma-
jority (more than 90%) of the calcite particles remained stably attached during this
mechanical treatment. The typical time to prepare and characterize a calcite coated
chip is one week.

5.2.3 Aging and waterflooding protocol

Theaging andwaterflooding experimentswere carriedoutwith themicromodels em-
bedded in a homemade thermostated holder, placed on the stage of a Zeiss Axioskop
upright microscope equipped with a Basler (type a2A5328-15ucBAS) 5328x4608
pixel color CCD camera (see SI Figure A5.5 for an overview and reference[37] for
more details). The micromodel was kept on the microscope stage during the entire
experiment, i.e. both the aging and the waterflooding. Use of a 2x objective allowed
to capture the entire (∼ 7mmx7mm)pore space in a single image (∼ 1.6 μm/pixel).
A 10x objective was used to acquire high-resolution still images (∼ 0.32 μm/pixel)
of selected pores.
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To mimic the in situ reservoir conditions before waterflooding[37], we aged the
calcite-coated microchannel with formation water, and subsequently with crude oil.
First, ethanol was used towet the pores andminimize the risk of trapping air bubbles.
After that, 20 pore volumes (PVs) of FW were pumped through the chip to ensure
complete removal of the ethanol. Formation water and crude oil were successively
injected at RT, at a rate of 0.2 μl/min. After heating to 95◦C (at a rate of 5◦C/min),
the chip was kept at 95◦C for a given dwell time and then cooled to RT again. The
dwell time was 1.5 h for FW and 22 h for CRO, to take into account that CRO mo-
lecules needmore time to adsorb than ions from the FW. For theCRO, injectionwas
sustained during the entire 22 h to ensure a uniform filling of all pores with CRO. A
close-up image of the microchannel, taken during the aging with FW is shown in
Figure A5.6.

Waterflooding was performed with high salinity water (HSW). In the first experi-
ment, injection of HSW was carried out at 0.2 μl/min for 3.5 h (corresponding to
70 PV) at 22◦C, 3 h at 60◦C, and 2 days at 90◦C. These temperatures were chosen
from practical considerations: the 68◦C wide range allows to examine temperature
dependence, while the 90◦C presents a typical elevated temperature that can still be
reached without the need to suppress water boiling. The temperature was increased
at a rate of 5◦C/min during the transitions. Passing through the temperatures, the ca-
pillary number changes from∼ 6×10−6 to∼ 8×10−7 (seeTableA5.3 for the viscosit-
ies and interfacial tensions). TheHSW injection was then stopped, and the chip was
equilibrated at 90◦C for 8 days, after which theHSW injectionwas resumed to check
for further oil recovery. The second experiment was performed directly at 90◦C, in-
jecting HSW for 24 h. In both experiments, a 2x objective was used to capture the
entire pore space as a function of time, while a 10x objective was used intermittently,
to acquire zoom-in images at the end of each stage.
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5.2.4 Image Analysis

Measurement of the amounts of brine and crude oil in the pore spacewas performed
by calculating the residual oil saturation (ROS) pixelwise (using the 2x objective).
Firstly, the deep pores, shallow pores and glass structures were separated from each
other by applying MATLAB’s color thresholder to an image of a CRO-filled mi-
crochannel: for this liquid, the optical path lengths of the different pore depths (0,
12, and 27 μm) give the strongest color and intensity differences. This thresholding
produces overlay masks, allowing to visualize and analyze one type of pore at a time.
Thesemaskswere used to analyze allmicroscope images thatwere collected in a time-
series at the same magnification. To correct for slight shifts (μm scale) or rotations
(order of 0.1 degree) of the chip with respect to the camera (e.g. after changing the
temperature), we usedMATLAB’s Registry Estimator toolbox to align the images to
the masks. Next the masked RGB color images were converted into grayscale ones,
to enable ROS quantification based on a single intensity scale. After this conversion,
we calculated the oil saturation for the deep pores, which represent more than 90%
of the total pore volume.

Figures 5.3a and5.3b showmasked imagesof thedeeppores filledwithFWandCRO
(these images were taken in the aging stage). The histograms of the corresponding
grayscale values are shown inFigure 5.3c. Each (X,Y)pixel that contributes to thehis-
togram, corresponds to a (X,Y,Z) volume element inside the pore space. The CRO-
filled pores show a narrow distribution of grayscales (centered around 110), while a
much broader distribution is seen (two peaks around 140 and 210) for the FW-filled
pores. The peak at gray value∼ 140 for the brine is largely due to the calcite particles.
The good separation between histograms means that, as long as the small volume
elements contain either pure brine or pure oil, the total amounts of brine/oil can be
quantified via a simple intensity thresholding (using a gray value∼ 115).

The residual oil saturation, defined as the fraction of the pore volume that remains
filled with CRO, is used to describe the efficacy of waterflooding. We assume that
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the deep pores have a uniform depth of 27 μm. The total ROS is then calculated
by simply averaging over all pixels that are ‘filtered in’ by the overlay mask. We use
two methods to calculate the local ROS: i) binarization and ii) interpolation. In the
commonly used binarization method[26,31,35,38,40], each pixel is classified as either
brine or CRO, depending on the grayscale intensity lying above or below a chosen
threshold value. As we will see however, this method is not suited to resolve non-
binary distributions of brine and CRO, and neither to distinguish between calcite
and non-calcite.

To address these shortcomings, we also implemented an interpolation method for
calculating ROS. This method is also pixel-based, but uses the grayscale intensities
as measured in the FW-filled (ROS=0) and CRO-filled (ROS=1) chip to define a
unique calibration line for each pixel. Figure 5.4 illustrates the working principle:
each line (only a few are drawn) connecting a point in the FW-cloud to a point in
the CRO-cloud, corresponds to a specific pixel. This line is then used for calculating
theROSvalueof that pixel (which changesduringwaterflooding), via linear interpol-
ation. The grayscale values of FWandHSWare here considered to be the same. This
calculationmethod avoids the error that is introduced by thresholding all pixels with
the same grayscale value, and returns fractional ROS values per (X,Y) pixel. As a re-
mark, Figure 5.3 also implies thatwithopticalmicroscopy, thepresenceor absenceof
calcite particles cannot be confirmed for the pixels that are covered by CRO.

Both methods rely on a constant illumination intensity. The graph shown in Fig-
ure A5.7 illustrates that the grayscale intensities measured on the glass areas (‘pore
depth’: 0 μm) were indeed very close to constant. The interpolation method also
assumes that slight misalignments between the three used images (in spite of the im-
age registration) do not affect the corresponding pixel intensities. We verified that
the image registration is accurate within roughly three pixels (about 5 μmat 2xmag-
nification); this is much smaller than the typical range over which the brine and oil
distributions change.
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Figure 5.3: Masked color images of the deep pores filled with (a) formation water and (b)
crude oil at 22◦C, and (c) the grayscale intensity histograms derived from them. Pixels
corresponding to the areas that are filtered out by the mask have a gray value of zero and
are not shown.

5.3 Results

5.3.1 Residual Oil Saturation

Under all exploredwaterflooding conditions, it turned out that the fluids in the deep
pores showed colors that were not observed during the aging of the chip with pure
brine and pure CRO. The intermediate brown shades shown by many (X,Y) pixels
in Figure 5.5a suggest the coexistence of separated brine andCRO layers in the same
(X,Y,Z) voxel. The corresponding grayscale histograms in Figure 5.5b confirm this
picture: the histogram measured during waterflooding cannot be decomposed into
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Figure 5.4: Interpolationmethod tomeasure the oil fraction for each (X,Y) pixel. Thepoint
clusters correspond to an arbitrary selection of the same 2500 pixels for the chip filled with
pure brine (blue) and pure oil (brown). Solid lines connect the grayvalues of brine and
CRO for the same (randomly selected) pixel. For illustrative purposes only, the corres-
ponding oil fractions of 0 and 1 were supplemented with a small random noise. The dotted
lines illustrate the interpolation for a single pixel: An observed grayscale value of∼ 130
during waterflooding translates into a ROS of∼ 0.22 for that pixel.

the histograms for the pure brine and CRO. This means that the usual classification
of (X,Y) pixels as being either brine- or CRO-filled based on intensity thresholding,
introduces a ‘rounding error’ at the pixel level, while also giving amisleading physical
picture. It is not obvious where precisely to choose the grayscale threshold: consid-
ering only the waterflooding histogram (magenta), it could be around∼ 142 (about
halfway between the two peaks). However, looking at the reference histogram for
brine (blue), it is clear that some pixels, if they were filled with brine during the wa-
terflooding,wouldbe incorrectly counted asCRO.This typeof error is obtainedwith
any chosen threshold value around 142.

Our alternative method that calculates a fractional ROS value at the pixel level (see
section 2.4) addresses this error. However, this method is also not fully quantitative.
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As shown in Figure 5.5b, there is a small fraction of pixels for which the grayscale
intensity is lower than that of pure CRO. These ‘darker structures’ are ascribed to
light scattering (see discussion section), and give rise to calculated ROS values that
slightly exceed 1.0 (using linear calibration curves shown in Figure 5.4 now for extra-
polation). Since neither image analysismethod can produce an entirely correct ROS
number, while the sources of error are different, we will present results for both, de-
noting the calculation methods as ‘binarization’ and ‘interpolation’. For the shallow
pores, the ROS quantification is more challenging because already the grayscale his-
tograms of pure brine andCRO show less well-defined peaks: see Figure A5.8. Since
the shallow pores also occupy less than 10% of the total volume, we exclude them
from the analysis.

Figure 5.5: (a) Zoomed image of some deep pores after the first 30 min of flooding with
HSW at 22◦C. While some pores appear to be filled with pure brine or pure crude oil,
there are also pores that show intermediate colors. (b) Corresponding grayscale histogram
(magenta) compared to those for brine (blue) and oil (brown).
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5.3.2 Effects of Temperature and Time

Previous work on glass micromodels with the same pore network[37] showed two
clear trends: i) the residual oil saturations obtained after flooding many pore
volumes of brine were strongly determined by the displacements in the first PV, and
ii) a higher flooding temperature produced a lower ROS. Here we examine these
trends for the calcite-coated chip, and extend the duration of the brine exposure to
several days to study the possible influence of slow processes on ROS.

Short-time effect for varying temperature (history)

Figure 5.6 gives an overview of time-dependent ROS values obtained by flooding
with HSW up to 1 day. Two successful experiments were performed, each with a
‘pristine’ calcite-coated micromodel (they were not reused). In the first experiment,
we study the temperature effect by flooding for 3 to 3.5 hours before addressing the
next temperature, going from 22◦C to 60◦C to 90◦C. This experiment ensures that
we measure an effect of temperature increments only, since the distribution of the
coated calcite remains the same. In the second experiment, we start at 90◦C and
maintain that temperature for 24 h. A comparisonwith the first experiment can then
be made. Examples of the CRO/brine distributions after HSW flooding are shown
in Figure A5.11. Intermediate shades of brown are visible in each image.

We first consider the two different methods for calculating ROS. Clearly, the ‘bin-
arized ROS’ and ‘interpolated ROS’ values are typically not the same in Figure 5.6,
with differences lying in the range of 0-8% in the first experiment. There also appears
no systematic bias which would cause one calculationmethod to yield higher/lower
ROS than the other. Importantly, the qualitative trends (with time and temperature)
appear to be the same for both methods. The grayscale histogram also displays the
same trend. Predominantly, it is the histogram shape that changes during the water-
flooding, i.e. going from 22◦C to 90◦C the CRO peak (grayscale∼ 100) gets lower
while the main brine peak (grayscale∼ 180) gets higher. This clearly indicates that
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CROhas been replaced by brine (Figure A5.12). Small shifts in grayscale also occur;
in particular the CRO becomes slightly less light-absorbing at higher temperatures.
However, this effect was taken into account: in the binarizationmethod by adjusting
the threshold, and in the interpolation method by using calibration images taken at
the temperature of interest.

