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Atualmente, testes de coreflood séo considerados a base do método cientifico
para melhor compreender o fluxo de fluidos em meios porosos. Entretanto, estes testes
podem apresentar elevado tempo experimental e dificuldade na visualizacdo do
escoamento. Neste contexto, a microfluidica vem surgindo como uma tendéncia
complementar na engenharia de reservatorios, oferecendo solugcbes rapidas para
problemas tradicionais. Os dispositivos microfluidicos, ou micromodelos, podem
fornecer a visualizacdo direta dos mais diversos fendmenos na escala de poro, e também
serem utilizados para realizar testes sequenciais de recuperacdao avancada de petréleo
(EOR). Neste trabalho, micromodelos de polidimetilsiloxano (PDMS) foram fabricados
e aplicados em uma técnica de nano-EOR com nanofluidos de silica. Diversas malhas
porosas foram geradas computacionalmente com base em parametros estatisticos de
rochas reais. Foi montado um aparato experimental para a visualizacdo do escoamento e
realizado um método de injecdo de fluidos similar a aplicagcbes em campo. A partir da
captura e processamento de imagens, calcularam-se os fatores de recuperagdo de 0Oleo
(FR) ao longo dos testes. Por fim, a injecdo de nanofluidos de silica apresentou FRs

adicionais em 12% na recuperagao terciaria e 23% na recuperagédo secundaria.
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Currently, coreflood analysis is considered as the conventional laboratory test to
understand fluid flow through porous media. However, this technique possesses
disadvantages regarding time-consuming experiments and fluid movement
visualization. In this context, microfluidics is emerging as a trend in reservoir
engineering, providing fast-paced solutions for old-fashioned problems. Microfluidic
chips, or micromodels, are able to directly observe a wide range of transport phenomena
in pore-scale and assist in fluid screening for enhanced oil recovery (EOR). In this
study, polydimethylsiloxane (PDMS) micromodels were fabricated and applied in a
nano-EOR technique with silica nanofluids. Several pore-networks were
computationally generated based on statistical parameters of real rocks. An
experimental setup was mounted to provide a platform for flow visualization and a fluid
injection method was applied similarly to field applications. By digital processing of
captured images, oil recovery factors (RF) were calculated during the experiments.
Finally, silica nanofluid injection showed additional RFs of 12% as tertiary recovery

and 23% as secondary recovery.
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1 INTRODUCTION

After the first commercial oil discovery in 1859 in Pennsylvania, United States,
an entirely new industry that would shape the future of the global capitalism emerged
[1]. Business associations arose, led by the formation of the first corporate trust in
history by Standard Oil, the largest company in the world by that time. In the first half
of the 20" century, the relationship between oil reserves and strategies of nations would
tighten, with oil playing an important role in the occurrence of the two World Wars.
Later that century, a sequence of six postwar oil crises dramatically changed the oil
prices and then the global market, especially due to the 1973 Arab Oil Embargo and the
1979 Iranian Revolution. For those historical facts, Yergin [1] marked the twentieth
century as the “hydrocarbon age”. Fig. 1.1 shows shares percentages of global primary
energy consumption by fuel, from 1965 to 2017 [2]. In this period, oil remained as the
world’s dominant fuel source, making up just over a third of all energy consumed in
2017. Coal has been in the 2" place all over this period, with a recent market share fall
to 27.6%. Natural gas, which was initially considered a by-product of the oil industry,
accounted a new record of 23% of global primary energy consumption. A recent
increase of hydroelectricity and renewables share percentages has also been seen.
Despite O&G importance in the world’s energy consumption, the fraction of those
hydrocarbon sources that cannot be produced by current techniques is still large. This
holds true especially in the exploration of more challenging reserves. In the case of
ultra-deepwater Brazilian pre-salt basins, the oil recovery factor is around 21% [3].
According to its National Oil Agency (ANP), an increase of 1% in this oil recovery
would represent additional US$11 billion in royalty payments, leading to new

investments of around US$16 billion.
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Fig. 1.1 — Shares percentages of global primary energy consumption by fuel, from 1965 to 2017.

Oil remains the world"s dominant fuel, making up just over a third of all energy consumed [2].

For the crude oil and its desired fractions to be commercialized, they must be
produced and treated on an offshore or onshore facility and then refined in a refiner
unit. The production phase requires the drilling of a few-to-several wells and their
further completion to enable an upward migration of fluids from a subsurface porous
rock to the surface. The first stage of production, or primary recovery, is the one in
which the natural forces of the reservoir, such as the existence of an upper gas-cap or
the proximity to a water aquifer, displace hydrocarbons [4]. During primary recovery,
only a small percentage of the initial hydrocarbons in place are produced, typically
around 10% for oil reservoirs. In secondary recovery, an external fluid, such as water or
gas, is injected into the reservoir through injection wells. The successive use of primary
recovery and secondary recovery in an oil reservoir produces about 15% to 40% of the
original oil in place. When the production rates associated with secondary recovery are
not economical, sophisticated techniques that alter the original properties of the oil/rock
system need to be implemented. This combination of techniques is called tertiary
recovery or enhanced oil recovery (EOR), since they can actually be initiated at any
time during the productive life of an oil reservoir. Table 1.1 shows the three classical
major classes of EOR operations: thermal recovery, chemical flooding, and gas
injection [5]. It also presents some specific methods related to each class and their

associated EOR mechanisms. As more recent techniques, engineered nanoparticles can



also be injected to improve several properties related to oil displacement, being
considered an innovative class with application methods and related EOR mechanisms

still in discussion [6].

Table 1.1 — The three major classes of EOR technologies. Specific methods related to each class
are being briefly detailed, with their associated EOR mechanisms [5].

EOR classes Detailed methods Major EOR mechanisms
CSS Viscosity reduction
Steam flooding IFT reduction
Thermal methods . , e
In-situ combustion Steam distillation
SAGD Oil expansion
Alkaline flooding IFT reduction

Surfactant flooding - )
Wettability alteration

Chemical methods Smart water flooding

Polymer flooding Mobility control
ASP flooding Emulsification
Hydrocarbon gas injection Pressure maintenance
CO; injection Viscosity reduction

Gas methods T ) .
N, injection Oil expansion
Air injection Miscibility

Before applying in a field-scale, the effectiveness of an EOR technique must be
evaluated in laboratory, in which the main test to address this matter is coreflood [7]. In
this test (Fig. 1.2), one or more fluids are injected into a lin to 2in rock-sample
extracted from the desired formation to be analyzed [8]. Corefloods are used to measure
relative permeabilities, changing of fluid-saturations, formation damages and other
rock-fluid interactions [9]. As an example of a nano-EOR assay, Hendraningrat et al.
[10] performed laboratory coreflood in a Berea sandstone plug saturated with North Sea
crude oil. Despite obtaining several petrophysical information and being more realistic,
coreflood experiments possesses some disadvantages. The acquisition of real-rock
samples and fluids may require high operational costs. This can be solved by using
analogous outcropped plugs and laboratory-model oils. Another drawback is the time-
dependence of the test, which may last from one to several months due to sample aging
and very low-velocity flow in porous media. At last, corefloods do not allow a direct
visualization of fluid movement, which is of primal importance to understand
inumerous transport and deposition phenomena in oil reservoirs. For that reason, some
coreflood rigs are coupled with X-ray scanning or micro-CT, but the use of additional

imaging devices involves more cost in the research projects. Moreover, most of these



additional devices have constraints regarding high-resolution imaging, thus not being

able to observe flow in pore-scale and limiting its usage to fluid-saturation changes.

?.—F

Fig. 1.2 — (a) laboratory coreflood rig designed by PETROC Technologies. The image shows a
core holder in the center and piston cells in the lateral walls. It is intended to be operated with
core samples up to 30cm longer and 1in to 2in diameter, in testing conditions as high as 10.000
psia and 150°C [8]. (b) a rotary coring bit with a core extracted from a borehole wall. Core
samples are generally costly to be taken, however they can provide several petrophysical

information when analyzed in corefloods [9].

To overcome conventional coreflood assays, microfluidic platforms can be used
to investigate oil displacement and the mechanisms behind fluid injection with the
oil/rock system [11]. Microfluidics is a scientific discipline that studies the movement,
control and manipulation of fluids and particles in nano-to-macro scales. As the pore
connections in reservoir-rocks are generally in the order of few angstrom (101° m) to
several micrometers (10 m), microfluidic chips can be designed and fabricated to
represent geometries in real-porous media. By using transparent ‘reservoir-on-a-chip’
devices, the O&G industry has a complementary solution to capture images and directly
visualize the interaction between fluids and hydrocarbons (Fig. 1.3) [12]. Another
advantage is that the low-cost micromodels enable fluid screening tests to be performed
with much less price of more complex corefloods. Some authors stated that
microfluidics is helping to validate traditional imaging technology, since it is difficult to
image microdarcy or nanodarcy flow with even specialized X-rays or micro-CT. In fact,
several different EOR researches in micromodels have been conducted in the recent
years. As another O&G application, Doryani et al. [13] analyzed asphaltene
precipitation and deposition in a uniformly patterned glass micromodel for flow



assurance studies. Finally, microfluidic chips are also applicable to validate digital rock
petrophysical models, broadening the use of this technology in the O&G industry [14].

Fig. 1.3 — Overview of a PDMS transparent micromodel fully saturated with oil and connections
to be used in an EOR experiment.

In this study, polydimethylsiloxane (PDMS) micromodels were designed and
applied to evaluate the effectiveness of a nano-EOR technique with silica nanofluid
injection. To obtain more representative porous media, the pore-networks were
computationally generated based on statistical parameters of real rocks. At last,
microfluidic visualization was used to observe fluid displacement in pore-scale, being

an alternative approach to measure the recovery factors in general EOR applications.
1.1 Objectives

The main objective of this work is to develop a methodology to fabricate
bidimensional PDMS micromodels and confirm their application in a laboratory nano-
EOR technique. The results were be obtained by capturing and processing images of oil
displacement in microfluidic experiments and further discussed by conducting interface

and surface fluids/micromodel measurements.

In order to achieve the main objective, the following series of specific objectives

were outlined:



Generation of computational porous geometries based on field values of real-
rock grain distribution statistical parameters to better represent a porous media.
Fabrication of PDMS microfluidic chips containing the generated pore-network
via micromilling and soft lithography processes on an acrylic mold followed by
the application of a polymeric polydimethylsiloxane (PDMS) solution.

Perform nano-EOR techniques with silica (SiO2) nanofluid injection in the
fabricated micromodels. Evaluate the effectiveness of SiO> nanoparticles for
EOR by measuring recovery factors (RF) during oil displacement and

conducting interfacial measurements between nanofluids, oil and micromodel.