Both ROS calculation methods indicate that small amounts of additional oil are re-
leased (theROSdecreases by a fewpercent) as the temperature increased from22◦C
to 60◦C and from 60◦C to 90◦C. We emphasize here that the transitions between
the temperature regimes were mechanically ‘gentle’: the brine flow was maintained
while the electric current to the heating block was increased gradually. The occa-
sional small ‘humps’ in the ROS number correspond to sparse droplets of CRO that
had initially remained stuck in the inlet of the pore space andwere suddenly released;
typically, theywere transported through thepore space, afterwhich theROSvalue re-
turned to its value before the release. Besides such rare events, practically no changes
occurredonprolonged exposure to the brine flowat the same temperature (as shown
in Figure 5.6a). This is not only indicated by the plateaus in ROS but also by sig-
nals calculated from grayscale difference images (see Figure A5.13). The ROS plat-
eaus generally correspond to difference maps that are near-zero (i.e. within 10 gray-
scale values) for all pixels, suggesting that hardly any spatial exchange between brine
and oil had taken place, and that the inflowing brine was principally displacing other
brine. The predominance of the first brine sweep of the pore space is also illustrated
in Figure 5.6b, where the number of pore volumes needed to reach the ROS plateau
is close to (1 - ROS). In other words, all the injected brine is used to displace CRO
until a continuous flow path for brine is formed, after which the newly injected brine
follows that flow path, as is often observed[37].

Figure 6 shows that the effect of thewaterflooding temperature on the residual oil sat-
uration depends on temperature history. The solid lines show the experiment where
theHSWfloodingwas initiated at 22◦Cand the temperaturewas subsequently raised
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Figure 5.6: (a) Residual Oil Saturation as a function of time for 2 waterflooding experi-
ments. Brine is injected continuously to recover CRO. i) 3 subsequent regimes (separated
by vertical dash-dotted lines) with T = 22, 60 and 90◦C (solid curves), ii) T = 90◦C
(dash-dotted curves). In both experiments, the flow rate was 1 PV per 3 min. Red: gray-
scale binarization method, Blue: grayscale interpolation method. (b) Zoomed in ROS
during the first 3 minutes (1 PV).

to 60◦C and 90◦C. The ROS decreases from 100% to ∼ 57% after 3h at 22◦C, de-
creases further to ∼ 53% after 3h at 60◦C and drops further to ∼ 49% after 3 h
at 90◦C. For comparison, the experiment where the waterflooding was initiated at
90◦C (dashed lines) reaches a ROS of 32/41% after 3 h. In other words, comparing
the ROS plateaus at 22◦C and 90◦C within the 22-60-90◦C experiment, the ROS
decrease is only∼ 8%. Meanwhile, comparing the initial ROS plateaus between the
twoexperiments (at 22◦Cfor the solid lines and at 90◦Cfor the dashed lines), the dif-
ference is much larger at 16-25%. Hence, the qualitative trend is that ROS decreases
with temperature, but the quantitative change is bigger if we compare the conditions
of the first flooding.

The numerical ROS values measured with the two methods are also summarized
in Table 5.1. In this table, a comparison is also made with earlier experiments[37]
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conducted with pure glass micromodels having the same 2.5D pore network geo-
metry. These experiments for which chip fabrication and characterization are less
laborious indicated a typical ROS standard deviation of 3-5%[37]. Comparing the
ROS values, as calculated using the binarization method, it comes out that the par-
tially calcite-coated micromodels show a 6-10% higher ROS than the uncoated mi-
cromodels. This indicates that oil retention is enhanced by coating the glass with
combination of the photocured polymer and the calcite. The pristine photocured
polymer appears to be slightly less hydrophilic than glass (see Table A5.4).

Table 5.1: residual oil saturation (ROS) values measured after flooding the calcite-coated
chip with high salinity water at different temperatures and for short and long times.
Alongside ROS values obtained from all-glass chips with the identical pore network are
shown [37]. ROSvalues for the all-glass chip are only available for the binarizationmethod;
the interpolation method produces the same trends. NA means ‘not available’.

Binarizationmethod Interpolationmethod

Experiment Short time Long time Short time Long time
(0.5 - 1h) (24 - 48h) (0.5 - 1h) (24 - 48h)

Calcite chip at 22◦C ∼ 56% NA ∼ 58% NA
continue at 60◦C ∼ 51% NA ∼ 55% NA
continue at 90◦C ∼ 48% ∼ 46% ∼ 50% ∼ 49%

Calcite chip at 90◦C ∼ 41% ∼ 40% ∼ 32% ∼ 32%
Glass chip at 22◦C ∗ 46± 3% NA NA NA
Glass chip at 90◦C ∗ 35± 5% NA NA NA

∗ All-glass chip with identical pore network.

Long-time shut-in effect at elevated temperature

To look for the possibility of slower processes, we extended the final 90◦C phase of
our 22-60-90◦C experiments to much longer times. After flooding with HSW for∼
40 hours at 90◦C, the flow was stopped for 8 days, after which it was resumed for 3
hours at the standard rate of 0.2 μL/min. The ROS evolutions are shown in Figure
5.7. Remarkably, the changes in calculated ROS values are rather modest. After the
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long shut-in, the calculated ROS appears to be a few percent higher. However, visual
analysis of the image-time series did not reveal any flow of CRO into the pore space
after the flow was stopped, as expected. A grayscale difference map that compares
the occupancies of the pore space before and after the shut-in does show a modest
redistribution of brine and CRO: see Figure 5.8. The apparent small ROS increase
over the ‘shut-in’ might partly be attributed to the release of CRO from the shallow
pores (see FigureA5.9). Finally, restarting the flow does not produce any change in
ROS.

Figure 5.7: Long duration measurement of the residual oil saturation (calculated with 2
methods as before) at 90◦C. The labels on the time axis refer to the time lapse since the
experiment was started at 22◦C (see Figure 5.6a).

We further examine the effect of long-time exposure to HSW at 90◦C by visualizing
some areas of the pore space at higher (i.e. 10x) magnification. Figure 5.9 shows a
growing prominence of brine slugs over time. Small aqueous droplets are present at
all stages, but the extent of the swelling of the brine droplets is spectacular, with some
slugs spanning more than 50 μm. Since the slugs show less brightness compared to
pure brine, they must be coated by a CRO film, at least on one side. How these large
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Figure 5.8: Grayscale difference image ΔI(x,y)=I2(x,y)-I1(x,y), mostly revealing changes
in the distributions of brine and oil in deep pores before (I1) and after (I2) the 8 days of
exposure to HSW at 90◦C in absence of flow. In absence of changes (e.g. the glass parts),
the pixels show a gray value of 120. Darker areas (grayvalue 0-119) indicate the replace-
ment of brine by CRO, while it is vice versa for the brighter pixels (gray value 121-255).
Further details on the calculation and presentation of the grayscale difference image can
be found in Figure A5.10.

slugs were formed, could not be inferred from our images (which were taken only
intermittently at 10x magnification); we will consider possible mechanisms in the
discussion. Occurrence of most of the oil-immersed water in the form of large slugs
rather than dispersedmicrodrops might perhaps explain why the overall ROS of the
pore space does not get lower and the sweep efficiency is not increased.

5.3.3 Effect of calcite particles

Accurate assessment of the influence of calcite on the residual oil saturation is not
trivial in the case of a partial coating with calcite particles. It starts with an estimate
of the fraction of the inner chip surface that is coated with calcite. In our case, where
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Figure 5.9: Aqueous drop formation and swelling during exposure ofCRO toHigh Salinity
Water: (a) after 3.5 h at 22◦C, (b) after an additional 48 h at 90◦C (c) after a shut-in
period of 8 days, (d) Zoom-in of a part of panel (c). Red boxes illustrate regions where the
swelling of brine drops gradually occurs over time.

calcite nanoparticles were used as seeds, we assume that the majority of them grew
large enough to become visible with opticalmicroscopy. Presence of calcite particles
is indeed observed at 10x magnification images (see Figure A5.6). However, from
such images it also becomes clear that the spatial distribution of the calcite is not
entirely homogeneous: the pore edges appear richer in particles as compared to the
centers of the pores. It ismore difficult to quantify the amount of calcite in the edges,
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Figure 5.10: (a) False color map representing the erosion of deep pores, to obtain a sep-
aration between pore centers and pore edges. The magenta parts become black in the new
overlay mask for the pore centers. (b) Application to the brine-filled chip shows that most
of the secondary peak is removed. (c, d) Identification of calcite particles in the pore cen-
ters, by green-marking those pixels in the left image for which 0 < grayscale value < 180.
(e, f) Zoom-in of a part of panels (c, d).
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because the non-horizontal pore walls give a more complex projection image. The
pore centers do not suffer as much from this effect, and offer a more flat substrate.
Therefore, we analyze the ROS evolutions separately for the pore centers and the
pore edges.

Figure 5.10a shows this division of the deep pores in edges (magenta) and centers
(white) for an edge width of 24 μm; choosing the edges to be slightly narrower or
wider does not affect the qualitative outcome of the ROS comparison between the
different pore regions. The histograms (obtained from the FW-filled chip) in Figure
5.10b (original pores vs centers) confirm that a significant fraction of the dark pixels
is located at the edges. For the pore centers, a sub-classification into calcite and non-
calcite pixels was made by choosing a grayscale threshold while visually comparing
images, such as Figure 5.10c and 5.10d. This produces a calculated calcite coverage
of∼ 20%, with an estimated error of 5%. The precise choice of grayscale threshold
(we used 180) does not affect any of our qualitative conclusions.

InFigure 5.11, theROS trends in the 22-60-90◦Cwaterflooding experiment are com-
pared for different subsets of the pore space. TheROS values are calculated using the
interpolation method, which better accommodates for the effect of calcite on the
local grayscale value. Clearly, the ROS values measured in the pore edges are higher
than the ROS values in the pore centers. The difference in ROS between the overall
pore centers and only the calcite-coated parts of the pore centers is less clear: the
green curve falls everywhere below the red curve, but the differences are relatively
small.

Similar trends are found for the 90◦C waterflooding experiment (see Figure A5.14).
High-magnification (10x) still images from this experiment are shown in Figures
5.12c-d. Clearly, the CRO is preferentially retained at the pore edges, in agreement
with the higher ROS valuesmeasured from the low-magnification (2x) images. Even
20 hours of exposure to flowingHSWdoes not lead to the removal of this local CRO.
The high magnification images thus confirm the trend in Figure 5.11 that the calcite
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Figure 5.11: (Left) Splitting of the overall ROS (blue, also shown in Figure 5.6a) into con-
tributions from the centers (red) and the edges (magenta) of the pores. For the pore centers,
also the ROS as measured on calcite-coated areas (green) is also shown. Pore centers, pore
edges and calcite areas were defined as shown in Figure 5.10. (Right) Description of pore
division.

particles in the pore edges are more effective in retaining CRO than the particles
residing on the flat walls.

In our earlier work using the same aging and flooding conditions and microchan-
nel geometry but without the calcite functionalization, we found that CRO mostly
“dewets” from the glass pore walls at 90◦C, ref[37] and CRO is less retained by the
pore edges; see Figures 12a-b. The calcite functionalization thus has a strong effect
onCRO retention at the pore edges. Tomake the comparisonmore quantitative, we
calculated the fraction of edges in which the CRO is retained. In the calcite-coated
microchannel,∼ 80% of the edges retains CRO, while it is only∼ 20% in the glass
microchannel.
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Figure 5.12: Comparison of the oil-retaining tendencies of the pore edges in (a,b) glass
(ref. [37].) and (c,d) calcite-coated microchannels, at 90 ◦C and using HSW as the brine.
Red circles show the differences in edges with and without retention of CRO.
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5.4 Discussion

One key parameter that was varied in our waterflooding experiments is the duration
of the interaction between brine, CRO and the pore surfaces. In previous works
(mostly using glass micromodels), different time scales of the brine injection were
reported. In several studies, short durations up to 1 hour were found to be sufficient
for recovering a significant fraction of the original oil in place, and the duration was
not extended beyond one to a few hours[5,16,45]. However, the processes such as,
wettability alteration, solid-liquid interface interaction and brine/oil swelling, were
also found to evolve over several days in several studies[34,35,38,46]. In ourwork, time
scales from less than 1 minute to more than 1 week are addressed. Exposing our mi-
cromodels to HSW at 90◦C, we found that after the ‘immediate effect’ of flooding,
only a very small amount of additional CRO gets released, in spite of flooding more
than 900 pore volumes during 2 days and interrupting the flow for 8 days before re-
suming the flow. Incidental∼ 1% reductions in ROS are likely due to oil slugs that
were at the brink of getting released and needed just a ‘critical fluctuation’ in pres-
sure. Hence our findings do not give any indication for a slow wettability alteration
(as could perhaps be expected for an ongoing desorption process).

Stepwise increases in thewaterflooding temperature, while sustaining theHSWflow,
lead to short-time ROS reductions of 3-5%, for both the 22-60 and 60-90◦C steps.
These changes are not artifacts. Although the two methods for calculating ROS can
generate differences exceeding 5% for the same brine/CRO distribution, the relat-
ive ROS changes calculated within the same method are more accurate. The small
temperature dependence of the grayscale values was taken into account in all calcula-
tions. Additionally, grayscale histograms (See e.g. Figure A5.12) confirm that some
additional oil was released. The temperature effect might be due to changes in in-
terfacial tension(s). A temperature-induced wettability alteration of calcite-coated
surfaces was reported in a previous study upon injection with NaCl brine at temper-
atures up to 70◦C[47]. Gupta et al. observed a similar alteration on limestone rock.
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They used contact angle measurements to show that brines with sulfate and calcium
ions render the limestone surface more water-wet at 70◦C and 92◦C compared to
RT[48]. The temperature effects obtained in this study agree with the results of sev-
eral core scale studies that reported that HSW can improve the water-wetness of car-
bonates at high temperatures based on spontaneous imbibition experiments[49,50].
Such findings also indicate the representativeness and scalability of presented results
from calcite-coated micromodel to the core scale.

Significant observations were also made from high magnification (i.e. 10x) images,
taken at various stages of the HSW flooding. Dark structures near the brine-CRO
interface (as already seen in the 2x images, Figure 5.5a) anddark structures immersed
in bulk oil (Figure 5.9), are due to small (1-5 μm) aqueous droplets immersed in
the CRO.These so-called aqueousmicro dispersions havemore often been found in
EORstudies[51–53], and are formed at short timescales (withinhours) at all explored
temperatures. At 90◦Candmuch longer times (days to aweek), we also observed the
formation and growth of large (10-100 μm) ‘blisters’ (Figure 5.9b-d).

Water-in-oil micro-dispersions have been invoked to explain the effects of low salin-
ity in IOR[45,54] and alkaline flooding[55]. Bartels et al[56] observed the presence of
water/oil structures in X-ray micro CT experiments during high-salinity waterflood-
ing at RT. However, it could not be verified whether these structures were (micro)
emulsions, due to the spatial resolution of the technique. Fredriksen et al[57] visual-
izedwater-in-oil emulsions due to osmoticwatermovement and coalescence into lar-
ger droplets during Low Salinity Waterflooding. Recently, Selem et al.[58] observed
a clear development of water droplets within the oil phase from high salinity to low
salinity flooding at 70◦C in a carbonate rock sample by micro-CT.

In our case it remains a question whether the blisters originate from the micro dis-
persion droplets or not. Coalescence of micro dispersions has been observed in
brine/CRO systems[53] but generally requires either: i) that they were never ther-
modynamically stable, like most emulsions that are prepared via mechanical agita-
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tion or ii) that the stabilizing surface active species are removed from the interface.
In our case, the aqueousmicrodroplets were formed spontaneously, and presumably
there was no subsequent change in the chemical potential of the water since contact
with HSW was maintained. Given the chemical equilibrium with respect to the wa-
ter, i.e. μH2O being the same in the HSW, the CRO and the microdroplets, there
would not be a driving force for the microdroplets to grow to the large slugs that
were observed after several days. However, if a thin film of formation water would
have remained throughout the aging andwaterflooding stages, a driving force for the
swelling of aqueous slugswould exist. Due to its higher salinity, FWhas a lower μH2O
thanHSWandwould therefore attractwater fromall sources that have the same μH2O
as HSW: the bulk HSW, themicrodroplets or themolecularly dissolved water in the
CRO. This scenario is sketched in Figure 5.13. The swelling would stop at the point
where the FWwas sufficiently diluted with lower salinity water, tomatch the equilib-
rium μH2O.

Hence, a similar ‘osmotic’ swelling in the reported previous studies[57–60] would oc-
cur, but now involving HSW as the ‘lower salinity’ brine. In our sketched picture,
the aqueous blisters are thus formed at a pore wall. The effect of the blisters on the
release of CRO appears to be insignificant. Simultaneously with the growth of the
brine slugs, the CRO also appeared to accumulate in some of the pores. These CRO
slugs were not pumped out after the flow was resumed.

Considering that our partially calcite-coatedmicromodel has the same pore network
geometry as used in our earlier study where the chip was purely made from glass, it
is interesting to compare the outcomes. Some trends are similar, such as, the dom-
inance of the first sweep: the vast majority of the CRO gets removed within the first
pore volume. Also, a higher first flooding temperature results inmore producedoil in
both cases. TheROS values appear to be higher for the calcite-coated chip. However,
a comparison between the twomicromodels involves more than simply the physico-
chemical properties of ideal glass and calcite surfaces. The presence of a partial coat-
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Figure 5.13: Schematic illustration of possible ways in which the aqueous blisters shown
in Figure 5.9 can grow. A thin film of formation water with very high salinity that was left
behind during the aging, attracts water from other sources where the water chemical poten-
tial is higher. Water molecules can be transported through the CRO phase (red arrows),
and/or directly through the thin brine film (yellow arrows).

ing by calcite particles can introduce heterogeneities in i) the wettability compared
to the non-coated substrate and ii) the spatial distribution of the particles. The latter
was verified to be the case: after removing the weakly bound calcite particles (see
Section 2.2.), the pore edges were found to be coated more densely than the pore
centers. Separate analysis of the ROS trends in the edges and the pores revealed that
the high overall ROS (compared to the glass chip) is largely due to the pore edges,
where not only the chemistry, but also the local (roughness) geometry, wasmodified
by the calcite particles. It is known that roughness enhances the pinning of contact
lines[61].

The lack of a clear effect of the calcite particles in the pore centers might result from
different origins. The wettability contrast between the aged calcite and the aged ad-
hesion layer (photocured polymer)might be small; for example, if both are ‘cloaked’
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with a layer of adsorbed CRO molecules during aging. Even if the wettability con-
trast is significant, the low coverage and small roughness (which are correlated to
each other) of the calcite particles might be insufficient to cause a strong contrast in
local ROS. Surface roughness is omnipresent in real rock structures due to the dia-
genesis process, but only fewmicrofluidic studies investigated its effect on two-phase
fluid flow in oil recovery[62–64]. In one of them, it was reported for glass micromod-
els[62] that a pore-scale surface roughness (defined as ratio of hillock height to pore
depth) less than 12.5% results in a minor impact on the sweep efficiency when in-
jecting air into a crude oil saturatedmicromodel. In ourmicromodel, the calcite cov-
erage density was crudely measured to be ∼ 20% based on a projection image that
captured both the floor and the ceiling of the pore space. The calcite particles within
the clusters are∼ 1-2 μm, comparable to the surface roughness regime addressed in
previous study[62].

The ability of the calcite-rich edges of the pores to more strongly retain the CRO is
indicated by the ROS trends and confirmed by the high magnification images that
showed layers of CRO adhering to the sidewalls. The strong contrast with the all-
glass chip, where the pore edges showed a clear dewetting at 90°C must be due to a
combination of the different chemistry and geometry of the pore edges. Further ex-
periments are required to detangle the individual contributions of surface chemistry
and topography in driving oil displacement within pore networks.

Our current findings also indicate possibilities for further developing both the mi-
cromodels and analysis methods for IOR from heterogeneous reservoirs. The cal-
cite coverage density of the pore space could be increased by further optimizing the
seeding and growth of the nanoparticles, or perhaps by using atomic layer depos-
ition to obtain a more homogeneous calcite layer, although this has not yet been
realized in microfluidic chips (as far as we know). Incidental release of small CRO
slugs from the inlet channels could be mitigated by using separate entrances for oil
and brines.
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Ourdata analysis showed that the precise calculationofROSvalues canbecomechal-
lenging for two reasons: i) optical heterogeneities due to calcite particles ii) coex-
istence of brine and oil in the same pixel. In such cases, use of a ‘single grayscale’
binarization to classify pixels as either brine or CRO filled, is incorrect. Our inter-
polation method can improve such situations by calculating a ROS per pixel, while
also taking into account intrinsic differences between pixels (calcite-coated or not).
Potentially, our pixel-based ROS ‘interpolation’ method can also be used to detect
local disappearances of calcite particles due to dissolution, which is of interest in wa-
terflooding experiments at low salinity. Theoccurrenceof light scattering (by formed
microdispersions) cannot be accommodated by either the binarization or the inter-
polation method. For these reasons, we recommend comparing the outcomes of
different methods of ROS calculation, and to use additional diagnostic image ana-
lysis (such as difference maps) to obtain a better perspective on the consistency of
the outcomes.

5.5 Conclusions andOutlook

By integrating and optimizing a hybrid of existingmethods, we achieved a 2.5D glass
microchannel, which is partially coated with calcite and mimics the dual porosity
of carbonate rocks. The calcite coverage density can be controlled via the amount
of nanoparticle seeds for crystal growth and the number of exposures to a supersat-
urated solution. Spectroscopic analysis confirmed that pure calcite is grown on the
glass surface, and optical microscopy under flow indicated their mechanically stable
attachment. To determine the local amounts of brine and oil in the pore space, a
novel image analysis method was developed, which takes into account the darker
appearance of the calcite particles (compared to uncoated areas) in two ways: i) it
localizes calcite-rich areas and ii) it calculates a fractional ROS per pixel.

The qualitative effect of the temperature of HSW flooding on the residual oil satura-
tion looks similar for our partially calcite-coatedmicrochannel and a bare glass chan-
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nel with the same pore network. Another similarity is that, after the water break-
through, only minor subsequent changes in overall ROS occur at the timescale of
hours. Exposing our calcite-coated chip to HSW at 90◦C for much longer times
(several days to aweek), a spectacular formation of large aqueous blisters is observed.
However, this process leads to a redistribution of water and oil within the pore space,
rather than the production of additional oil.

Theoverall effect of the partial calcite coating onCROretention appears to be amod-
est increase inROS.Onflat surfaces, areas that are partially coatedwith calcite (about
20% surface coverage) do not appear to retain oil more effectively than their sur-
rounding “bare” substrate. At the more calcite-rich pore edges, a significantly higher
ROS is found, but the possible effect of calcite chemistry cannot be disentangled
from the effect of wall roughness introduced by the particles.

Based on the outcomes of this work, we expect that lowering the salinity of the flood-
ing brine will have an effect on several processes that together determine the amount
ofCRO that ultimately gets released. The formation ofmicrodispersions and blisters
are both driven by thewater chemical potential, which is higher for low salinity brine.
In addition to this, the solubility of calcite in low salinity brine can cause strong
changes in wettability. Additional diagnostic methods for detecting in situ calcite
dissolution may need to be developed.