2 Literature review

This chapter will introduce and discuss the concepts necessary to understand the
methodology developed in this work. Here, it will be presented the ideas of
micromodels and nanofluids, focusing their applications in EOR and discussing some

results reported by research studies conducted in these areas.
2.1 Micromodels

A micromodel is an idealized, generally two-dimensional representation of a
porous medium, i.e. a network of interconnected pores along with a solid matrix. Since
most micromodels are fabricated with horizontal dimensions in millimeters and constant
height of micrometers, their associated fluid flow is considered to be 2D or even 2¥2D
depending on the height of the micromodel. Some micromodels are also conceived as
3D, however additional visualization challenges arise when observing flow through a
greater depth. Regarding their composition, most of the micromodels are fabricated in
transparent materials, such as glass, quartz or polymers, to allow the visual observation
of fluid flow. Since capillary effects are essential for two-phase flow studies, a small
pore size in the pore network (<1 mm) is required. Nowadays, the reservoir-on-a-chip
(ROC) concept is designing more realistic micromodels by core sample imaging,
therefore being a new paradigm in reservoir engineering (Fig. 2.1) [15]. On the other
hand, the earliest micromodels had simple and regular geometric features. According to
its history, the very first micromodel was conceived by Alfred Chatenever and John C.
Calhoun in 1952 at the University of Oklahoma [16]. It consisted basically of a single
layer of glass beads sandwiched by two flat transparent plates. Despite its simplicity,
this earliest micromodel was the forerunner of a series of future two-phase flow studies
with microfluidic devices for O&G applications. Another example of an early
micromodel is the Hele-Shaw cell, in which is basically a glass-bead micromodel with
any material placed between the two parallel transparent plates. Chuoke et al. [17]
conducted one of the first two-phase flow experiments in a Hele-Shaw micromodel to
investigate the occurrence of macroscopic instabilities in displacement of one viscous
fluid by another immiscible fluid. Despite being easy to make, both glass-bead and
Hele-Shaw micromodels possesses limited optical visualization due to the three-

dimensional nature of these micromodels.



Fig. 2.1 — Reservoir-on-a-chip (ROC) novel miniaturization approach to conceive micromodels,

enabling pore-scale assessment of fluids interactions relevant to reservoir engineering [15].

Several methods can be used to fabricate micromodels depending on the
material of the devices. Karadimitriou and Hassanizadeh [18] provided an extensive
literature review about these fabrication methods. The very first micromodel [16]
required the combination of materials, in their case glass beads. A disadvantage of
combined models is the inability to precisely control pore network parameters, such as
pore size distribution, number and geometry of pores. One technique that overcomes
this limitation is optical lithography, also called photo-lithography. Being developed
and improved during the last few decades, photo-lithography is used to create models
accurately in a wide range of pore networks. On the other hand, this method requires a
clean room to manufacture, and involves medium to high costs in its implementation.
Another widely used micromodel fabrication is the etching method, which subdivides
into two other available methods: chemical or wet etching, and laser or plasma etching.
In chemical or wet etching, acids are used to etch the glass or silicon surface. The first
etched micromodel was conceived through chemical etching in 1961 by Mattax and
Kyte [19]. They used their micromodel to perform waterflood experiments under
various wettability conditions. Fig. 2.2 shows two of their visual results for strongly



water-wet and slightly water-wet micromodels, respectively. The glass micromodel
wettability was altered from strongly water-wet to slightly water-wet by first saturating
it with brine and then flushing to connate water with a selected crude oil, which was

aged in the model for several hours. Examination of contact angle in individual areas

showed this wettability behavior alteration.

()

Fig. 2.2 — Visual results of waterflood experiments in etched micromodels performed by Mattax

and Kyte (1961). (a) residual oil in a strongly water-wet micromodel.(b) fluid distribution in a
slightly water-wet micromodel [19].

At last, a method to create very small, simple geometric structures on the micro-
and nano-meter scales is soft lithography. It is called “soft” because it employs the use
of elastomeric materials, such as polymers. One of the most widely used materials in
soft lithography is polydimethylsiloxane (PDMS). PDMS is a liquid that, after contact
with a curing agent and subjected to controlled heating or prolonged time, polymerizes.
It is suitable for academic studies since it is easy to manipulate, inexpensive, and
effective for microfluidics applications [20]. Despite these advantages, PDMS has some
limiting issues. It may react and absorb fluids, resulting in a deformation of the flow
network. Moreover, its surface characteristics are very different from real-rocks and
may also change over time. This effect is due to the plasma technique used to bond the
two PDMS slabs of the model. Therefore, PDMS micromodels are mostly applicable
when observations of fluid/fluid interactions are desired instead of surface/fluid
interactions. Regarding fabrication, several different variations of soft lithography with
PDMS may be performed. An effective procedure is the use of a replica molding
(REM), which can be manufactured by different means of microfabrication techniques

[21]. The idea of fabricating a master mold to rapidly replicate micromodel structures is



interesting because it enables parallel use of these models in multiple flow experiments.
Wilson et al. [22] presented a fabrication approach that combined mechanical
micromilling to design REM and a two-step soft lithography micromolding to fabricate
microfluidic channels with fully circular cross-sections. Fig. 2.3 shows a schematic
outline of their experimental fabrication process. In their process, a mechanical
micromachining technique, known as micromilling, uses miniature cutting tools with
ball nose micro-end mills to enable semicircular cross-section channels in the master
mold. After that, a two-step lithography process with positive PVS molding and
negative PDMS molding is used to create circular channel microfluidic devices. In fact,
most of the processes that combine mechanical micromilling and soft lithography
employ a one-step positive PDMS molding directly onto the fabricated REM [23].
Moreover, the ability to precisely control the fabrication via a computer numerical
control (CNC) machine offers a viable and industrially relevant alternative to create

master molds in multiple scale sizes.
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Fig. 2.3 — Schematic outline of the experimental process to fabricate circular cross-section
microfluidic channels. The procedure combined the use of micromilling on a metal master mold

and two-step soft lithography with polyvinylsiloxane (PVS) and PDMS [22].

The manufacturing of micromodels can be done by each of the previous
procedures presented in this chapter. However, some additional challenges arise when
modeling real porous media. One of the most important is related to the surface

properties of rocks. In this context, the main characteristic to evaluate the interactions
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between rocks and fluids is the wettability. Wettability is the preference of a solid to
contact one liquid or gas, known as the wetting phase, rather than another [24].
Reservoir rocks typically are described as being water-wet, oil-wet, or intermediate-wet.
This wetting tendency depends on a series of factors, especially the mineralogy of the
rock surfaces and the composition and properties of the crude oil and connate brine
[25]. Also, there may exist some microscopic wettability variations in rocks,
represented by dalmatian wetting and mixed wetting conditions [26]. Regarding
reservoir rocks types, approximately 59% of the world’s giant fields are sandstones,
which are composed mainly by the mineral quartz (SiOz) [27]. Due to material
composition similarity, glass micromodels are generally used to simulate sandstone
reservoirs. Moreover, glass micromodels have very well-defined wetting properties and
can withstand pressures up to few hundred kilopascals. However, the fabrication of
glass micromodels cannot be performed in regular laboratories, since it generally
employs the manipulation of acids by chemical etching. At last, the other 40% of
world's oil reserves are found in carbonate reservoirs, which are composed primarily of
carbonate minerals. In this context, Song et al. [28] fabricated a micromodel by
chemical etching directly on a calcite crystal (CaCOs) in order to model a real
carbonate-rock microfluidic system.

2.1.1 Micromodels for EOR

Micromodels have been extensively used in the past few decades for EOR
laboratory applications. One of the earliest reviews regarding the use of micromodels
for EOR was presented by Buckley (1990) [29]. After that, as the newest EOR
techniques were emerging, several research studies have been conducted with
micromodels [30,31,40-49,32,50-59,33,60-66,34-39]. As one example of a classical
EOR micromodel application, Dong et al. [57] used a glass micromodel to investigate
oil displacement by alkaline flooding as a chemical EOR technique (Table 1.1). The
ability to directly observe in pore-scale made possible to determine the principal
mechanisms governing this EOR process. One was partial wettability alteration; the
other was the formation of in situ oil-in-water (O/W) emulsion. In their experiment,
heavy oil was emulsified in brine by the use of an alkaline and a very dilute surfactant
formula. Fig. 2.4 shows the images related to the alkaline flooding process. First, heavy
oil was injected until reach irreducible water saturation (Fig 2.4(a)). Then, a pore-level

imaging was captured (Fig 2.4(b)), showing the formation of water films surrounding
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the water-wet glass boundaries, with the continuous oil phase remaining in the central
areas of the pore network. Fig. 2.4(c) shows the oil and irreducible water saturations
after alkaline slug injection. In this alkaline injection, the injected water phase
penetrated through the continuous oil phase and formed some water ganglia inside the
channels, as shown by pore-level imaging in Fig. 2.4(d). The presence of these
discontinuous water ganglia formed water-in-oil (W/O) emulsions with reduced

viscosity when compared to heavy oil, thus enhancing oil displacement and recovery.
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Fig. 2.4 — Micromodel images of an alkaline flooding process. (a) irreducible water saturation
after heavy oil injection. (b) pore-level imaging showing the formation of water films
surrounding the glass boundaries of the micromodel, therefore indicating a water-wet condition.
(c) oil displacement after alkaline slug injection. (d) pore-level imaging after alkaline flooding,
showing the formation of water-in-oil (W/Q) emulsions that reduced the viscosity of heavy oil,

thus enhancing its displacement and recovery [57].

12



As a nano-EOR application, Nguyen et al. [47] evaluated the stability and
effectiveness of CO, foam stabilized by silica nanoparticles in EOR at the pore and
micromodel scales. The stabilization of CO2 foam by nanoparticles is a classical
approach known as Pickering emulsion. It is reported that nanoparticle foams are
significantly more stable than surfactant foam due to the high adsorption energy of
nanoparticles in the gas-liquid interfaces. Regarding their stability results, conventional
surfactant foams showed a progressively increase in bubble diameter with time, while
nanoparticle-stabilized foams continued to be stable after 10 days. They have also
evaluated the pore dynamics in the micromodel for CO> gas flood and nanoparticle-
stabilized CO. foam flood (Fig. 2.5). Fluorescent imaging was obtained by employing
the natural fluorescence of the oil phase, excited at 450-500 nm and collected at 510-
560 nm. Fig. 2.5(a) shows the formation of viscous fingering of CO> gas flooding, by
the preferential path in which CO2 gas flowed. In contrast, nanoparticle-stabilized CO>
foams remained stable in the micromodel, trapping and transporting interstitial oil (Fig
2.5(b)). Moreover, the injection of nanoparticle-stabilized CO, foams provided an
additional 15% of oil recovery for a medium heavy oil (API gravity of 24°) when
compared to conventional CO; gas flooding.

€O, gos oil

Fig. 2.5 — Pore-scale images of CO; gas flooding and SiO, nanoparticle-stabilized CO, foam

flooding. (a) fluorescent imaging at the microscale for CO; gas flooding. It shows the connected
sinuous nature of the oil phase, with the CO; gas (black) flowing through a preferential path
through the network resulting in fingering. (b) brightfield imaging in microscale for
nanoparticle-stabilized CO, foam. It shows the formation of stable nanoparticle-stabilized CO-

bubbles through the network, trapping and transporting interstitial oil. Scale bars = 250 um [47].

Microbial enhanced oil recovery (MEOR) is receiving a recent attention in the

oil industry due to the undamaging action of microorganisms to the reservoir and fluids

13



and reasonable additional oil recovery. Several studies have been performed to evaluate
the injection of microorganisms in micromodels. Nourani et al. [52] performed a
MEOR technique in a glass micromodel containing a fractured network system. The
injection of bacteria contributes to the oil displacement by reducing interfacial tension
and changing the wettability of the rock towards a more water-wet condition. In their
work, five species of bacteria from a crude oil originating from a Persian reservoir were
injected in two series of visualizations experiments: static and dynamic. By imaging
processing methodology, the behavior of bacterial microorganisms towards a favorable
oil displacement was demonstrated. Another application of MEOR in micromodels was
provided by Amani [59]. In this study, a homogeneous glass micromodel was used for
investigation of oil recovery by rhamnolipid injection. A rhamnolipid mixture was
produced by P. aeruginosa bacteria strain which can grow on sunflower as a sole
carbon source. Interfacial tension (IFT) tests showed that the rhamnolipid mixture was
able to reduce IFT of water to 26mN/m to 2mN/m. According to the study, produced
rhamnolipid was also reported as an effective biosurfactant in a wide range of
temperatures, pHs and salt concentrations. Micromodel visualization showed an
additional 5% of oil recovery by rhamnolipid injection when compared to waterflood,
thus being considered appropriate as a MEOR technique.

The oil industry has recently focused their attention to the injection of low-
salinity water (LSW) as an EOR method. Several studies have been performed to
evaluate fluid distribution and the micromechanism of displacement throughout LSW
injection [58,63,67,68]. Despite experimental results showed that LSW is effective to
change the wettability of the rock to displace trapped oil, the controlling mechanisms
behind this method are not well understood. Thus, pore-scale imaging of the low-
salinity effect in contact with crude oil is strongly required. In this context, Amirian et
al. [62] provided an extensively study to investigate the dynamics of oil displacement
by LSW in clean and clay-coated glass micromodels. The pore-networks were obtained
from thin sections of real porous rock representing heterogeneous media. The resulting
image was printed into a transparent film which was used in a photo-lithography
process. For the clay coating procedure, a slurry made of clay particles in a high salinity
water brine (30 000 ppm NaCl) was prepared and injected into the micromodel at a very
high rate (20m/day) for several pore volumes. Then, the micromodel was left in an oven
for 72 hours to evaporate water and enable dried clay to adhere irreversible to the pore

walls. Regarding flow experiments, they have analyzed both water-wet and oil-wet
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wettability status in clean and clay-coated micromodels. In water-wet systems, both in
the presence and absence of clays, LSW hindered the removal of trapped oil, due to the
development of a viscoelastic water-oil interface. In contrast, a wettability alteration
towards more water-wet condition was observed for oil-wet systems coated with clay.
Fig. 2.6 shows pore-scale images of both high-salinity water flooding (Fig. 2.6(a)) and
low-salinity water flooding (Fig. 2.6(b)). It can be seen a significant oil recovery when
the ion concentration of injected water is decreased. The authors explained the effect of

LSW in clay-coated oil-wet system in terms of the expansion of the electric double

layer (EDL) formed between the clay particle and injected water.

Fig. 2.6 — Microscopic images after the model was flushed with (a) high-salinity water and (b)
low-salinity water. It can be seen a significant oil recovery when the ion concentration of
injected water is decreased. The authors explained this low-salinity effect by the expansion of

the electric double layer (EDL) formed between the clay particles and injected water [62].

The investigation of EOR mechanisms by pore-scale imaging is not restricted to
two-dimensional micromodels. Recently, an EOR research has been conducted in a

three-dimensional micromodel by injecting flexible microcapsules suspensions [39]. By
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using confocal microscopy to observe different phenomena in pore-scale, the dynamics
of oil ganglia and fluid saturations were determined. The study reported that injection of
flexible microcapsules were effective as mobility control agents, therefore modifying
fluid distributions throughout the pore-network and reducing residual oil saturation.
Moreover, an innovative 3D-micromodel patent has also been configured by researchers
from Saudi Arabian Oil Company to create a three-dimensional fabricator [69]. In this
patent, an image processing module acquires an image of a rock sample. Then, a
transformation module transforms the image into a binary matrix and determines a set
of statistical properties. Then, a layer generation module generates different stochastic
layers by varying the statistical properties. Finally, an arrangement module combines
these generated layers into a 3D-micromodel to be fabricated by 3D printing. In fact,
this 3D-micromodel patent is been considered effective to model real reservoir-rocks.
To summarize, the main difference regarding 2D and 3D micromodels is related to the
constraints of the visualization setup. In principle, optical measurements cannot be used
to visualize flow through the depth of the model, thus requiring the usage of confocal
microscopy for 3D applications [70]. In fact, the visualization of fluid flow through a

micromodel is a major concern when performing EOR microfluidic experiments.
2.1.2  Micromodel pore-networks

Until the 1980s, most micromodels were designed with simple and regular
geometries. Later, the flow pattern of micromodels began to become more complex,
mainly due to the use of computer generation. According to their geometry and
topology, micromodels can be classified in four categories: perfectly regular
[16,30,40,71-74,31-37,39], partially regular [19,41-48,75], fractal [76-79], and
irregular [49,50,59-66,80,81,51-58].

In perfectly regular models, the pore depth and width and the distance between
pores are constant throughout the domain. Also, the cross-sections of pores are
generally square or rectangular. As one of the earliest perfectly regular geometry
applications, Chen and Wilkinson [71] investigated the viscous fingering phenomenon
in porous media in a etched-glass micromodel. Their pore-networks were fabricated as a
square lattice of connected tubes. Another example of perfectly regular network
micromodel was provided by Corapcioglu et al. [72] In their study, they modeled a
solute transport in a horizontally mounted micromodel with a regular geometry of

orthogonal channels. Fig. 2.7 shows a schematic view of their micromodel and pore-
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networks. In fact, it must be stated that the final flow-networks in perfectly regular

models may present some small variations due to the manufacturing processes.

40 mm

(a) e

Fig. 2.7 — Schematic view of the micromodel pattern (a) and a magnified image of the pore-

network and its elements (b) [72].

In partially regular micromodels, the pore bodies and pore throats form a regular
pattern throughout the network. The cross-sectional shape of pores have the same
format, however they may vary in size. The pore size distributions are generally based
on statistical parameters and may be correlated or uncorrelated. Moreover, the
permeability of the flow network is mainly dependent on the statistical parameters
related to the generated pore size distribution. Tsakiroglou and Avraam [75] introduced
a method to fabricate partially regular micromodels, and performed two-phase
immiscible flow experiments to confirm their applicability. In their method, the
microstructure was etched on a thin PMMA layer by using as input data the pore depth
distribution and the pore aspect ratio (i.e. width-to-depth ratio) distribution. Fig. 2.8
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shows an overview of their partially-regular micromodel with pore dimensions equal in
shape and varying in size. By using their approach, pore geometric parameters of the
network could be well-controlled and fabricated to their respective applications. The
main disadvantage of perfectly regular or partially regular micromodels is the inability

to model more complex scenarios, such as natural rocks or sophisticated flow networks.

Fig. 2.8 — Overview of a partially-regular micromodel with pore dimensions equal in shape and
varying in size [75].

Fractal geometries have been used in the last few decades to represent some of
the porous medium in micromodels. In a broader sense, a fractal is a shape made of
parts similar to the whole in some way, thus the term “self-similarity” or “expanding
symmetry”. In fractal patterns, the replication is exactly the same at every visualization
scale. Micromodels represented by fractal networks may appear to be completely
irregular, but actually they are constituted of a mathematical pattern. In this context, the
fractal patterns are generated according to the percolation theory, and they can either be
spatially correlated or uncorrelated [82]. Spatial correlation means that fractal geometric
dimensions are a function of the position in the network. According to this theory, the
porosity of the model has to be at least 50% for a correlated network and 60% for an
uncorrelated network for the occurrence of flow. Porosities lower than this threshold

value exhibit insufficient connected channel across the micromodel. According to the
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literatures, several researches have been conducted to model the flow networks of
natural rocks by fabricating micromodels with fractal patterns [76-78]. A more recent
application with fractal models can be found in the work of Cheng et al. [79] In their
study, a photolithography process was used to fabricate the glass micromodels and a
computer algorithm was applied to generate the fractal geometries, as shown by Fig.
2.9. The calculated porosity of the medium by image processing and it was equivalent
to 64%, which is higher than the lower limit value established by the percolation theory.
By using these fractal models, they were able to observe the relationship between
interfacial areas of immiscible fluids and changes in pressure and saturation when two-

phase flow was performed.

EE "'-"t Qy’
@

Fig. 2.9 — Examples of micromodels containing fractal patterns. (a) spatially uncorrelated

pattern. (b) spatially correlated pattern [79].

At last, the pore networks of micromodels can be conceived by the generation of
irregular patterns. In this category of networks, the main consideration for the geometry
and features of the pattern is a lack of spatial correlation. Generally, pores or grains are
randomly inserted in a domain while their sizes and geometrical shapes are chosen from
statistical distributions. These irregular patterns are mostly designed to investigate flow
behaviors in pore geometries that are present in either real porous media or in
theoretical models. The main consideration when generating irregular patterns is to
guarantee that fluids will be able to flow through all the connections of the model. In
this context, Delaunay triangulation is frequently used to generate irregular patterns,

since it requires that connections between nodes will not intersect each other [83].
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Sandnes et al. [80] developed irregular pattern micromodels consisting of Hele-Shaw
cell plates (Fig. 2.10). By the use of these random, labyrinth micromodels, they
investigated viscous instabilities occurring between fluid-air interfaces, and compared
their experimental data to numerical simulation results. Zhang et al. [81] provided
another example of an irregular micromodel pattern based on Delaunay triangulation.
They used a pore-network modeling (PNM) approach to enable the micromodel flow
network and compared their flow results to numerical simulations (Fig. 2.11). To sum
up, more sophisticated fractal and irregular patterns are recommendable when
performing fluid displacement experiments in micromodels, while perfectly or partially
regular patterns are suitable when understanding physical phenomena between fluids or

deposition of compounds.

Fig. 2.10 — Overview of an irregular pattern labyrinth micromodel used in viscous fingering
studies [80].
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Fig. 2.11 — Irregular pattern micromodel based on Delaunay triangulation and designed by the
pore-network modeling (PNM) approach [81].

When modeling real sedimentary rocks, the different geochemical processes of
generation and dissolution of materials may significantly increase the complexity to
describe their features [84]. In this context, rock texture is a key content to be
considered when modeling real-rocks. It indicates the way particles or minerals were
put together to constitute the rock. The particles size and distribution are responsible for
the two most important petrophysical properties of a rock, i.e. porosity and
permeability. As a recent approach that considered the rock texture, Park et al. [85]
proposed a method to fabricate a rock-based micromodel by digital alterations of X-ray
micro-CT images of Boise rock. Fig. 2.12 shows the process flow of their rock-based
micromodel. They used a depth averaging technique to convert a 2.5D tomography slice
into 2D, and then CFD simulations and CAD adaptations to guarantee flow through the
network. A disadvantage is that 3D flow connections might be lost. To solve this
problem, some grains must be removed manually to enable connections through pores
that do not exist. Secondly, micro-CT images are unable to capture microporosities due
to very-high magnification required. Finally, a solution to generate the pore-network is
to incorporate grain-size distribution and statistical parameters. This might be done by
using field values of these statistical parameters as inputs on a computer mesh generator

algorithm.
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Fig. 2.12 — Process flow of the 2.5D rock-based micromodel. (a,b,c,d) refers to the obtaining,
slice sectioning and depth averaging of the X-ray micro-CT image. (e,f,g) refers to CFD
simulations in the 2.5D micromodel. (h,i) refers to SEM images of the brass mold and PMMA
fabricated micromodel, respectively. (j,k,I) refers to microscopic images of the micromodel

filled with water, dye, and particle flow experiment, respectively [85].