Additional Experiment

Thethird experimentwasperformeddirectly at 90◦C.Low-salinitywater (LSW)was
injected into the calcite-coatedmicrochannel at 0.2 μL/min for 48h. The LSW injec-
tion was then stopped and the chip was left to equilibrate at 90◦C for 8 days. After
that, the injection was started again to check for additional oil recovery. In this ex-
periment, a 2x objective was used to capture the whole chip and a 10x objective was
used to acquire zoom-in images at intermediate times.

The low salinity brine / crude oil distribution at different stages in themicrochannel
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Figure 5.14: a) Images of brine/crude oil distribution at different times after low salinity
water flooding: (a) Before LSW, (b) After 30min, (c) After 24h, (d) After 48h, (e) Zoom-
in of a part of panel (d). Red circles show formation of water-in-oil micro dispersions. The
micro-dispersions appear as dark structures near the brine/crude oil interface.

is shown inFigure 5.14. When the low salinity brinewas injected into themicrochan-
nel, water-in-oil micro-dispersions were formed (ascribed to the capturing of water
molecules in polar compound micelles in the crude oil). Water can diffuse through
the crude oil (which acts similar to a semi-permeable membrane) by an osmotic
gradient because of the difference in water chemical potential between the low salin-
ity brine and theoil phase[65]. In this experiment, thewater-in-oilmicro-dispersions
quickly forms; around 3minutes after the low-salinity brine injection, which is faster
than for the high-salinity brine injection. It is as expected because the chemical po-
tential difference between low-salinity brine and formation water is larger than for
high-salinity brine versus formation water. The micro-dispersions appear as dark
structures near the brine / crude oil interface. Gradually, micro-dispersions also
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form in other pores where the low-salinity brine and crude oil are in contact. The
micro-dispersions grow more during injection and during the long shut-in time, as
shown in the zoom-in images in Figure 5.15. This process is expected to continue
until the chemical potential of the water has become equal everywhere. Large brine
blisters are also observed in this experiment.

Figure 5.15: The development of water-in-oil micro-dispersion during low salinity water
flooding at two positions: (a)(d) After 24h LSW, (b)(e) After 48h, (c)( f) After 8 days
shut-in. Red circles show the growth of water-in-oil micro-dispersions over time.
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Appendix

Brines andCrude oil:

Table A5.1: Composition and geochemical analysis of artificial formation water (FW)
andHigh salinity water (HSW). Low salinity water (LSW) is obtained by diluting HSW
10 times.

FormationWater High salinity water (HSW)

Na+(ppm) 59491 18345
Ca2+(ppm) 19040 650
Mg2+(ppm) 2439 2117
Cl−(ppm) 132060 35534
SO42−(ppm) 350 429
HCO3−(ppm) 354 696
Total dissolved solids (ppm) 213734 57872
Ionic strength (M) 4.3 1.1
pH 6.8 7.2

Table A5.2: Physicochemical characteristics of crude oil.

Viscosity (at 22 ◦C) 24 mP.s
Acid number 0.2± 0.04 mg KOH / g
Base number 1.1± 0.1 mg KOH / g
Asphaltenes 2.6± 0.3 mass%
C10+ 91± 3.3 mass%
n-heptane 0.9± 0.4 mass%
n-octane 1.0± 0.2 mass%
n-hexane 0.6± 0.5 mass%

To optimally present the difference maps without sacrificing the information that
is contained in the grayscale distribution, some intensity offsets or scalings were ap-
plied. SinceΔI(x,y)was definedon an 8-bit scale (0-255) and its extremawere (-116,
+114), a constant value of 120 grayscale units was added. This results in the image in
panel c): zero changes look gray, negative changes look darker and positive changes
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Table A5.3: IFT (mN/m) of HSW and LSWwith CRO at different temperatures ∗.

Temperature 22 ◦C 60 ◦C 85 ◦C

IFT: HSW and CRO 3.2± 0.7 6.7± 0.2 7.6± 0.4
IFT: LSW and CRO 8.8± 0.6 9.5± 0.6 10.2± 0.5
viscosity: CRO 24 7.4 3.4
viscosity: water ∼ 1.0 ∼ 0.47 ∼ 0.34

∗ IFTs between CRO and brine are generally time-dependent; they decrease over the
first few minutes and then saturate. We present the saturated values measured after 20–
25 min.

Table A5.4: Contact angle of HSW drop in air on different surfaces on glass substrate.

Surface on glass substract Sessile drop CA Advancing CA Receding CA

HSW in air Glass slide 40◦±2◦ 42 ◦±0.5◦ 19◦±0.5◦

HSW in air Spin coat precursor 46◦±1◦ 47 ◦±1◦ 27◦±2◦

liquid in IPA on glass
HSW in air Spin coat precursor 43◦±1◦ 43 ◦±0.5◦ 27◦±2◦

liquid in IPA on glass slide
and UV curing

look brighter. Generally, negative (/positive) intensity changes mean that brine was
displacedby crudeoil (/vice versa). Separately displayingΔI+(x,y) andΔI−(x,y) on
an 8-bit grayscale allows to better see the nuances if the full scale is used. Therefore
both images were multiplied by 255/116. For ΔI+(x,y) this multiplication directly
produces panel d). For ΔI−(x,y) adding a constant value of 255 is needed to make
all pixels positive, whilemaintaining the trend that darkermeansmore negative. The
result is shown in panel e).
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Figure A5.1: (a) Etch masks of the 2.5D micromodel, showing both the pore network and
the distribution fractures. The black regions correspond to deep pores and channels and the
red regions are the shallow pores. Middle row: (b) deep and (c) shallow pores separately.
Reproducedwith permissionfromref [42]. Copyright [2019]PublisherElsevier. Panel (d)
shows a schematic side view of one deep and one shallow pore after the isotropic etching.
Pore depths are 27 and 12 μm.
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Figure A5.2: Reconstructed image highlighting the connectivity of the ‘deep’ pores (orange)
and ‘shallow’ pores (yellow). This image is based on the snapshot of the CRO-filled chip
shown in Figure 3b in the main text.
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FigureA5.3: Dense calcite nanoparticle seed layer in a region inside the glassmicrochannel.
Image taken after 3 cycles of calcite NP deposition.

Figure A5.4: A section of microchannel: growth of the CaCO3 with supplying more Ca2+,
CO2−

3 ions supersaturated solutions. CaCO3 grows over time (Left) after 5 min, (middle)
after 1 h, and (right) after 2 h. Supersaturated solutions was replaced every 30 min.
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Figure A5.5: Experimental setup used in the aging and waterflooding experiments. Repro-
duced from ref [37] under CC-BY license.

Figure A5.6: A 10x zoom in section of the calcite-coated microchannel used in the first
experiment. Image taken at FW aging step, after strong FW flushing to remove weakly
bound particles.
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Figure A5.7: Evolution of the average grayscale intensity of the pixels that are covered
by glass, for the 22-60-90◦C experiment shown in Fig. 6. The time interval between sub-
sequent frames is not constant.
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Figure A5.8: Grayscale histograms for the same experiment as presented in Fig. 5 for the
shallow pores. The first 30 min of flooding with HSW at 22◦C (magenta) is compared to
the calibration data for brine (blue) and oil (brown).
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Figure A5.9: Data from the same experiments as shown in Fig. 6 in main text, but now
for the shallow pores. Because 10% of the shallow pores did not get filled with CRO dur-
ing aging, only the binarization method (grayscale threshold: 160) was used to calculate
ROS, and the initial ROS is 0.9. Vertical Dashed lines indicate transitions in the 22-60-
90◦C experiment; from left to right: 22 to 60◦C, 60 to 90◦C, ending of shut-in at 90◦C,
resumption of flow.
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Figure A5.10: Construction and decomposition of the image difference map shown in Fig-
ure 8. Panels a and b show two grayscale images of the deep pore space, taken with some
time interval in between. The corresponding intensity patterns are denoted as I1(x,y) and
I2(x,y). The difference map is defined as ΔI(x,y)=I2(x,y)-I1(x,y). Generally, ΔI(x,y)
has many zero values (indicating the absence of changes) and some clusters of positive
and/or negative values. Selecting all pixels whereΔI(x,y)≥ 0 createsΔI+(x,y) while it is
ΔI−(x,y) for ΔI(x,y)≤ 0: these are defined as the positive and negative difference maps.
By definition ΔI+(x,y) + ΔI−(x,y) = ΔI(x,y).
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Figure A5.11: Brine and CRO distributions for the experiments described in Figure 5.6a
and Table 5.1.
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Figure A5.12: Grayscale intensity histograms (for the deep pores) sampled at different
stages of sustained HSW waterflooding of the first experiment: 22◦C (after 3.5 h), and
90◦C (after 48 h). Predominantly, it is the histogram shape that changes with the flooding
temperature, i.e. going from 22◦C to 90◦C the CRO-rich peak (grayscale ∼ 100) gets
lower while the main brine-rich peak (grayscale∼ 180) gets higher. This clearly indicates
that CRO has been replaced by brine.
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Figure A5.13: Grayscale difference maps and Mean Squared Intensity Difference signal
based on such maps, for the 22-60-90◦C waterflooding experiment. The plotted MSID
signal is based ondifferences between2 subsequentframes, for eachpixel the grayscale value
difference between frame (i) and frame (i+1) is squared and summed up with the other
pixels. A zeroMSID value means that the entire grayscale picture did not change between
the subsequent frames. The shown grayscale difference maps are obtained by comparing
two images that are separated by multiple time frames. For the ‘initial CRO release’ map,
this is a short time, involving a few pore volumes. For the other two maps, the time ranges
are indicated by the red arrows in the MSID plot.
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Figure A5.14: Similar analysis as in Figure 11, for the sample that was waterflooded dir-
ectly at 90◦C. The overall ROS (blue) is split into contributions from the centers (red)
and the edges (magenta) of the pores. For the pore centers, also the ROS as measured on
calcite-coated areas (green) is shown.
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6
Reflection andOutlook

This chapter first summarizes the pertinent questions of usingmicrofluidics to study
improved oil recovery field, with a focus on smart water flooding in carbonate reser-
voirs, before I started the PhD research. Next, I will describe which answers the mi-
crofluidic studies in this thesis have provided and reflect on the obtained results, and
related issues such as fabrication, experimental protocols and data analysis methods
during my research, in perspective of the current development of microfluidic stud-
ies for IOR for future researchers. I will highlight which questions remain open and
give recommendations for future microfluidic developments that may help to tackle
them.
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6.1 Open questions of using microchannels in IOR stud-
ies

As described in section 1.5 of Chapter 1, the goals are to incorporate all relevant as-
pects of the complexity of the real COBR system into microfluidic microchannels.
The first question is to realistically represent the geometric aspect, including 2D,
2.5D and 3D geometries. The second question is the use of proper fluids in aging
and waterflooding protocols at reservoir-relevant conditions. The third question is
to integrate the geochemistry of calcium carbonate into the system. In the achieve-
ment of these goals, the systemmust be able to visualize themicromodels to quantify
the efficiency of the global IOR and relevant microscopic processes.

6.2 How our microfluidic work has contributed to these
open questions

a. Micromodels to bettermimic 3D geometric features

This questionwas addressed by developing a 3Dmicromodelwith calcite particles in
a packed bed. A novel and straightforward fabricationmethod to create an appropri-
ate chemical representation and a corresponding 3D features of the carbonate reser-
voir was presented inChapter 3. This was achieved by the assembly of micron-sized
synthesized calcite particles into a porousmedium inside a PDMSmicrofluidic chan-
nel. The permeability of fabricated packed bed was around 220 mD, which is within
the range of that in carbonate reservoirs. In addition, we visualized calcite particles,
fluorescently labeled brine, and oil with developed automated image analysis to de-
termineResidualOil Saturation (ROS) at various locations across the channel (close
to the transparent glass wall) during the waterflooding process.