When constructing the porous network by a statistical approach, two different
strategies may be taken: via pore-size distribution or via grain-size distribution. As a
general approach in the oilfield, a pore-size distribution is obtained by injecting mercury
at step-wise increasing pressures in a core sample [25]. The larger pores are filled first
for lower pressures, followed by smaller pores at successfully higher pressures. An
innovative method to obtain the pore-size distribution of a rock sample is to perform
micro-CT imaging with pore-scale resolution [86]. However, this method requires some
computational efforts, since some 3D connections in real-rocks must be adapted to 2D
in order to enable flow in the micromodel. On the other hand, grain size distributions
are more easily determined. The grain size is customarily defined as the average
diameter of grains in sediments or lithified particles in rocks, expressed in millimeter.
According to their size, the grains of clastic rocks can be classified in several broad
classes, with each class corresponding to a specific rock type (Table 2.1) [87]. The grain
sizes are commonly determined by two routine methods: sieve analysis and
sedimentation method [84]. The results of grain-size analysis are often displayed as
grain-size distribution curves. Generally, these results normally include cumulative
grain-size distribution curves and grain-size frequency histograms. The statistical
parameters of the grain-size distribution curves are directly related to most of
petrophysical properties of rocks. Therefore, changes in porosity of rocks can be easily
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analyzed when varying the shape of the grain-size distribution used to generate the

porous network.

Table 2.1 — Grain-size classes for sediments and clastic rocks [87].

Grain-size [mm] Class Sediment Rock
>1000 Boulder
100-1000 Cobble .
Gravel Conglomerate and breccia
10-100 Pebble
2-10 Granule
1-2 Huge sand
0.5-1 Coarse sand
- Sand Sandstone
0.25-0.5 Medium sand
0.1-0.25 Fine sand
0.05-0.1 Coarse silt ) ]
- - Silt Siltstone
0.005-0.05 Fine silt
<0.005 Clay Claystone (mudstone)

An important parameter that relates the grain-size statistical parameters and rock
petrophysical properties is grain sorting. The sorting of a grain population is a measure
of the range of grain-sizes and their spread around the mean grain size [87]. It is
basically an indication of the uniformity of the grain-sizes within a rock. In well-sorted
rocks, the grains are very similar in size, while poorly-sorted rocks have a wide
distribution of grain-sizes. Regarding their petrophysical properties, well-sorted rocks
are generally more porous and have high permeability, while poorly-sorted rocks have a
lower porosity and permeability. A widely used statistical parameter to determine the
degree of sorting within a rock is the standard deviation of the grain-size distribution.

Folk and Ward [88] proposed a formula to calculate this standard deviation:

o = $os=016 | bos—¢s o
4 6.6

where phi (¢) is a logarithmic transformation: ¢; = —log,d;; d; is grain diameter in
millimeters; the subscripts 5, 16, 84, and 95 represent percentiles of a cumulative grain-
size distribution curve. By Eq. (1), the standard deviation of regular grain-size
distributions generally ranges from <0.35 to >4.00. Fig. 2.13 shows a schematic
representation of varied sorting levels within a rock and their associated standard
deviation range values. As followed by intuition, well-sorted rocks have lower standard

deviation, while poorly-sorted rocks have higher standard deviation. Beard and Weyl
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[89] investigated the relation between sorting and porosity in artificially mixed and wet-
packed sands. Table 2.2 shows their results and respective values.

Very well sorted Well sorted Moderately sorted Poorly sorted Very poorly sorted

Standard | <0.35 0.35- |0.50-0.71 0.71-1.00 1.00- | 2.00- >4.00

deviation 0.50 2.00 4.00

Scale Very Well |Moderately |Moderately |Poorly | Very Extremely
well sorted | well sorted |sorted sorted | poorly poorly
sorted sorted sorted

Fig. 2.13 — Schematic diagram of sorting levels of sediment particles and a sorting classification

scale based on standard deviation ranges [84].

Table 2.2 — Relationship between sorting level and average porosity for artificially mixed and
wet-packed unconsolidated sands [89].

Sorting Average porosity

Extremely well | 0.424

Very well 0.408
Well 0.390
Moderately 0.340
Poorly 0.307

Very poorly 0.279

2.2 Nanofluids for EOR

Nanotechnology has become the buzz word of the last decade. The precise
manipulation, control, and properties of matter in the 1-100 nanometers dimension have
revolutionized many industries. In this context, several reviews regarding the general
applications of nanotechnology in the O&G industry have been published recently
[6,90-92]. More specifically, a series of reviews concerning the use of nanotechnology
in EOR have also been made [5,73,93-97]. Traditional EOR techniques generally face
important challenges regarding their broader use in a field scale. Chemical methods, for
example, are often limited by the high cost of chemicals, possible fluid losses during
injection, and formation damage [98]. In gas methods, the high mobility ratio between
injected gas and oil may lead to the formation of viscous fingers, resulting in a large
amount of residual oil being uncovered during the process [99]. Thus, less expensive,
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environmental friendly and more efficient EOR methods are required. Nanoparticles
(NP) have the ability to offer alternative solutions to unsolved challenges in EOR. The
first of NPs primary advantage in EOR is related to their ultra-small size [100]. Being
smaller than regular pore bodies and throats, NPs can easily flow and block some ultra-
small connections, thus increasing permeability in adjacent larger pores. Moreover, they
can penetrate and flow through some pores that traditional injected fluids are unable to,
hence contacting more swept zones and increasing macroscopic sweep efficiency. The
second advantage of NPs is their very high specific surface area [101]. The reduced NPs
size improves some surface performance characteristics that are of great importance to
oil recovery. Finally, an additional concern to the use of chemical in field scale is their
environmental friendliness. In this context, most of the NPs frequently used are less
harmful to the environment when compared to chemicals. For example, silica NPs, the
most common nanoparticles in EOR, are composed of the same principal mineral

component of sandstones reservoirs [45].

The comprehension behind the principal recovery mechanisms to be achieved is
of great importance when designing a nano-assisted EOR application. In this context,
each nanoparticle formulation can address to specific objectives. NPs can be generally
used in three different forms in EOR: nanoemulsions, nanocatalysts, or nanofluids.
Nanoemulsion is basically an emulsion stabilized by NPs, with droplet size in the range
of 50-500 nm [102]. The unique physicochemical characteristics of nanoemulsions
suggest that they can be successfully used to recover the residual oil trapped in the small
pores of reservoir rocks by capillary forces. Nanocatalysts can be defined as nano-sized
metal particles used as catalysts for EOR during steam injection in heavy oil reservoirs
[103]. Their primary function is to upgrade the heavy oil into lighter products by the
means of chemical reactions known as aquathermolysis. The third NPs approach and
motivation of this work is the use of nanofluids. The term “nanofluid” concerns to any
base fluid with nanoparticles dispersed as a colloidal suspension. The base fluid can be
water, oil or gas. Being first developed for other applications, the use of nanoparticles as

nanofluids have recently acquired a greater attention as a potential to EOR operations.

The preparation of nanofluids requires a careful process. The nanoparticles must
be encountered in stable suspension in a base fluid over a long period of time, with little
or no agglomeration of particles and no chemical change of the fluid [104]. If unstable,

the nanoparticles may lose their potential in oil recovery processes. Devendiran and
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Amirtham [105] provided a full review about the various methods to enhance the
stability of nanofluids. A common method is to change the pH value far from the
isoelectric point (IEP). In the IEP, the zeta potential of a fluid is zero, meaning that
hydration or repulsive forces between suspended particles are negligible. Therefore,
there is a high tendency of particles coagulation in the IEP [106]. Also, high zeta
potential values are an indication of high hydration forces between NPs and good
stability [107]. Another method to enhance nanofluid stability is to use surfactants.
Surfactants can create continuity between NPs and basefluids by acting as a bridge
between them [108]. The created connection increases the dispersion and stability of
NPs in the basefluid. The other method to prepare nanofluids is the ultrasonic vibration,
either as a bath- or probe-based device [109]. By ultrasonication, high frequency waves

generate a continuous agitation, promoting a physical dispersion of the nanofluid.

Currently, there is a broader sense about the major EOR mechanisms related to
nanofluid injection. Fig. 2.14 describes some of these reported mechanisms [5]. As one
of the most important mechanisms, Fig. 2.14(a) shows the osmotic generation of a
structural disjoining pressure [110]. The injection pressure in the nanofluid causes the
NPs in suspension to arrange themselves in well-ordered layers in the confined region
between the oil phase and rock/connate brine. These well-ordered layers of NPs form a
wedge-shaped film that locally increases the entropy of nanofluids and exerts a
disjoining pressure at the interface more than that of the bulk liquid. This additional
pressure acts to separate the oil phase from the rock, thus recovering more oil than
previously possible with traditional injection fluids. The process of generation of the
disjoining pressure is basically osmotic, and is related to the Brownian motion and
electrostatic repulsion of the nanoparticles. Parameters that affect this pressure are: NPs
size and amount, temperature and salinity of nanofluids, and surface characteristics of
the rock. When large amounts of NPs are present, the upward force can be up 50,000 psi
[111]. Hendraningrat et al. [112] studied the effect of some influencing parameters in
SiO2 nanofluid flooding, especially particles-size. They performed contact angle and
coreflood analysis for 7nm, 16nm, and 40nm average-diameter silica nanoparticles. The
study showed an incremental oil recovery as nanoparticle size decreased. Meanwhile,
contact angles also decreased with decreased size. They claimed that, as nanoparticles
size decreases, their ability to flow through smaller size pore throats and mobilize some

residual oil increases, mainly due to the structural disjoining pressure mechanism. El-
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Diasty [113] also analyzed the effect of SiO> NPs size (5nm to 60nm) for nanofluid
flooding in an Egyptian sandstone formation. Its results confirmed the same conclusions

taken by Hendraningrat et al. [112].

\

(a) Disjoining pressure (d) Preventing asphaltene precipitation
Wedge-shaped film ** *

* Asphaltene flocculation

* in the presence of NPs

Disjoining pressure
——»

Asphaltene flocculation
without NPs

Water film |55

(b) Pore channels plugging (¢) Wettability alteration

Fig. 2.14 — The schematic of some EOR mechanisms of nanofluids. (a) osmotic generation of a
wedge-shaped film of well-ordered layers of NPs. This film locally increases the nanofluids
entropy at the interface between oil phase and rock, thus exerting an additional disjoining
pressure. (b) pore channels plugging of NPs, which diverts nanofluids flow to contact
previously unswept regions. (c) wettability alteration to more water-wet conditions in order to

enhance oil recovery. (d) prevent asphaltene precipitation by surface stabilization of NPs [5].

Fig. 2.14(b) shows the pore channels plugging EOR mechanism of the
nanofluids. This mechanism is subdivided into two other mechanisms, depending
mainly on the relationship between the size of the NPs and the size of the pore throats
[114]. Both mechanisms are being illustrated by Fig. 2.15. If the NPs are larger than the
pore throat, it is called mechanical entrapment. Usually, pore throat sizes are in microns,
being thousand times higher than NP sizes. Therefore, the nanoparticles are able to flow
through most of the rock pores without mechanical entrapment. However, some smaller
rock connections in the nano-scale might exist, or larger metal NPs be injected [115].
These situations can generate mechanical entrapment of nanoparticles. On the other
hand, if NPs are smaller than a pore throat and pore plugging occurs, it is called log-

jamming. The narrowing of the flow area when nanofluids flow from pore bodies to
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pore throats lead to an increase in velocity. This increase in velocity makes the H.O
particles of the base fluid to flow faster than the NPs in suspension, causing
accumulation of NPs at the entrance of the pore throat. This NPs blockage promotes an
additional pressure in the adjacent pore throat, thus releasing trapped oil. Once the oil is
freed, the surrounding pressure drops and the NPs plugging gradually disappears. Both
pore plugging mechanisms results in a diversion of nanofluids to contact previously

unswept oil areas.

Mechanical entrapment

C‘ Throat Pore body

NP

N A
> | ! >
L4 L4

Flow direction Flow direction

(a) (b)

Fig. 2.15 — Schematic representation of the two pore channels plugging mechanisms caused by
nanoparticles. (a) mechanical entrapment; when NP sizes are larger than pore throat sizes. (b)

log-jamming; when NPs are smaller than pore throat sizes [115].

The third mechanism denoted by Fig. 2.14(c) is wettability alteration promoted
by nanofluids. As a key parameter governing oil recovery, the wettability of the rock
has a direct relationship to other petrophysical measurements, such as capillary pressure
and fluids relative permeability. At a constant saturation, a more water-wet condition
implies in lower capillary pressure and higher oil relative permeability [116,117]. These
two trends enable a higher percentage of oil to be recovered during production.
Therefore, the wetting tendency of the rock is related to the oil recovery factor.
According to the literature, different nanoparticles have been experimentally tested in
different rock types regarding wettability changes. Giraldo et al. [118] demonstrated the
wettability alteration by alumina-based nanofluid injection in sandstone cores. Fig. 2.16
shows their experimental results of relative permeability before and after Al2Os
injection, indicating an increase in oil relative permeability after treatment.
Hendraningrat et al. [119] also demonstrated the role of Al.O3z NPs in wettability
alteration of sandstones. Li et al. [64] and Roustaei and Bagherzadeh [120] conducted
experiments by injecting SiO2 NPs in sandstone and carbonate cores, respectively. Both

results showed that silica nanoparticles can be used as wettability modifiers for these
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two types of rocks. The effect of TiO2> NPs as wettability modifier in quartz plate has
also been experimentally demonstrated [121] The use of SnO, NPs has also been
reported [93]. Finally, Karimi et al. [122] found that ZrO-based nanofluids promoted

wettability change of carbonate reservoir rock.
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Fig. 2.16 — Relative permeability curves before and after alumina-based nanofluid injection in
sandstone core. The symbols represent experimental data. The notation AT and BT indicates
that measurements were carried out after treatment or before treatment, respectively. At a
constant saturation, the injection of Al,Os nanofluid increased oil relative permeability and

decreased water relative permeability [118].

The precipitation and deposition of high-molecular-weight components of
petroleum in surface facilities, tubulars and within the reservoir is a well-known
production problem [123]. A common example is asphaltene. Asphaltenes precipitation
is caused by a number of factors including changes in pressure, temperature and
composition. The two main causes of precipitation are reduction in pressure during
primary depletion and mixing of oil with injected solvent (mainly hydrocarbon gases or
CO>) in IOR processes. In the reservoir, asphaltenes precipitation leads to undesirable
wettability alterations and formation permeability reduction. Thus, solutions able to
mitigate asphaltenes precipitation during IOR processes are greatly needed. In this
context, some researchers have found that NPs are effective to prevent asphaltenes
precipitation (Fig. 2.14(d)). Alomair et al. [100] tested a mixed nanofluids dispersion of

SiO2-Al;03 and observed that as the concentration increased, asphaltene precipitation
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was delayed. Tarboush and Husein [124] showed that NiO NPs have high affinity
towards asphaltenes adsorption, being able to stabilize these components. Kazemzadeh
et al. [125] investigated the effects of metal oxide nanoparticles (SiO2, NiO, and Fez04)
on oil recovery in a micromodel and determined how they adsorbed asphaltene and
prevented its precipitation. A study went further and analyzed the effect of various
parameters on asphaltene adsorption on NPs [126]. Its results showed that asphaltene
adsorption increased with contact time between these components. The adsorption also
increased with asphaltene content and decrease of temperature and water content in the

medium.

Another major EOR mechanism in chemical flooding is the reduction in
interfacial tension (IFT) between the oil phase and injection fluid. As mentioned before,
reservoir engineers use capillary pressure relationships to predict flow capacity
throughout the life of the reservoir. In this context, a lower capillary pressure will
correspond to a higher flow capacity of fluids. A standardized relationship between
capillary pressure and IFT is the Young-Laplace equation [127].

1 1
Pcow=Po_Pw=y0W(R_1+R_2)1 (2)

where P.,,, is the capillary pressure between oil and water; P, and P, are the pressure
of oil and water, respectively; y_  is the IFT between the oil and water phases; and R;

and R, are the principal radii of curvature of the shared interface. The relationship in the
way it is written is for water as the wetting fluid and oil as the nonwetting fluid. It
shows that a reduction in the interfacial tension will lead to a decrease in capillary
pressure, hence increasing production. Eq. (2) is also used experimentally to evaluate
the IFT between fluid phases [128]. Several researches reported that some NPs can be
potential agents to reduce IFT, being another EOR mechanism in nanoflooding.
Hendraningrat et al. [44] evaluated the IFT for hydrophilic SiO2 NPs suspensions with
varied concentration in synthetic seawater (brine, NaCl 3wt.%) and synthetic oil. The
dynamic IFT reduced from 65nM/m for brine to 28nM/m for 0.5wt.% SiO. NPs. Later,
Hendraningrat et al. [10] repeated the experiments with the same NPs but used a North
Sea crude oil instead. The IFT reduced from 19nM/m for brine to 8nM/m for a
0.05wt.% SiO2> NPs. However, Li et al. [64] reported that SiO2, NPs have no effect in
IFT reduction. They conducted their experiments with 0.2wt.% SiO2 NPs in 3.8wt.%
NaCl synthetic seawater (SSW) containing hydrophilic acid (HCI) to stabilize the NPs
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in two different pH values (pH = 2.0 and pH = 3.0). Only a slight reduction in IFT from
21.9nM/m to 16nM/m with NPs was observed but with varying pH instead. Moreover,
it was reported that SiO2 NPs stability (0.2wt.%) with HCI addition was improved from
1 day to 9 days. The role of other NPs in IFT has also been investigated. Hendraningrat
and Torsaeter [121] reported that Al2O3 NPs (0.05wt.%) in synthetic brine with PVP
stabilizer (1w.t%) have no effect in IFT. They have also tested TiO2 NPs, but no results

were obtained due to “fluid milkiness”.

At last, another major EOR mechanism is reduction in the mobility ratio
between fluid phases. The mobility of a fluid is defined as its relative permeability
divided by its viscosity [129]. This parameter combines a rock property with a fluid
property. Since viscosity is in the denominator, gases generally have a high mobility. As
a key parameter in EOR, the mobility ratio is defined as the mobility of the injecting or
displacing phase divided by the mobility of the remaining or displaced phase. For

immiscible gas injection, the mobility ratio can be written as:

krg
M = Lg — krg”o — (kﬂ) (&) (3)
’;ﬂ krotig kro/ \lg ’
)

where k,, is the gas relative permeability; u, is the gas viscosity; k., is the oil relative

permeability; and u, is the oil viscosity. The mobility ratio has a direct influence in the
mechanics of oil displacement. High mobility ratios causes and early breakthrough and
leads to viscous fluid instabilities, called as “viscous fingers” (Fig. 2.17) [130]. The
formation of viscous fingers implies in a higher portion of the reservoir being uncovered
by injection fluid, thus decreasing the macroscopic sweep efficiency of the recovery
process. Therefore, a decrease in the mobility ratio of fluids is needed. Since relative
permeability is a rock property, the reduction in mobility ratio is achieved by either
decreasing oil phase viscosity or increasing injection fluid viscosity. As an example,
Ogolo et al. [93] explained that Al>Os is capable of reducing the oil phase viscosity in
heavy oil reservoirs, achieving a higher recovery when the NPs were dispersed in brine.
They also analyzed the use of FesOs and Ni2O3z NPs. They reported that iron oxide
performed reasonably to increase nanofluid viscosity; however nickel oxide had better
results, since it can both increase nanofluid and decrease oil viscosities. Another study
made by Shah and Rusheet [131] found that the viscosity of CO> gas stabilized by CuO
NPs was 140 times greater than CO: alone, thus explaining the use of CuO NPs in EOR.
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Fig. 2.17 — Gas/oil displacement fronts for various mobility ratios (0.151 to 71.5) and PV
injected until breakthrough. The increase in mobility ratio leads to early breakthrough and

viscous instabilities, called as “viscous fingers” [130].

As a very recent application of nanofluids for EOR, magnetic nanoparticles
(MNPs) can be injected to aid the recovery of highly viscous fluids. In this context, the
application of a magnetic field helps to overcome the low mobility ratio and high
capillary pressure involved in the movement of heavy oil. Known as “ferrofluids”, these
MNPs are basically magnetite nanoparticles (FesOs4) coated with a layer of super-
hydrophobic material which selectively repels water and adsorbs oil. The applicability
of ferrofluids has already been seen to clean-up oil spills in the Gulf of Mexico and was
suggested by Shekhawat et al. [132] as a potential in EOR/IOR. The magnetic recovery
mechanism would work by having an in-situ injection of nanofluids and forcing their
movement toward the reservoir by the application of a repelling magnetic field from
downhole tools. After adsorption with heavy oil, the coated MNPs would be retrieved
by an inward attractive magnetic field toward the borehole. The authors also suggested
an improved economic benefit in this mechanism as the injected nanoparticles can be

recovered, separated from the adsorbed oil and further re-injected into the reservoir.
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To summarize, several different research studies have been recently conducted
to evaluate the effectiveness of the various nanofluids for EOR. In this context, the
nanoparticles applicable to EOR can be subdivided into the three categories of metal
oxide, organic and inorganic nanoparticles. Table 2.3 relates some of the nanoparticles
reviewed in this chapter and their associated dominant EOR mechanisms. The main
mechanisms observed for nanofluids were the decrease of the mobility ratio, IFT
reduction and wettability alteration. Some nanoparticles require further investigation
regarding their applicability for oil recovery. A more descriptive review about the

studies performed with different nanoparticles for EOR was done by Negin et al. [95].

Table 2.3 — Some nanoparticles tested for EOR and their associated dominant mechanisms [95].