The 3D packed bed of calcite particles represents 3D geometric features of carbon-
ate porous structures with many layers of pure calcite particles in which both 3D
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geometric features and proper calcite material are incorporated. Physical property
such as permeability is also within the range of realistic carbonate reservoirs. There
are still several limitations with the used micromodel. Firstly, the micromodel was
developed inPDMSmicrofluidic chip. PDMS is not chemically resistant to crude oil.
Therefore, the aging process could not be performed directly on the calcite packed
bed chips (including thewalls) tomimic the initial condition of a carbonate reservoir
that was agedmillion years ago. A similar drawback also applies to the waterflooding
process where crude oil cannot be used. Secondly, PDMS does not sustain elevated
temperature and pressure conditions as in realistic carbonate reservoirs. Therefore,
the thermophysical properties during realistic improved oil recovery process could
not be studied with the current microchannel. In addition, the wall material of this
microchannel is still PDMS and glass, not calcite. To address these shortcomings in
the future, one could fabricate glass microchannels and coat the inner surfaces with
calcite. The aging step can be performed directly in situ for the synthesized calcite
particles or ex situ by aging and washing the aged calcite particles with toluene be-
fore loading into the microchannel. A fundamental problem identified during visu-
alization with confocal fluorescence microscopy is that the bulk structure inside the
calcite packed bed (more than 5 μm from the glass wall) could not be clearly ob-
tained due to the inherent mismatch in refractive index between calcite and both
fluids (brine/oil). This limited optical penetration depth is an inherent issue that
cannot be overcome.

Although conditions in the 3D packed bed of calcite particles are still different from
the real carbonate reservoirs, the experiments performed in the current 3D micro-
model indicate that the packed-bed platform could be used formeasuring qualitative
trends. I found that the residual oil saturation (ROS) is not significantly dependent
on capillary number in the range from 6x10−7 to 2x10−5 in the used system. How-
ever, the ROS was higher if the calcite packed bed was aged with equilibrated form-
ation water (eqFW) compared to a non-aged calcite packed bed. This can be attrib-
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uted to the adsorption of organic components from eqFWwhich renders the calcite
packed bed more oil-wet. These experiments allowed to detect the consequence of
wettability alteration by measuring the change in ROS.

For the current chip, it typically takes 1 to 2 days to fabricate a calcite packed bed and
several days to run the waterflooding experiments for each condition with three re-
petitions. The chip is not reusable yet. Fabrication of a 3Dmicromodel with realistic
porous structure is still an unsolved problem. For 3D packed bed of calcite particles,
the particles randomly packed together still do not have a realistic representation of
pore connectivity in real reservoir. Recently, 3D printing technology has been ap-
plied to build 3D microstructures. However, its applications to improved oil recov-
ery studies are still in infant stage, partly due to limitations inmaterial properties and
spatial resolution.

While the 3D packed bed better mimics 3D porous connectivity, the problem is that
one cannot look through the entire microchannel to quantify the efficiency of IOR
processes. The ROS measured near to the wall could not be convincingly shown
to be representative to the entire microchannel. In addition, it was not possible to
visualize anymicroscopic flow processes within the bulk of the packed bed. This fun-
damental problem cannot be overcome without refractive index matching between
calcite, brine and oil. In this case, real crude oil cannot be used. Quantification of the
efficiency of IOR processes is possible in so-called 2.5D microchannels, which rep-
resent the reservoir rock structure via two different depths. In addition, differences
in capillary properties betweendeeppores and shallowpores better presents physical
features of 3D reservoir rock compared to standard 2Dmicromodels. Therefore, the
2.5D glassmicrochannel inChapter 4 offers an attractivemicromodel to fully visual-
ize and better represent 3D features of multiphase flow in real porous media.

Our experiments with 2.5 microchannels confirmed the important role of shallow
pores as ‘gatekeepers’ for the deeper pores that contain the majority of the oil and
therefore dominate the global ROS. This highlights the significant role of pore net-
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work geometry in addition to chemical aspects. Also a more complete picture of
the oil mobilization mechanism in 3D pore space is obtained. The use of 2.5D mi-
crochannels is therefore highly recommended to be used in the future studies instead
of standard 2Dmicrochannel if researchers want to better incorporate 3D features in
microchannel[1].

Chapter 4 also addresses the lack of combining more realistic physicochemical con-
ditions and a more realistic pore network in a microfluidic systems for IOR (see the
next section). Although the 2.5D glass micromodel does not represent a carbonate
reservoir, it paves the path to the next development of a 2.5D calcite-coated micro-
model (as discussed in the next section).

b. Micromodels to mimic aging and waterflooding processes at reservoir con-
ditions

Tomimic aging and waterflooding processes at reservoir conditions, I performed ex-
periments to study the effect of fluids aging andwaterflooding process in a 2.5D glass
microchannel at elevated temperatures (up to 90◦C), a regime which is not often ad-
dressed in microfluidic studies for oil recovery. While the 2.5D micromodel with
two distinct depths offers a better representation of the strong variations in pore
depth compared to standard 2D microchannels with a single depth, the physico-
chemical behavior of brine/crude oil at elevated temperature condition is now also
better incorporated. The temperature of themicromodel is controlled by an external
controller that communicates with a home-made thermostated chip holder. With
this control system, all aging (at 95◦C) and flooding processes (up to 90◦C) can be
performed, even without moving the chip. Although the experiments in Chapter 4
were performed on a glass microchannel without any carbonate, it is still relevant to
improved oil recovery in sandstone reservoir.

The results from the aging protocols indicate that subsequent FW and CRO aging
process should be performed in futuremicrofluidic studies for sandstone (or carbon-
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ate) reservoirs tomimic the initial conditions for improvedoil recovery (seeChapter
4-Figure 4.3). In this thesis, we aged the micromodels for 1 day, sufficiently long to
observe a clear effect of aging. Longer aging time could be applied to compare. In
addition, ROS (with FW/CRO aging protocol) was also found to decrease with in-
creasing waterflooding temperature and a de-wetting phenomenon was observed at
90◦C.

The results in Chapter 4 and their consistent comparison with previous studies in
literature on traditional core flooding indicate the representativeness and scalability
of glass micromodels to the core scale for both aging and waterflooding processes.
Therefore, microfluidics could potentially provide a reliable platform for oil recov-
ery research, and even environmental engineering with applications in hydrocarbon
recovery and CO2 sequestration. In addition, the platform also allows to perform
experiments in a controlled way. Both macroscopic (global ROS value) and micro-
scopic phenomena such as displacement pattern or dewetting could be visualized
and interpreted accordingly, which is an advantage compared to conventional core
flooding.

Typically, it takes around one week to fabricate a batch of ten 2.5D glass microchan-
nels. The setup, aging and flooding processes are well established. However, the
same routine for each new experiment still needs to be performed manually. The
aging and flooding time can vary depending on the purpose of the specific experi-
ment. In our protocol, the microchannel was left on the microscope stage to inspect
and control the FW/CRO distribution during aging. This contribute to the monit-
oring of the reproducibility but also limits the possibilities for parallelization. In a
different approach, the aging step could be decoupled from the waterflooding steps.
However it would then have to be ensured that no evaporation would take place and
a redistribution of FW and CRO might occur. The glass chip can be reused after
cleaning.

The 2.5D microfluidic system developed in Chapter 4 mimics the IOR process in
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sandstone rock because glass and sandstone largely present silicon dioxide groups at
the surface and little clay fraction is found in sandstone reservoirs. However, the cur-
rent bare glass system could still be further improved by coating clay particle/layer
on the glass wall to present swelling or desorption processes in realistic sandstone
reservoir conditions.

c. Incorporating geochemistry of carbonate inmicrochannel

Chapter 5 addresses the important question of how to incorporate geochemistry
of carbonate reservoirs into the micromodel. Carbonate can be deposited on open
planar glass or quartz surfaces to study fluid-solid interactions. For example, crushed
carbonate grains were deposited on glass substrates[2].

There are only a few microfluidic studies addressing this aspect because carbonate
reservoirs are more difficult to mimic via microfluidics as explained in Chapter 2.
The protocol developed by W. Wang[3] to coat a thin layer of calcite on glass mi-
crochannel could not be reproduced in ourmicromodels. Themethod could be sens-
itive to specific conditions such as fluid exchange anddrying steps, to grow the calcite.
The complex structure of the 2.5Dmicromodel alsomakes the coating processmore
challenging. Instead, I used a potential method to coat calcite particles on a polymer
substrate. I adapted this method to grow calcite inside a glass microchannel.

I used calcite nanoparticles as a seeding component on a functionalized glass surface
and then provided Ca2+ and CO3

2− rich ionic solutions to promote calcite particle
growth. My adapted method could partially coat the inner glass surface with calcite
particles within the 2.5D microchannel. The size and density of the coated calcite
particles could be controlled via the amount of seeded nano-particles and the num-
ber of cycles to provide ionic solutions. Chapter 5 also extends the scope from the
2.5D microfluidic system developed inChapter 4 by combining specific conditions
of IOR (elevated temperature, crude oil, aging, surface chemistry and pore hetero-
geneity) to further mimic reservoir conditions with a focus on carbonate reservoirs.
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Although the calcite coverage is not high, there are still useful lessons we could learn
from the experiments.

The ROS values appear to be higher for the microchannel coated with the com-
bination of photocured polymer and calcite of Chapter 5, compared to the glass
microchannel with the same pore network geometry and flooding conditions in
Chapter4. It cannot be excluded that thewettability of the photocured layer has con-
tributed to this outcome. Another observation was that, the overall ROS trends as a
function of flooding temperature were found to be similar between these two types
of microchannel. Importantly, the flooding history also determines the final ROS
value. Starting waterflooding directly at 90◦C results in a lower ROS value than if we
start waterflooding at 22◦C and then increase to 90◦C. The effect of exposure time
was also investigated. Extension of the waterflooding and stationary shut-in dura-
tion to 8 days, longer than for usual microfluidic studies, showed that while the ROS
did not significantly change, somemicroscopic processes occurred. At elevated tem-
perature, I found water-in-oil micro-dispersions and development of water droplets,
which had hardly been reported at the pore scale in micromodels so far.

For thewhole fabricationprocess of the calcite-coatedmicrochannel, the calcite coat-
ing procedure is themost laborious onewithmany consecutive steps. It takes around
one week to fabricate and characterize the sample (before the aging and waterflood-
ing). Unfortunately, the process is not 100% successful with current microchannel
pore network design. Because the shallow pores are only 12 μm deep, there is high
chance that calcite particles accumulate and block these pores, making a reprodu-
cible coating much more challenging. In the worst case, the coated microchannel
could not be used because many pores were blocked. Even with a successful coat-
ing, the microchannel was not reusable because it is impossible to restore it to the
initial condition. I had to prepare and repeat the whole process for every new exper-
iment.

To facilitate the fabrication of the calcite-coated micromodel, there are several as-
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pects that could be improved in future experiments. Firstly, the depth of pore net-
work could be etched deeper such as 40 μm and 20 μm for deep and shallow pores,
respectively. In this way, the chance of calcite nanoparticle blockage at the pores
in the inlet of the micromodel is lowered. Following this modification, the calcite
coverage could be increased. Secondly, the initial design of the chip includes a long
meander channel in front of the uniform distribution that introduces sparse droplets
of CRO at the inlet of the pore space and lengthens the waiting time in the water-
flooding step. It is recommended to shorten the meander channel in the next design
to reduce these risks. Thirdly, more in situ characterization could be performed step
by step to check the contribution of photocured polymer in the chip. Confocal Ra-
manmicroscopy could be used to indicate whether the polymer still attaches to glass
surface (where calcite is not grown) or dissolves during ionic solution injection. This
information could facilitate interpretation in the later waterflooding steps.

6.2.1 Image processing

In the context of Chapter 4 and Chapter 5, we developed software to perform im-
age registration, masking the parts that were inaccessible to fluids and separating
between the deep and shallow pores in the network. This allowed to monitor the
ROS values for deep and shallow pores separately with a very fine time resolution.
Both sudden and gradual changes can then be detected, which also allows to se-
lect the images for further inspection. Typically, 500 to 1000 images were recor-
ded during the waterflooding. In Chapter 5, the analysis software was further ex-
tended with an intensity-based interpolation method to resolve the coexistence of
crude oil and brine in calcite-coatedmicromodels. This novel method was also com-
pared to the usual intensity binarization method for measuring ROS values. The
qualitative trends were generally similar, but numerical values could differ by sev-
eral percent. A method to localize the calcite in brine-filled microchannel was also
developed.
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In literature, it had been stated that the low salinity effect takes relatively long time
to occur[4]. Our data analysis can measure time-dependent ROS that helps to keep
track of changes during the process. Furthermore, other diagnostic programs (e.g.
via image difference maps, intensity histograms at each step during waterflooding)
to detect crude oil/brine displacements (even in absence of changes in ROS) are
also useful tomonitor where these changes happen. For these reasons, I recommend
comparingdifferentROScalculationmethods, using the additional diagnostic image
analysis, and further developing such tools toobtain a better perspective on interpret-
ation of the outcomes.

6.2.2 Microfluidics formechanistic insights at pore scale

Theunderlying workingmechanism of low salinity is still under debate becausemul-
tiple parameters affect the process as discussed in Chapter 1, and the flooding ex-
periments are not suited for visualization in core plugs. Microfluidic micromod-
els offer a potential approach to study oil displacement processes at pore-network
scale. While the use of higher optical magnification comes with a loss of global view,
it can better reveal mechanistic details at micron length scales. Dewetting and os-
motic processes were successfully detected in our micromodels equipped with high
resolution camera. These processes were also previously observed in micromod-
els for sandstone[5] and real carbonate micromodel/rock experiments[6,7]. Micro-
fluidics thus enables direct observation of oil/brine/mineral interaction at the pore
scale, while core flooding experiments take more time and effort to do. The mi-
crofluidic experiment also provides a connection between experiments at different
length scales.

Local crude oil residue in pore space could also be reliably monitored with a suffi-
cient time resolution. Recording of time-dependent processes was successfully im-
plemented in our set up. Here it is remarked that the heterogeneity in both the pore
network and the calcite coating coverage add complexity to interpretation of results
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and determine the final outcomes of sub-pore scale processes. It is difficult to charac-
terize heterogeneity because pore scale images were acquired at low time resolution,
compared to the entire microchannel images. In principle, it could also be studied
at higher time resolution but then it would sacrifice the measurement of the over-
all ROS. Our current set up could visualize overall mechanistic insights during the
process with a reasonable resolution image.

Thefindings inChapter5 confirm thatmicrofluidicmicromodels could be a comple-
mentary tool for core flooding experiments with better time and image resolution.
More extensive research is required on micro-dispersion in relation to osmotic ef-
fects to assess its role in improved oil recovery. We can also compare what we found
in microfluidic chip with core flooding. In addition, a microfluidic chip can be used
to study and optimize novel flooding media in a laboratory setting.

6.2.3 Microfluidics as a fast screening tool

Microfluidics has been considered as a platform for fast screening of large parameter
ranges of fluid compositions and thermodynamic conditions to measure the effi-
ciency of improved oil recovery. Fully developed micromodels are expected to en-
able measurement of ROS as a function of temperature, pressure, different brine
compositions. I will evaluate our calcite chip fabrication process and related exper-
imental protocols to check whether they satisfy the proposed expectations. Our
calcite-coated micromodel can mimic realistic crude oil/brine/rock (COBR) sys-
tem in terms of physical properties such as dual porosity and pores at um scale. We
used real crude oil, relevant brine and calcite material to perform aging and water-
flooding processes.

There are challenges with characterization of calcite particles and fluids inside the
microchannel. During the coating step, the calcite particles attach to glass surface
and grow to μm-scale size. However, the calcite coverage varies fromchip to chip and
pore clogging alsooccurs. It is difficult to control this process and there is not enough
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characterization to confirm reproducibility in the fabrication step. Even though I
cannot exactly detect when a new brine flows into the pore space, it can be estimated
based on injection rate and pore volumes. In addition, short response time for crude
oil displacement in the first volume injection is alsomeasured. Some processes such
as development of water micro-droplets took longer time.

Furthermore, the current bottleneck is that it takes time and effort to fabricate a
calcite-coated microfluidic channel. Typically, there are three processes in water-
flooding experiment: calcite-coating, aging and waterflooding. In my experiment,
the calcite-coating step takes 1-2 days and the aging step takes one day. The aging
time varies depending on researcher’s choice to sufficiently mimic the initial condi-
tion of the oil reservoir. The waterflooding step takes 8-10 days. Therefore, it takes
around 2 weeks to perform one experiment under the assumption that all involved
steps work properly.

The success rate of calcite coating process is relatively low (∼ 50%) with the current
chip design. To improve the yield and reduce the time to fabricate a chip, the sug-
gested modifications in the microchannel design are highly recommended. In my
opinion, the parallelization of calcite-coated chip fabrication is still not feasible at
the moment. These three steps still need to be performed and monitored chip by
chip. To run many experiments at the same time, more manpower and equipment
are needed. To summarize, it remains difficult to fully achieve the goal to use micro-
fluidic microchannel as a fast screening tool with our calcite-coated microchannel.
To my best knowledge, this has not been yet achieved in oil recovery field. More
research and improvements are required in the future to achieve this target.

6.3 Perspective on future microfluidic developments for
solving remaining open IOR questions

a. Perspectives for future improvedmicromodels
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The work in this thesis already incorporated both the geochemistry of carbonate
and the elevated temperature condition in the microfluidic microchannel. However,
there are still requirements for futuremicrofluidic improvements to bettermimic car-
bonate reservoir conditions and use it to screen the brine compositions for IOR.The
most important aim is to improve the calcite coverage and integrate both elevated
temperature and pressure. In the current 2.5D glass microfluidic chip, increasing
calcite coverage is feasible with the recommendations in section 6.2c. I will discuss
alternative approaches to achieve these goals and some suggestions tousemicrochan-
nels for screening brine effects on IOR.

Atomic layer deposition (ALD) can be used to deposit a nano-scale calcite layer on
a glass substrate[8]. The advantage of this deposition technique is that it could avoid
the problem of pore blockage encountered in current method because only a thin
layer of calcite will be coated on the substrate. In addition, we can fabricate a batch of
many calcite-coated micromodels at one time. However, there are several technical
aspects to consider if onewould like to follow this direction. Firstly, achieving a high-
coverage calcite deposition is a challenge that requires time and effort to optimize the
deposition parameters. Secondly, the post-fabrication process to bond the calcite-
deposited glass side to a cover glass side while ensuring the quality of this bonding
under harsh conditions (high temperature/high pressure) definitely need tests. The
adhesion and bonding should be stable during aging and waterflooding processes.
Finally, another concern is whether water could totally dissolve this nanometer thin
calcite layer during the fabrication step. To my knowledge, a micromodel network
with a calcite layer deposited using ALD method has not been reported in literature.
This could be associated with mentioned challenges.

The current calcite coating method uses a photocured polymer that could introduce
artifacts to the wettability of pore network and the final ROS values when full cal-
cite coverage is not achieved. Therefore, another practical approach is to use real
calcite rock to fabricate the pore network by etching directly calcite away. Several
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studies were reported in literature[6,9,10] about this “2D calcite microfluidic model”.
The advantage of this method is that the micromodel is made from calcite without
additive. However, the fabrication process is also laborious. Etching two different
depths in a complicated pore network definitely requires much more fabrication ef-
fort compared to the glass micromodel. In addition, the chip also needs to be fab-
ricated one by one. Generally, the fabrication of this calcite microfluidic model is
doable, but time-consuming. In my opinion, calcite microfluidic model and calcite
coating method using photocured polymer are more practical to proceed in the fu-
ture compared to ALD method.

Integration of both elevated temperature and pressure conditions is the next im-
provement. Elevated pressure is needed to perform stable experiments at temper-
atures higher than boiling point of the brine. The challenge to achieve this aim is
to increase both temperature and pressure capacity of the interconnect system, e.g.
connection inside the chip and the external fluidics system. The integration of such
system in glass-glass/glass-silicon chips has been reported in literature for enhanced
oil recovery application[11] and other applications[12,13]. They can operate up to
30MPa and 450◦C condition. In addition,Micronit, Dolomite, andHOTEngineer-
ing companies also offer such a high pressure setup. This experimental setup could
be adapted to the calcite-coated micromodels made from glass-glass chips. For the
all-calcite microfluidic model, high temperature condition could be achieved by us-
ing high-temperature glue to bond two calcite slides. Some glue could sustain up
to 150◦C or higher. However, how much pressure this bonding could sustain still
requires research and testing.

Additional diagnostic measurements such as pressure, ion concentrations are also
considered for implementing in future improvements. Pressure transducers can de-
tect variations of pressure during waterflooding process when phenomena such as
finemigration, pore blockage or deviation of fluid flow occur. It helps to confirm the
hypothesis of low salinity mechanisms. An in situ Ca2+ ion concentration sensor is
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also useful to locally detect calcite dissolution during waterflooding. It is worthy to
note that the microchannel is almost saturated with crude oil during the aging step.
This step could damage the sensor. A possible solution could be to cover the sensor
surface during the aging step and open it when it is flooded with brines. Therefore,
it requires effort to design microfluidic on-chip ions detection. Another approach
is to use a fluorescence dye to detect Ca2+ ions with fluorescence microscopy. This
approach could detect the dissolution across the chip if the intensity signal from the
dye is not being totally overwhelmed by that in crude oil molecules. Overall, each
approach has advantages and disadvantages that should be considered, depending
on specific purpose of the experiment.

I also found that the more complex the pore network is, the more challenging to in-
terpret the outcome. To simplify the system and prove individual mechanisms, it is
useful to perform test in simpler microchannels with several pores. When we can
learn the microscopic and mechanistic insights with simpler microchannel design,
then we can extend tomuchmore complex pore network. This approach could help
to quickly identify potential mechanisms and also connectmechanisms between dif-
ferent length scales of the network in microfluidics. We could answer whether all of
these mechanisms happen at the same time, but at different strength/contribution,
or whether it depends on length scale.

b. Microfluidics compared to Core Flooding experiments

Themain advantage of microchannel is the use of transparent material for clear visu-
alization, enabling mechanistic insight and diagnosis during waterflooding process
as described in previous sections. Even after further improvements, microfluidics
still cannot fully replace core flooding and field tests. For example, carbonate rock
contains heterogeneous material such as calcite, small fraction of dolomite, and an-
hydrite along with smaller amount of quartz. Therefore, calcite-coated microchan-
nels will not completely replicate the carbonate rock as compared to core plugs. In
addition, effluent analysis is a challenge to be performed in microchannels because
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of small volume of fluids. However, in core flooding, it is relatively easy to measure
effluent with different chemical analysis such as pH or specific detectors. Further-
more, the large number of components and protocol steps make the microfluidic ex-
periment relatively vulnerable to failure. For example, trapped air bubbles or incom-
plete brine replacement during the aging step can compromise the reproducibility
and post image analysis step. These issues could be mitigated by fabrication efforts
to optimize each step and standardize. It suggests that microfluidic microchannel
and core flooding could be used as complementary tools for each other.