Dominant EOR mechanism

. . Require Major
Nanoparticles Decrease the IFT Wettability

. . , . further References
mobility ratio  reduction  alteration

investigation

SiO; X X [10,45,64,93]
Al,03 X X [93,121]
Cuo X [131]
Fe,03/Fes04 X [93,132-134]
Ni>O3 X [93,103,135]
Sn0; X [93,136]
TiO, X [121,137]
Zr0, X [93,122]
Zn0O X [93,138]
Carbon-based X [139,140]

2.3 Nanofluids in micromodels for EOR

In the previous chapters, it was reported some of the different applications of
micromodels in EOR and nanofluids in EOR, respectively. In micromodel experiments,
most of the EOR studies were performed by chemical EOR injection (surfactants,
polymers and alkalis). In contrast, nanofluids applications in EOR were mostly reserved
to coreflood analysis. In fact, only a few research studies have been conducted by
injecting nanofluids in micromodels [35,38,74,40,44-46,48,64-66]. Regarding the
geometric regularity of the pore-network, the nanofluid/micromodel studies were
divided in perfectly regular [35,38,40,74], partially regular [44-46,48] and irregular
[64-66]. Also, all of these studies were performed in glass micromodels. The NP type
used was mostly silica [44-46,48,64-66,74], with a few applications of alumina [35,40]
and titanium dioxide [38].
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The preparations of the nanofluids were considerably different for each NP
formulation analyzed. Throughout the studies conducted with SiO2 nanoparticles, the
compositions of base fluids changed from solely deionized water to more complex
solutions. For example, Rostami et al. [48] used deionized water only as the base fluid
for its SiO2 nanoparticles. Hendraningrat et al. [44] and Li et al. [45,46] prepared their
silica nanofluids with a synthetic seawater (SSW) solution as base fluid (NaCl 3 wt.%
and deionized water). Later, Li et al. [64] modified its SSW by adding more ions in its
composition and also HCI to enhance nanofluid stability and evaluate the effect of pH in
nanofluid performance. As another approach to enhance stability, Zallaghi et al. [74]
and Mohajeri et al. [66] prepared their silica nanofluids by adding commercial
surfactants in 20000 ppm NacCl brine solution and deionized water, respectively. At last,
Barkhordari and Jafari [65] used four types of base fluids to disperse silica
nanoparticles: distilled water, ethanol, n-hexane and gas condensate. Relative to
alumina and titanium dioxide NPs, distilled water was used as the same base fluid in
these studies, however titanium dioxide suspension was only maintained by the use of a
commercial surfactant [35,38,40]. Regarding NP concentration, the majority of SiO;
nanofluid were prepared in concentrations ranging from 0.01 wt.% to 0.5 wt.%. Only
Barkhordari and Jafari [65] were able to prepare higher SiO, concentrations of 1 wt.%
up to 5 wt.%. Alumina nanofluid studies were conducted with concentration ranges of
0.1% to 1%. Cheraghian [38] prepared titanium dioxide nanofluids by the use of a
commercial surfactant in high concentrations of 2 wt.% to 2.4 wt.%.

Only a few studies have performed interfacial tension and contact angle
analysis, being strictly reserved to SiO: nanoparticles. As the earliest study,
Hendraningrat et al. [44] reported a IFT reduction from 65mN/m to 28mN/m with a 0.5
wt.% NP concentration and synthetic light oil (0.8g/cc and 2cp at 25°C). Li et al. [45]
reported a reduction in IFT from 19mN/m to 9 mN/m with a lower NP concentration of
0.05 wt.% and North Sea light crude oil (0.82g/cc and 5.1cp at 25°C). Rostami et al.
[48] also reported a IFT reduction from 20mN/m to 15mN/m with a 0.2 wt.% NP
concentration and an Iranian light crude oil (0.87 g/cc and 17.7cp at 25°C). On the other
hand, Li et al. [64] observed no IFT alteration by conducting experiments with a 0.2
wt.% NP concentration and light crude oil (0.89g/cc and 40.6¢p at 25°C). They claimed
this stable behavior due to the addition of HCI to stabilize the nanoparticles. At last,
Mohajeri et al. [66] reported a slight IFT reduction from 21mN/m to 18mN/m with 0.1
wt.% NPs and an Iranian light crude (0.84g/cc and 6cp at 25°C). Regarding contact
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angle, all of the studies have observed wettability alteration with nanoparticles. Li et al.
[45] reported a CA decrease from 54° to 22° with a 0.1 wt.% NP concentration. Later,
Li et al. [64] reported a CA decrease from 56° to 22° with a 0.2 wt.% NP concentration
with HCI added (pH = 2.0), and Rostami et al. [48] observed a CA decrease from 135°
to 88° with the same 0.2 wt.% NP concentration. Finally, Mohajeri et al. [66] performed
CA measurements in a 0.1 wt. % NP concentration with and without commercial
surfactant. Without surfactant, they reported a CA reduction from 100° to 78°.
Surfactant solely reduced the CA from 100° to 73°, and the combination of surfactant
and NPs dramatically reduced CA to 30°.

As a general requirement in all studies, micromodels were used to assess the
pore-scale EOR mechanisms of the different nanofluid flooding techniques. These
studies have also analyzed the differential pressure and permeability changes in the
micromodel by nanofluid injection. Some have compared the experimental tests to CFD
computer simulations [35,40,48]. However, only the most recent studies have evaluated
the macroscopic efficiency of nanofluids in the oil recovery [38,48,64-66,74].
Regarding the SiO> NP experiments, Rostami et al. [48] reported a 9% additional oil
recovery with a 0.2 wt.% NP concentration. Li et al. [64] had similar results, reporting a
11% additional oil recovery with the same 0.2 wt. % NP concentration. Mohajeri et al.
reported additional oil recoveries by 0.1 wt. % NP with and without surfactants of 48%
and 23%, respectively. Zallaghi et al. [74] have also performed experiments with
surfactant addition, and reported an additional oil recovery of 23% with 0.2 wt.% NP
concentration. Barkhordari and Jafari [65] conducted experiments with four different
base fluids for SiO2 nanoparticles. They reported an additional oil recovery of 21% with
a high NP concentration of 5 wt.% in distilled water. Their additional oil recovery
increased to 38% with the same 5 wt.% NP concentration when miscible gas condensate
was used as the base fluid. As a different NP type, Cheraghian [38] performed titanium
dioxide NP injection in a 2.2 wt.% concentration with surfactant addition and observed
a slightly additional oil recovery of 5%. Macroscopic oil recovery experiments with
alumina NPs have not been performed. Table 2.4 shows a list of research studies
conducted with nanofluids in micromodels and some of their parameters and results.

In this study, the macroscopic oil recovery by SiO, NPs with biosurfactant
addition will be evaluated in a PDMS micromodel containing an irregular well-sorted
grain-size network. Additionally, interfacial tension and contact angle measurements

will be performed to confirm the major EOR mechanism related to nanofluid flooding.
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Table 2.4 — List of research studies conducted with nanofluids in micromodels and some of their respective parameters and results.

Author(s) v G ; NP NP size Base fluid NF conc. NF vis [cp] Oildens  Oilvis IFT reduction CA Add. RF [%]
uthor(s ear eometr ase flui vis [c .
v type [nm] [wt.%] P [g/cc] [cp] [MN/m] reduction [°] °
Hendraningrat et Partially 65-28
2012 SiO2 15-50 NaCl (3 wt.%) 0.1-1 1.4 (1wt.%) 0.8 2 - -
al. [44] regular (0.5wt.%)
Partially 0.01- 1.017 19-9 54 -22
Li et al. [45] 2013 SiO2 7 NaCl (3 wt.%) 0.82 5.1 -
regular 0.1 (0.1wt.%) (0.05wt.%) (0.1wt.%)
Partially 0.01- 1.017 19-9 54 -22
Li et al. [46] 2014 Si02 7 NaCl (3 wt.%) 0.82 5.1 -
regular 0.1 (0.1wt. %) (0.05wt.%) (0.1wt. %)
56-22 11%
Li et al. [64] 2018 Irregular SiO2 7 SSW + HCI 0.2 - 0.89 40.6 0
(0.2wt.%) (0.2wt.%)
Perfectly NaCl (10 0.02 - 32%
Zallaghiet al. [74] 2018 SiO2 7 - 0.93 14 - -
regular wt.%) + Surf 0.2 (0.2wt.%)
Barkhordari and 2.4 (3wt.%) 21%
2018 Irregular SiO2 - Various 1-5 0.95 340 - -
Jafari [65] 3.9 (5wt. %) (5wt. %)
Mohajeri et al. Distilled 0.02 - 21-18 100-78 23%
2019 Irregular SiO2 15 - 0.84 6
[66] water + Surf 0.1 (0.1wt.%) (0.1wt.%) (0.1wt.%)
Partially Deionized 0.05- 1.0002 20-15 135-88 9%
Rostami et al. [48] 2019 Si02 20 0.87 17.7
regular water 0.2 (0.2wt.%) (0.2wt.%) (0.2wt.%) (0.2wt.%)
Meghdadi and Perfectly Distilled 1.215
2013 Al2Os 40 0.1-1 - - - - -
Heyhat [35] regular water (1wt. %)
Meghdadi and Perfectly Distilled 1.215
2017 Al20Os 40 0.1 - - - - -
Afrand [40] regular water (1wt. %)
Perfectly Distilled 4.8%
Cheraghian [38] 2016 TiO2 <100 2-24 - 0.97 1320 - -
regular water + Surf (2.2wt. %)
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3 MATERIALS AND METHODS

This chapter will present the methodology developed by this work. First, it will be
explained how the pore-networks of the micromodels were generated using a computer
algorithm. Then, the process of fabricating micromodels containing the generated pore-
networks will be described. As the other main area of this work, the preparation and
characterization methods of nanofluids will be explained. To perform a nano-EOR
experiment, the design of a microfluidic setup and microfluidic experimental method
will be presented. At last, the procedure to acquire and process the captured images of

flow during the EOR experiments will be described.
3.1 Pore-network generation

Following a statistical approach, the grain-size distribution and standard deviation
were used to generate various pore networks with different sorting levels. This
generation was done in collaboration with the D.Sc. candidate Raquel Fedrizzi. In this
procedure, a computer algorithm in MATLAB was adapted from an original algorithm
written by Enno de Vries, a Ph.D candidate advised by Ph.D Amir Raoof from the
Department of Earth Sciences in the University of Utrecht, the Netherlands. The
algorithm is divided into three main steps: set of input parameters; generation of grain-
size distribution; and population of domain with random-form grains.

In the first step of setting the parameters, the size of domain in millimeters is
required. Generally, micromodel domains are considered to be rectangular or square,
although circular or different domain forms can also be generated. After that, statistical
parameters of the desired grain-size distribution are inserted. These parameters consist
in the minimum, maximum and mean grain radius; and the standard deviation of the
grain-size distribution. It is important to note that the spread of the grain-size
distribution is directly related to the domain size. In this context, if the relationship
between the mean grain size and domain size is high, the number of inserted grains will
decrease. On the other hand, if the domain size is enlarged, the number of inserted
grains will increase, which can directly affect the microfabrication duration depending
on the selected method. To account for changes in the shape of the generated grains, a
polyshape function in MATLAB was introduced. The polyshape function can generate
different geometric forms from an original form. It requires three inputs that are
subdivided in the degree of deformation of the shapes, the number of polylines that will

be used to create the new forms, and how the new forms will be similar to each other
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(called blob width). After introducing the shape parameters, a minimum distance value
between grains is required to guarantee flow through the generated porous network.
Additionally, an estimation of porosity is required by the user. It is important to mention
that the porosity of the generated network is generally higher than the estimated
porosity, since part of the inserted grains will be located in the outer boundaries of the
model. At last, the number of points in the domain in which the grains can be inserted is

required. Table 3.1 shows the list of inputs necessary to generate the pore-networks.