6.4 Some open IOR questions which could be addressed
with improvedmicrochannels

As described in Chapter 1, low salinity waterflooding in IOR is a sophisticated pro-
cess that involves many coupling factors such as reservoir parameters and injected
brine parameters. Although microfluidics has been shown as a promising platform
to study IOR processes, it is still a challenge to elucidate underlying mechanisms of
low salinity waterflooding, partly due to difficulties with in situ characterization and
some mechanisms occurring at the molecular scale. Many microfluidic studies on
IORmainly report global oil recovery values and speculate about mechanisms to ex-
plain the outcome. Therefore, it is necessary to design specific microfluidic setups
to study specific mechanisms, depending on purposes of researchers. Based on the
findings in this thesis, there are several future research directions that could be fur-
ther studied.

Desorption of organic surface layer upon dynamic flooding

Other studies reported the important role of organic surface layers deposited on car-
bonate mineral upon long aging process[14,15]. Understanding how these layers re-
spond to low salinity brine helps us to know relevant underlying mechanism of low
salinity effect. A recent study by Rao et al.[16] shows the formation and stability of
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heterogeneous organo-ionic surface layers on carbonates using multiple analytical
techniques. They also proposed a two-stage desorption “low salinity effect” in vari-
ous brines after aging Iceland spar particles off the chip at room temperature. These
processes include the release of water-soluble sorbents and delamination of residual
water-insoluble asphaltenes from the mineral surface. However, there are still open
questions, like how do these physico-chemical processes at the microscale behave
under dynamic flow and elevated temperature/pressure conditions ? To address this,
one could age the synthesized calcite particles described in Chapter 3, perform the
aging step in FWand eqCROex situ andwash the aged calcite particles with toluene.
Then one could assemble the calcite particles method as mentioned in Chapter 3
but with the difference that only small clusters (a quasi-monolayer) of aged calcite
particles (e.g. ∼ 50 μm) would be introduced inside a corresponding thin glass mi-
crofluidic channel. In thisway, one couldutilize optical andpossibly confocalRaman
spectroscopy with algorithm-improved method[17] to characterize the low salinity
response in situ. Based on my experience, it is highly recommended to perform the
experiment at simple condition first such as at room temperature. Once the micro-
scopicmechanism is better understood, we can extend tomore complex and realistic
elevated temperature or pressure conditions.

When we understand the underlying mechanism at the microscopic level, the next
question is: how do these microscopic phenomena correlate to the global oil recov-
ery factor during the waterflooding ? To address this, we can assemble a packed bed
of calcite particles and performwaterflooding process. The glassmicrochannel walls
could be coated with a calcite layer by optimizing our method in Chapter 5 to fully
represent calcite-on-a-chip. Coating calcite on a straightmicrofluidic channel should
be feasible to be controlled and adapted. The oil recovery is measured with optical
or fluorescence microscopy. By this way, we could use the interpretation of under-
lying mechanism from the simple system to predict and compare with oil recovery
efficiency in secondary or tertiary waterflooding process. It is expected that several
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microscopic mechanisms related to fluid-fluid interaction also occur during this pro-
cess. However, we would focus on the chemical fluid-solid interaction in this dir-
ection. Furthermore, this direction, which could be extended to different injected
brine compositions, injection conditions and different crude oil types.

HT/HP for calcite on amicrochannel

The next question is: how do elevated temperature and pressure affect the outcome
in calcitemicrofluidic channel ? High temperature affect the initial calcite wettability
during aging process[14,15], diffusion coefficient, and thin film phenomena during
aging and waterflooding process. HP would change solubility and precipitation of
compounds in crude oil[18]. Therefore, it is necessary to incorporate HT/HP con-
dition at the same time to calcite-coated microchannel or rock-on-a-chip, and per-
form waterflooding with different brine compositions at different thermodynamic
conditions.

Connection tomultiple length and time scales

A main challenge to the low salinity waterflooding research community is the mul-
tiple length and time scales of the processes that could occur. The contribution of
each process to the overall oil recovery and a unifying system topredict the efficiency
of the low salinity effect at different scales remain unclear. In other words, low salin-
ity effect occurrence at molecular scale, sub-pore scale, and pore-network scale does
not guarantee that low salinity recovery occurs in core or reservoir scale, which is the
ultimate economic interest. The important question is how to connect and predict
the observations of low salinity response at smaller length scale to reservoir scale?
Only microfluidic microchannel at pore-network scale cannot help to improve effi-
ciency in low salinity recovery in reservoir oil field. The possible approach is to per-
form experiments at different intermediate scales such as sub-pore, pore-network,
core scale to confirm low salinity recovery. In addition, the physical mechanisms at
each scale could be compared or correlated to each other. To keep the results consist-
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ent, the crude oil, brine and rock material should be the same for each experiment.
Froma large dataset of different experiments, we could utilizemachine learning tech-
niques to extract trends or correlations among scales. By this way, we can predict or
develop optimal screening tool for low salinity waterflooding in real reservoir field.
This requires enormous efforts to achieve.
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Summary

Low salinity waterflooding is a technique that has been reported to improve oil re-
covery in carbonate reservoirs in core flooding tests. It is generally accepted that the
wettability alteration towardsmore water wet that occurs upon low salinity injection
in carbonate reservoir results in additional oil extraction. However, the underlying
mechanisms and associated fluid-fluid, fluid-solid interactions during this process
are still unclear and scattered due to the lack of observations of multiphase flow in
core plugs and the lackof sufficient time and spatial resolution. In order todevelop ef-
ficientmethods to economically recover additional oil, a comprehensive understand-
ing of these phenomena at pore scale is highly required. Therefore, artificial micro-
fluidicmodels with similar physicochemical properties to carbonate reservoir condi-
tions attracts a great interest from researchers in the oil recovery community. This
thesis focuses on development of microchannels that mimick carbonate reservoir-
relevant conditions to study the oil recovery process.

Chapter 2 presents the previous development of microfluidic microchannels in the
past and its application for improved oil recovery study. The geometry and geochem-
istry of the micromodels, as well as the temperature, pressure, and aging conditions
of waterflooding experiments performed in these micromodels are summarized. In
addition, a typical experimental setup for improved oil recovery study and visualiza-
tion techniques ofmultiphase fluid flow at pore scale are also described. This chapter
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provides a fundamental background for the next four chapters in the thesis.

Chapter 3 addresses the challenges of fabricating a 3D microfluidic microchannel
to study oil recovery for carbonate reservoirs. A novel and straightforward fabrica-
tionmethod to create a chemical representationof the carbonate reservoir combined
with corresponding 3D features of the porous network was presented. This was
achieved by the assembly of micro-sized synthesized calcite particles into a PDMS
microfluidic channel. The fluorescence microscope was used to visualize calcite
particles, calcite, and mineral oil along with automated image analysis to determ-
ine residual oil saturation at various locations across the channel close to the glass
transparent wall. Residual oil saturation (ROS) was found to have no significant de-
pendence on capillary number in the range from 6x10−7 to 2x10−5. However, the
ROS is higher for calcite pore spaces agedwith equilibrated formationwater (eqFW)
compared to unaged calcite pore spaces. This can be attributed to the adsorption of
organic components fromeqFWthatmake the calcite packedbedmore oil-wet. This
method allows to detect the consequences of wettability alteration by measurement
of change in ROS.

While this method uses calcite particles, similar to material in carbonate reservoirs,
the optical access to the bulk of the calcite packed bed microchannel is limited due
mismatch in refractive indexes between calcite and fluids ( brine and oil). There-
fore, we cannot visualize the two-phase displacement in the bulk and cannot know
the difference in the oil recovery process for pores near boundaries and pores in the
bulk. In addition, the PDMSmicrochannel is also not compatible with crude oil and
flooding at elevated temperature conditions.

Chapter 4 addresses the lack of more realistic physicochemical conditions and a
more realistic pore networks in a microfluidic microchannels. This chapter presents
the effect of fluids aging and reservoir temperature on waterflooding in 2.5D glass
micromodels. The 2.5D micromodel with two distinct depths offers better repres-
entation of strong variation in pore depth compared to standard 2D microchannel
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with a single depth. In addition, physicochemical behavior of brine/crude oil at elev-
ated temperature conditions is also incorporated. We found that glassmicrochannels
that have been aged in formationwater (FW) and subsequently exposed to crude oil
(CRO) retain significantlymoreoil compared to those exposed toonly crudeoil after
waterflooding with high salinity water at room temperature. This can be explained
by a stronger adsorption of hydrophilic parts of CRO components (e.g. asphaltenes,
resins) stimulated by divalent cations fromFW thatmakes the glass surfacemore oil-
wet. In addition, ROS in FW/CROaging protocol also decreaseswith increasingwa-
terflooding temperature. This finding is attributed to the increased desorption of am-
phiphilic CRO molecules at elevated temperature that makes the glass surface more
water-wet. Wettability alteration of the glass surface toward more water-wetness at
elevated temperature was also observed with microscopic ‘dewetting’ phenomena
that demonstrate the role of fluid-solid interaction at the pore scale. The important
role of shallow pores as ‘gatekeepers’ to deeper pores affects the global ROS. These
results highlight the significant role of geometry (dual depth) of themicrochannel to
study IOR in addition to chemical aspects. These important findings help to provide
amore complete picture of the oilmobilizationmechanisms in 3Dpore spaces under
representative reservoir conditions (geometry and elevated temperature).

The results and their comparison with previous studies in traditional core flooding
indicate the representativeness and scalability of micromodels to the core scale in
both aging and waterflooding processes. Therefore, microfluidics will provide a re-
liable platform for oil recovery research. In addition, it also allows us to perform
experiments in a controlled way. Both macroscopic and microscopic phenomena
occurring during the oil recovery process could be visualized and interpreted, which
is an advantage over conventional core flooding. While Chapter 4 already contrib-
utes to further developmentof themicrofluidic platform tooptimize IORconditions,
realistic sandstone reservoir conditions could be replicated with more complicated
microchannels.
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Chapter 5 extends the scope from 2.5D glass microfluidic system developed in
Chapter 4 by combining specific conditions of IOR (elevated temperature, crude
oil, aging, surface chemistry and pore heterogeneity) to furthermimic reservoir con-
ditions with a focus on carbonate reservoirs. Our adapted method could partially
coat the inner glass surface with calcite particles on the complex geometry of 2.5D
microchannels. It was found that ROS values appear to be higher for the calcite-
coated microchannel in comparison to that in glass microchannels with the same
pore network geometry and flooding conditions. The overall ROS trends as a func-
tionof flooding temperaturewere also found tobe similar between these two typesof
microchannel. History and flooding conditions ultimately determine the final ROS
value. This study also investigates the effect of an important parameter that is the
interaction time between brine, CRO and pore surface. We also observed formation
and growth of large (10-100 μm) ‘blisters’ of water drops at 90 ◦C for longer time
(days to a week) exposure to HSW. These blisters were possibly caused by osmotic
effect due to a gradient in water chemical potential. This indicates the important role
of fluid-fluid and fluid-solid interactions, particularly water-in-oil micro-dispersions
and osmosis phenomena at elevated temperature that was hardly reported at pore
scale inmicromodel so far. Our findings suggest thatmore research is requiredon the
chemical osmotic effect as an potential mechanism for improved oil recovery.

Separate analysis of ROS trends reveals significantly more oil retention at the pore
edges compared to the average pore space, suggesting that in calcite-coated micro-
models, wall roughness is a stronger determinant of oil retention than surface chem-
istry. In addition, we also found that 80 % of edges retain CRO in calcite-coated
microchannel while it is only 20% in the glass microchannel inChapter 4, in agree-
ment with the global trend of ROS values. This illustrates the correlation of global
ROS to microscopic pore-scale observation. Furthermore, our novel interpolation
and complementary image analysis method improve the precise ROS calculation in
cases of coexistence of brine/oil and optical heterogeneities of calcite particles com-
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pared to standard binarization methods.