Table 3.1 — List of inputs parameters to generate the pore-networks.

Input Description

xMax Domain size in the x-axis

yMax Domain size in the y-axis

rMin Minimum radius of the generated grains

rMax Maximum radius of the generated grains

rMean Mean radius of the generated grains

rStd Standard deviation of the generated grain-size distribution
degree Degree of deformation in the generated shapes

numPoints Number of points that will be used to generate the polylines
blobWidth Similarity of the generated forms to each other

minDist Minimum distance between adjacent grains

porEst Estimated porosity of the network

domPoints Number of points in the domain in which grains can be inserted

The second step of the algorithm consists in the generation of the grain-size
distribution. This generation is done by the use of the statistical input parameters
presented before. First, a randraw function in MATLAB is used to generate a statistical
distribution of numbers based on the statistical input parameters. This function is an
efficient random variates generator which can generate over 50 different statistical
distributions. In this context, a truncated normal distribution was chosen, since the
normal distribution is considered as a basis model for grain-size distributions [84].
Moreover, the truncation eliminates values higher than the maximum radius and lower
than the minimum radius. After the generation of the statistical distribution of numbers
based on the input parameters, the statistical distribution is converted into a grain-size
distribution. This step is performed by another function called randfor_poreflow, which
was written by the group of Ph.D Amir Raoof from University of Utrecht and has a
restricted access. Thus, the idea behind this function that converts statistical
distributions to grain-size distributions will not be explained. As an adaption performed

by this work, the standard deviation of a grain-size distribution proposed by Folk and

38



Ward’s formula (Eq. 1) is calculated. This is done by converting the generated grain
diameters into a logarithm phi scale, arranging them in a frequency distribution, and
calculating the percentiles shown by Eq. 1. By calculating the standard deviation
proposed by Folk and Ward, the sorting level of the generated grain-size distribution
can be obtained by Fig. 2.13.

In the third step of the algorithm, the population of the domain with the generated
grains is performed. An important input parameter in this step is the domain points,
since it is an indication of the number of possible options for the grain to be inserted.
First, a random grain obtained by the grain-size distribution is selected and inserted into
the domain, having its center exactly in a point stipulated by the domain points. Then,
this grain is deformed according to the polyshape function and its respective input
parameters. Furthermore, a second grain is chosen from the statistical distribution and
inserted into the domain. However, before this step is done, the algorithm checks if this
grain will overlap the other (or others) grain (s) in the domain. Moreover, it checks if
the minimum distance between this additional grain and the other grains is guaranteed.
After its insertion, the grain is deformed and the procedure continues. At each grain
insertion, the porosity represented by the remaining blank area of the domain is
calculated. The algorithm ends when the calculated porosity matches the porosity set by
the user. Table 3.2 shows a list of the output parameters of the algorithm. The numerical
output parameters are the final porosity; the number of grain inserted; the standard
deviation of the grain-size distribution calculated by Eq. 1; the sorting level related to
the pore-network, and the location and diameter of inserted grains. The image outputs of
the algorithm are the image of the pore-network containing the grains and the graphical
grain-size distribution. It is important to note that no numerical values regarding the
shape deformations of grains are saved by the algorithm, thus the grain deformation step
is only limited to the visual pore-network. Moreover, the difference between the final
porosity and the estimated porosity may lead to a difference in the mean grain radius,
since some smaller grains are inserted to fill the blank network. To summarize, Fig. 3.1

shows a flowchart containing the steps described to generate the pore-networks.
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Table 3.2 — List of output parameters of the generated pore-networks.

Output Description

porFin Final porosity of the network

numGrains Number of grains inserted in the domain

oFolk Standard deviation calculated by Folk and Ward's formula (Eq. (1))
sorting Sorting level obtained by Fig. 2.13

locGrain Location of inserted grains

diaGrain Diameter of inserted grains

network Image of the generated pore-network

grainDist Image of the generated grain-size distribution
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Fig. 3.1 — Flowchart of the steps described to generate the pore-networks.
3.2 Micromodels fabrication

The complete procedure to fabricate the micromodels was performed in
LabMEMS/COPPE/UFRJ. It was divided in the micromilling process to fabricate the
replica molding (REM), and the soft lithography process to manufacture the
micromodel. This methodology to fabricate the micromodel was based in the work of
Colman [23]. In the first step of the micromilling process, the generated pore-networks
were inserted in a template by AutoCAD software. This template was designed in such
a way to permit fluids to be injected through a connection line, migrate uniformly
towards and through the pore-network, and exit by another connection line. As followed
by literature, the architecture of the template plays a major role when performing a
microfluidic analysis [141]. Therefore, some design parameters must be evaluated, such
as the number and diameter of inlets/outlets, the roundness of corners, and the distance
of the wide entrance region before the pore-network. Throughout this research, these

design parameters have been altered after each unsuccessful flow experiment,
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generating newer and more optimized templates. Some of the generated templates will
be presented in the results section.

After the elaboration of CAD templates containing the generated pore-network,
the micromodel fabrication procedure was conducted. This procedure combined the use
of a CNC micro-milling machine to fabricate replica molds and soft-lithography to
manufacture the PDMS micromodels. Firstly, CAD files were converted to program
codes that represented instructions for precise movements to be carried out by the CNC
micro-mill machine. The micro-mill machine basically works by removing raw material
from a substrate with a miniature cutting tool made from a strong-resistance metal (Fig.
3.2). As an important manufacturing parameter, the diameter of the cutting tool must be
smaller than the diameter of the micromodel features. Also, for 2D microfabrications,
the relationship between the diameter of the cutting tool and the duration of the process
is quadratic. Therefore, as an example, a 3-fold reduction in the tool diameter represents
9 more hours of fabrication. To create the molds, a 200um diameter tungsten carbide
micro tool (Performance Micro Tool) was used. The micro tool worked on an acrylic
mold by cutting the substrate at a constant height of 100um, thus creating the grains.
After the replica mold fabrication, a cleaning procedure with deionized water was

performed to remove impurities generated by the mechanical milling microfabrication.
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Fig. 3.2 — Microdrill CNC milling machine used to fabricate the micromodel molds. A tungsten
carbide micro tool cut through an acrylic substrate by the means of a program code. The

removed material from the acrylic mold represent the grains of the pore-network [142].

With the microfabrication of acrylic replica molds containing the templates, the
soft lithography process to manufacture the micromodel followed up. The selected
material to conduct this process was the polymer PDMS (Sylgard 184, Dow Corning).
The complete soft lithography procedure with PDMS has already been described in the
literature [23]. In the first step of this procedure, a PDMS pre-polymer solution was
mixed with a curing agent (Sylgard 184, Dow Corning) in a 10:1 mass/mass proportion.
Air bubbles within the mixture were removed by a vacuum pump. The mixture was
deposited onto the replica mold, and put back in a vacuum chamber to remove new air
bubbles that might have appeared. Then, the replica mold containing the PDMS mixture
was placed in an oven at 60°C for 2 hours to achieve full polymerization. After the
curing process, the PDMS layers were carefully removed from the mold. It must be
emphasized that this polymer slab consists in the lower half of the micromodel, with the
grains at its superior plane. Therefore, the same lithography procedure must be
conducted in another mold to enable a PDMS cover to seal the micromodel. After
creating the cover, the two PDMS slabs must be bonded and sealed. This was done by

applying a Corona treatment or air plasma at both polymeric surfaces and manually
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bonding them. The Corona treatment is a surface modification technique that uses a low
temperature corona discharge plasma to alter the properties of a surface [143]. The
plasma is generated by applying high voltage to an electrode terminal. It must be noted
that an insulating material was placed beneath the micromodel substrate in order to
apply the Corona treatment. However, the application of plasma treatment on PDMS
provides a temporary wettability change of the polymer surface [144]. In its main form,
PDMS is hydrophobic, but when plasma is applied, it changes to hydrophilic and reverts
back to hydrophobic after a period [145]. For that reason, all flow experiments were
conducted in a minimum of 24 hours after plasma treatment. To conclude the
micromodel fabrication, circular holes were made at the cover slab to enable the
connection of the flow network with the outward injection lines. Fig. 3.3 shows a

flowchart containing the steps described to fabricate the micromodel.

REM) he micromodel
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Fig. 3.3 — Flowchart of the steps described to fabricate the micromodel.
3.3 Nanofluids

The experimental procedure performed in this section was divided in two main
parts: preparation of silica nanofluids and their characterization and interfacial-property
measurements with oil and PDMS. The procedures to prepare the nanofluids and
characterize their interfacial properties with oil/micromodel were performed in
GRIFIT/COPPE/UFRJ in collaboration with the M.Sc. candidate student Nathalia Dias.

The nanofluid characterization measurements were made in LIAP/COPPE/UFRJ.
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3.3.1 Preparation of nanofluids

The SiO2 nanofluids were prepared by precursor silicon dioxide nanoparticles in
nanopowder form, with average particle size of 12nm (Sigma Aldrich). Five different
nano-SiO2 concentration dispersions were designed: 0.01wt.%, 0.05wt.%, 0.1wt.%,
0.2wt.% and 0.5wt.%. This concentration range was chosen to match the concentration
ranges of research studies conducted with SiO, NPs in micromodels [44—
46,48,64,66,74]. Before explaining the preparation of the nanofluids, it is important to
mention the safety procedures regarding the handling of nanoparticles. All of the
following steps were conducted by wearing appropriate mask and gloves. As the first
step, the precursor nanoparticles in a powder form were weighted in a precision balance
(standard deviation of +-0.0002g) according to their respective desired concentration
values. After weighting the NPs, the weighted samples were put in a flask in
conjunction with a volume of base fluid measured by a volumetric pipette. Here, the
base fluid selected was a nanofiltered NF90 water, in order to put in evidence the action
of nanoparticles and suppress the action of ions present in conventional water. The
complete procedure for obtaining and measuring the properties of NFO90 water was
described by Nicolini et al. [146]. This ultrapure water was obtained by a nanofiltration
process on a seawater (SW) sample. The nanofiltration process used a commercial
NF90 membrane and operated at a pressure of 15bars. The ion concentration in the
permeate stream is a function of the membrane used for the nanofiltration. Table 3.3
shows the ionic compositions and properties of SW and NF90 water. It can be seen that
the NF90 water has a much less ionic concentration when compared to SW. In this
context, the ionic composition of the aqueous solution was analyzed by different
methods in GRIFIT/COPPE/UFRJ. SO4* and HCOs™ concentrations were measured by
ion chromatography (Metrohm, 882 Compact IC Plus), while the mono- and divalent-
cations were determined by atomic absorption spectrophotometry (Perkin Elmer
Analyst 200/400) and inductively coupled plasma optical emission spectrometry (Perkin
Elmer Optma 5300 DV). The concentration of the others anions, CI- and Br, were

obtained by potentiometric titration (Metrohm 808).
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Table 3.3 — lonic composition and properties of seawater (SW) and nanofiltered NF90 water