Chapter 6 briefly summarizes the main questions related to the development of mi-
crochannels to study improved oil recovery for carbonate reservoirs. I describe what
answers this thesis provides andhow it contributes to the current development ofmi-
crofluidics in the petroleum oil community. Some critical reflections on the results
in the thesis, fabrication techniques, visualization, measurement protocols and data
analysis are also discussed. Finally, I describe remaining open questions and present
some recommendations for future development thatmight improve our understand-
ing of the problems.
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Samenvatting

Waterinjectie met een laag zoutgehalte is een techniek waarvan, op basis van tests
met olie bevattend poreus gesteente, is gemeld dat deze de oliewinning uit carbon-
aatreservoirs verbetert. Het wordt algemeen aanvaard dat de verbeterde waterbevoc-
htiging van het carbonaatgesteente die optreedt bij waterinjectie met een laag zout-
gehalte resulteert in extra oliewinning. De onderliggende mechanismes en bijbe-
horende vloeistof/vloeistof- en vloeistof/vaste stof interacties gedurende dit pro-
ces zijn echter nog steeds onduidelijk en aan discussie onderhevig vanwege het
gebrek aan waarnemingen van/experimentenmet eenmeerfasenstroming in poreus
gesteente en het gebrek aan voldoende tijdsresolutie en ruimtelijke resolutie. Het
ontwikkelen van efficiënte methoden om extra olie rendabel te winnen vereist een
gedetailleerd begrip van deze verschijnselen op porieniveau. Daarom trekken kun-
stmatige microfluïdische modellen met vergelijkbare fysisch-chemische eigenschap-
pen als carbonaatreservoirs veel belangstelling van onderzoekers in de oliewinnings-
gemeenschap. Dit proefschrift richt zich op de ontwikkeling van microkanalen die
de omstandigheden in carbonaatreservoirs nabootsen omzohet oliewinningsproces
te bestuderen.

Hoofdstuk 2 presenteert eerdere ontwikkelingen op het gebied vanmicrofluïdische
microkanalen en hun toepassing in onderzoek naar verbeterde oliewinning. De geo-
metrie, geochemie en geologische ontstaansgeschiedenis van eerder gebruikte mi-
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cromodellen, evenals de temperatuur, druk gedurende waterinjectieëxperimenten,
worden samengevat. Daarnaast worden typische experimentele opstellingen voor
verbeterde oliewinningsstudies en visualisatietechnieken voor meerfasenvloeistof-
stroming op porieschaal beschreven. Dit hoofdstuk beschrijft de fundamentele
achtergrond voor de volgende vier hoofdstukken van het proefschrift.

Hoofdstuk 3 behandelt uitdagingen bij het fabriceren van een 3D microfluïdisch
microkanaal voor het bestuderen van oliewinning in carbonaatreservoirs. Een
nieuwe, eenvoudige fabricagemethode om een chemisch representatief model van
het carbonaatreservoir met overeenkomstige 3D-kenmerken van het porienetwerk
te creëren wordt gepresenteerd. Dit werd bereikt door de plaatsing van synthetische
micro-calcietdeeltjes in een microfluïdisch kanaal van PDMS. Calcietdeeltjes, water
en minerale olie werden gevisualiseerd middels fluorescentie microscopie. De rest-
erende oliefractie op verschillende locaties in het kanaal dicht bij de transparante
glazen wand werd bepaald middels geautomatiseerde beeldanalyse. De resterende
oliefractie (ROS) bleek geen significante afhankelijkheid te hebben van het capillair
getal in het bereik 6x10−7 tot 2x10−5. De ROS is echter hoger voor calcietporiën die
zijn verouderdmet geëquilibreerd formatiewater (eqFW) dan voor niet-verouderde
calcietporiën. Dit kan worden toegeschreven aan de adsorptie van organische com-
ponenten uit het eqFW, resulterend in een vergrote oliebevochtiging van het calciet.
Deze methode maakt het mogelijk om de gevolgen van veranderende bevochtiging-
seigenschappen te detecteren door veranderingen in ROS te meten.

Hoewel deze methode calcietdeeltjes gebruikt die vergelijkbaar met het materiaal in
carbonaat reservoirs, is de optische toegang tot het grootste deel vanhetmicrokanaal
met calciet beperkt vanwege de ongelijke brekingsindices van calciet en de vloeistof-
fen (zout water en olie). Hierom kunnen we de tweefaseverplaatsing in de bulk niet
zien, en kunnenwe het verschil in het oliewinningsproces voor poriën in hetmidden
van het kanaal niet zien. Bovendien is het PDMS-microkanaal niet geschikt voor
experimenten met ruwe olie en experimenten bij verhoogde temperatuur.
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Hoofdstuk 4 presenteert een aanpak van het gebrek aan i) meer realistische fysisch-
chemische omstandigheden en ii) meer realistische porienetwerken in microfluïdis-
chemicrokanalen. Dit hoofdstukbeschrijft het effect vande geochemische verouder-
ing en de temperatuur van het reservoir op het oliewinningsproces middels 2.5D
glazenmicromodellen. Het 2.5D-micromodel, met twee verschillende poriediepten,
biedt een betere weergave van de sterke variatie in poriediepte dan het standaard 2D-
microkanaal met een enkele diepte. Daarnaast wordt hier ook het fysisch-chemisch
gedrag van zout water/ruwe olie bij een verhoogde temperatuur meegenomen. We
ontdekten dat, na injectie van water met een hoog zoutgehalte bij kamertemper-
atuur, glazen microkanalen die zijn verouderd in formatiewater (FW) en daarna in
ruwe olie (CRO), aanzienlijkmeer olie vasthouden danmicrokanalen die alleen zijn
blootgesteld aan ruwe olie. Dit kan worden verklaard door de sterke adsorptie van
oppervlakte actieve CRO-componenten (bijv. asfaltenen, harsen) die gestimuleerd
wordt door dedivalente kationen inFW.Hierdoor geefthet glasoppervlak eenbetere
oliebevochtiging. Bovendien neemt deROS in het FW/CRO-verouderingsprotocol
af met toenemende injectietemperatuur. Deze bevinding wordt toegeschreven aan
de verhoogde desorptie van de genoemde amfifiele CRO-moleculen bij verhoogde
temperatuur, wat leidt tot een beterewaterbevochtiging van het glasoppervlak. Deze
verandering in bevochtigingsgedrag kon worden bevestigd via additionele micro-
scopische waarnemingen bij sterkere vergroting. Het losraken van dunne olielaagjes
bevestigde de rol van de vast-vloeistof interactie op de porie schaal. De belangrijke
rol van ondiepe poriën als ’poortwachters’ naar diepere poriën draagt eveneens bij
aan de globale ROS. Deze resultaten benadrukken de belangrijke rol van geometrie
(dubbele diepte) van hetmicrokanaal om IOR te bestuderen, naast chemische aspec-
ten. Deze belangrijke bevindingen helpen om een vollediger beeld te krijgen van de
olie mobilisatie mechanismen in 3D-poriënruimten onder representatieve reservoir
omstandigheden (geometrie en verhoogde temperatuur).

De resultaten en hun vergelijking met eerdere studies van klassieke experimenten
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met poreus gesteente geven de representativiteit op, en schaalbaarheid naar, de
kernschaal van de micro-modellen aan, voor zowel verouderings- als waterin-
jectieprocessen. Daarom zullen micro-fluïdica een betrouwbaar platform bieden
voor onderzoek naar oliewinning. Daarnaast stelt het ons in staat om op een ge-
controleerde manier experimenten uit te voeren. Zowel de macro-scopische- als de
microscopische verschijnselen die optreden tijdens het oliewinningsproces kunnen
worden gevisualiseerd en geïnterpreteerd, wat een voordeel is ten opzichte van de
genoemde klassieke experimenten. Waar Hoofdstuk 4 al bijdraagt aan de verdere
ontwikkeling van het microfluïdische platform om IOR-condities te optimaliseren,
zouden realistische zandsteen reservoir condities kunnen worden nagebootst met
meer gecompliceerde microkanalen.

Hoofdstuk 5 breidt het domein van het 2.5D glazen microfluïdische systeem
ontwikkeld inHoofdstuk4uit door het combineren van specifiekeomstandigheden
van IOR (verhoogde temperatuur, ruwe olie, veroudering, oppervlaktechemie en
porie heterogeniteit) om zo de reservoir omstandigheden verder na te bootsen,
met een focus op carbonaatreservoirs. Onze aangepaste methode bestaat uit het
gedeeltelijk bedekken van het binnenste glasoppervlak met calcietdeeltjes in 2.5D
microkanalen. De ROS-waarden lijken hoger te zijn voor het met calciet bedekte
microkanaal dan voor het glazenmicrokanaal met dezelfde porie netwerk geometrie
en onder dezelfde injectie omstandigheden. De algemene ROS-trends als functie
van de injectie temperatuur bleken vergelijkbaar te zijn tussen deze twee soortenmi-
crokanalen. Zowel de temperatuur als de thermische geschiedenis van de injectie
bepalen de uiteindelijke ROS-waarde. Deze studie onderzoekt tevens het effect van
een belangrijke parameter, namelijk de interactietijd tussen zout water, CRO en het
porieoppervlak. Ook hebbenwe de vorming en groei van grote (10-100 μm) ’blaren’
van waterdruppels tijdens blootstelling aan water met een hoog zoutgehalte op 90
◦ gedurende langere tijd (enkele dagen tot een week) waargenomen. Deze blaren
werden mogelijk veroorzaakt door een osmotisch effect als gevolg van een gradiënt
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in de chemische potentiaal van het water. Dit geeft de belangrijke rol van vloeistof-
vloeistof en vloeistof-vaste stof interacties aan; in het bijzonder water-in-oliemicrod-
ispersies en osmotische verschijnselen bij verhoogde temperatuur, welke tot nu toe
nauwelijks op porieschaal in micromodellen werden gerapporteerd. Onze bevindin-
gen suggereren dat er meer onderzoek nodig is naar het chemisch osmotisch effect
als een mogelijk mechanisme voor verbeterde oliewinning.

Afzonderlijke analyse van trends in ROS onthult significant meer olie retentie aan
de porie randen dan in de gemiddelde porieruimte, wat suggereert dat in de met cal-
ciet bedekte micro-modellen de wandruwheid een sterkere bepalende factor voor
olie retentie is dan oppervlaktechemie. Daarnaast vonden we ook dat 80 % van de
randen inmet-calciet-bedekte microkanalen CRO vasthouden, terwijl dit slechts 20
% is in de glazenmicrokanalen inHoofdstuk 4, in overeenstemmingmet de globale
trend van ROS-waarden. Dit illustreert de correlatie tussen de globale ROS en mi-
croscopische waarnemingen op porieschaal. Bovendien werpt een nieuwe beeldana-
lysemethode meer licht op de nauwkeurigheid van de ROS-berekening, in gevallen
van co-existentie van zout water/olie en calcietdeeltjes op het glas.

Hoofdstuk 6 vat de belangrijkste vragenmet betrekking tot de ontwikkeling vanmi-
crokanalen voor verbeterde oliewinning in carbonaatreservoirs samen. Ik beschrijf
welke antwoorden dit proefschrift biedt en hoe deze antwoorden bijdragen aan de
ontwikkeling van microfluïdica in de aardoliegemeenschap. Tevens worden enkele
kritische reflecties op de resultaten, de fabricagetechnieken, de visualisatie, de meet-
protocollen en de data-analyse in dit proefschrift besproken. Tenslotte beschrijf ik
de resterende open vragen en presenteer ik enkele aanbevelingen die ons begrip van
de problemen zouden kunnen verbeteren.
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