[146].
lonic lonic
concentration SW NF90 concentration SW NF90
[mg/L] [mg/L]
Na* 9532 467 cr 18.855 780
K* 490 23 Br 53 1.0
Mg?* 1261 5.2 SO4* 2548 49
Ca® 371 1.1 HCOs 145 19
Ba? 1.0 04 pH 7.4 6.5
Sr 5.4 0.0 Density [g/cm3] 1.022 0.998

After putting the NPs together with the ultrapure water, an ultrasonication
method was selected to disperse the nanoparticles. This ultrasonication procedure
consisted in inserting the nanofluid samples inside a profiled probe which applied
ultrasonic vibration in 90W in a sequence of 3 steps of 9 min periods with another 9-
min rest period to avoid overheating, which could affect the NPs properties. Fig. 3.4
shows the prepared SiO> nanofluids in varied concentrations, with NP concentration
increasing from right to left. It can be seen that as the NP concentration increases, the
turbidity of the dispersions also increases. After preparing the nanofluids in an ultrapure
water, the same procedure was repeated with the addition of a biosurfactant. The
biosurfactant was used in collaboration with the D.Sc. candidate Viviane Prates from
EQ/UFRJ. In her research, the biosurfactant was obtained after the extraction of fatty
acids from glycerin, one of the major by-products of biodiesel production process [147].
This biosurfactant helps to maintain the nanoparticles in stable suspension for a longer
time, thus preventing sedimentation and progressive flocculation. During the nanofluid
preparation, the biosurfactant is added before the ultrasonication. Regarding its use, a
biosurfactant concentration of 0.05wt.% was chosen, which is equivalent to the critical
micellar concentration (CMC) of this product. The CMC is defined as the concentration
of surfactants above which micelles form and all additional surfactants go to the micelle
system. In this concentration level, the biosurfactant is most effective to decrease the

interfacial tension between the NPs and the base fluid.
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Fig. 3.4 — Prepared SiO nanofluids in varied concentrations. From left to right: 0.5 wt.%, 0.2
wt.%, 0.1 wt.%, 0.05 wt.%, 0.01 wt.%.

3.3.2 Nanofluids characterization and interfacial measurements

In order to characterize the prepared SiO2 nanofluids, zeta potential and particle
size analyses were performed. These measurements were conducted using a Zetasizer
Nano S90 (Malvern Instrument). In this instrument, the average hydrodynamic
diameters of the nanoparticles were measured by dynamic light scattering (DLS)
method, while zeta potential were measured by the phase analysis light scattering
method (PALS). All measurements were conducted in triplicates to improve precision
and in 1 hour after nanofluid preparation to evaluate stability in a short period.

To evaluate interfacial properties, a Brazilian pre-salt oil sample
(LRAP/COPPE/UFRJ) was selected. Table 3.4 shows some of the oil properties,
including API gravity, specific gravity and viscosity at different temperatures. The oil
specific gravity was measured by densitometer (DMA 4500, Anton Paar,
LRAP/COPPE/UFRJ), while the dynamic viscosity was measured by viscometer (SVM
3000, Anton Paar, DOPOLAB/COPPE/UFRJ). To evaluate the interfacial properties of
nanofluids in contact with pre-salt oil and PDMS, a goniometer instrument was used
(Dataphysics OCA 15, Germany). Fig. 3.5 shows a schematic of the goniometer
arrangement to evaluate IFT (Fig. 3.5(a)) and contact angle (Fig. 3.5(b)) [146].
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Interfacial tension values of prepared nanofluids and pre-salt oil systems were obtained
using the pendant-drop method. In this technique, an oil drop is left pendant in a
nanofluid medium as the external phase inside of a transparent quartz cell. After stable,
the contour of the oil pendant-drop is measured optically and fitted with a contour
calculated by the Young-Laplace equation (Eg. 2) to obtain the IFT between the fluid
phases [148,149]. On the other hand, the wettability of the PDMS was evaluated in the
same goniometer but using a sessile-drop method instead [150]. By using this method, a
drop of pre-salt oil was placed at the PDMS surface with nanofluid as external phase in
the same quartz cell. The contact angles for each nanofluid concentrations were
determined by fitting a contour on the drop via Eq. 2, considering the micromodel
surface as the baseline of the measurements. To summarize, Fig. 3.6 shows the
flowchart containing the steps required to prepare, characterize and evaluate the

interfacial properties of nanofluids.

Table 3.4 — Properties of pre-salt Brazilian crude oil.

API gravity [°] 24.71
Temperature [°C] Density [g/cm?®] Viscosity [cP]
20 0.9016 306.920
25 0.8904 219.210
40 0.8867 59.621
60 0.8722 20.289
80 0.8586 10.785
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Fig. 3.5 — Schematic diagram of the goniometer instrument to evaluate (a) IFT measurements

and (b) contact angle measurements [146].
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Fig. 3.6 — Flowchart of the steps described to prepare and characterize the nanofluids.
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3.4 Microfluidic setup and EOR experimental method

Visualization methods in micromodels are commonly classified in four groups:
use of cameras, microscope visualization, photo-luminescent volumetric method, and
fluorescent microscopy [18]. The choice of whether taking pictures or recording videos
Is basically a function of the variable of interest. In fluid-displacing experiments, two
variables may be analyzed: the average saturation of fluids in the entire flow network or
specific fluid-fluid interfaces. Furthermore, a high image acquisition rate may be
required in dynamic physicochemical experiments that involve the precipitation or
deposition of compounds [151]. Cameras are often used due to their flexibility when
high magnification and resolution are not required. They may also have an extra
objective lens to increase magnification, or be attached with charge coupled devices
(CCD) for higher resolutions. In contrast, microscopes are used when there is a need for
very high resolution. This is the case when interfacial area between fluids is being
analyzed. However, due to the limitation in the optical window of a microscope,
saturation of fluids in a large micromodel cannot be determined. Moreover, its low
image acquisition rate makes it unable to evaluate dynamic effects.

As a more advanced visualization technique, photoluminescent volumetric
imaging (PVI) can be used to acquire high resolution images in 2D or even 3D
micromodels. Montemagno and Gray [152] introduced this method for two-phase
immiscible flow by doping the wetting phase with fluorophores that partitioned onto
fluid-fluid interfaces. In their system, a laser beam excited the fluorophores and thus
illuminated the fluid-fluid interface. A CCD camera was used to capture the fluorescent
images, which after processing were able to generate a three-dimensional data set. A
limitation of this method is that refractive indices of fluids must match with the
refractive index of micromodel in order to transmit light and observe fluid flow.
Another application of fluorescent microscopy is the micro-particle imaging
velocimetry (pU-P1V). In p-PIV, micrometer-size particles are used as markers in fluid
flow to measure instantaneous velocity fields in experimental fluid mechanics. In fact,
these particles must emit light when they get de-excited, follow the movement of the
fluid, not affect fluid properties and remain in suspension [153]. By using this method,
2D images can be obtained. 3D images can also be obtained if p-PI1V is combined with
a confocal microscope. Confocal microscopy is based on the same principal of p-PIV

being ideal for quasi-static effects when very high resolution is needed [154].
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In this work, a complete experimental setup was mounted to perform microfluidic
experiments in PDMS micromodels. To visualize fluid flow, a digital camera (Lumix,
DMC-GH4, 12-25mm lens) has been used. The decision of using camera rather than
microscope was due to the optical window of microscope which could not reach the
entire pore-network to observe fluid-saturation changes in the micromodel. Moreover,
backlight illumination was provided to enhance the brightness of captured images. The
injection apparatus consisted in syringes (BD plastic, 1mL), syringe-pumps (Harvard

Apparatus, Pump 11 Elite), and connection lines. Fig. 3.7 shows the experimental setup

and a zoom image of the micromodel region during the secondary recovery experiment.
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Fig. 3.7 — (a) Designed microfluidic setup. (b) Magnified image of the micromodel region.
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Regarding flow tests, experimental methods were designed to simulate two
possible options for a real nano-EOR field application [46]. These options were divided
in (1) injecting the nanofluid as tertiary recovery after brine flooding; or (2) injecting
the nanofluid as secondary recovery. In the tertiary recovery experiment, oil was
injected to completely saturate the micromodel, and then consecutively displaced by
brine- and nanofluid- flooding as the secondary and tertiary recovery processes,
respectively. In the secondary recovery experiment, nanofluid was injected to displace
oil in the absence of brine flooding. Both experiments were conducted by initially
saturating the micromodel with a colorless mineral oil (Sigma Aldrich, 0.862g/mL
density at 25°C, 63.6 — 70.4cP viscosity at 40°C). The brine was synthetically prepared
in order to match the ionic composition of the formation brine related to the pre-salt oil
used in the IFT and CA measurements. The complete procedure to prepare and
characterize the brine was done by the M.Sc. candidate Nathalia Dias in
LRAP/COPPE/UFRJ. The ionic composition of prepared brine is being shown in Table
3.5. For fluid movement observations, the brine and nanofluid were dyed with a blue
dye and yellow dye, respectively. It is important to mention that only a small volume of
water soluble dye was used, thus not interfering in the fluids interfacial properties. The
equivalent pore volume (PV) of the micromodel was calculated to be 4pL by
multiplying the dimensions of the designed pore-network with the designed porosity. A
very low injection flow rate of 0.2uL/min was chosen in order to represent the O&G
industry conventional value of flow in oil reservoirs of 1ft/day [155]. A SiO2 nanofluid
concentration of 0.1wt.% with biosurfactant was selected for both nano-EOR
experiments since it showed the best IFT results. In the tertiary recovery experiment, 4
PVs each of brine and nanofluid were injected, while in the secondary recovery
experiment 8 PVs of nanofluid were injected. Images have been captured for both
experiments after each subsequent PV injected. Fig. 3.8 shows the flowchart containing
the steps described to design the microfluidic setup and the EOR experimental methods.

Table 3.5 — lonic composition of injected brine.

lon Concentration [ppm] lon Concentration [ppm]
Na* 57,400 Sr2t 716
Ca? 1,264 cr 103,825
Mg?* 302 Acetate 210
K* 1,735 Li* 28
Ba®* 17 Br 492
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Fig. 3.8 — Flowchart of the steps described to design the microfluidic setup and elaborate the

EOR experimental methods.
3.5 Image processing

After acquiring images of fluid flow after each PV injected in both experiments,
image processing techniques were required to quantify the recovery factor (RF) along
the experiments. These image processing techniques will be explained in details through
this section, being divided in the following five steps: (1) darkening of the lightest color
tones to enhance contrast; (2) rotation and cropping of the micromodel to match the
designed pore-network area; (3) stacking of flow image of each PV with previous
images due to air movement; (4) use of segmentation to account for the contributions of
each fluid to the oil recovery; (5) coupling of the segmented image with the designed
pore-network image to observe fluid movement between grains.

When visualizing the flow through a micromodel with cameras or microscopes,
the natural contrast of the fluid tones may not be sufficient to directly observe
fluid/fluid interfaces in captured images. This holds true especially for lighter color
tones. In this context, the first step of the image processing consisted in the darkening of
the lightest color tones to enhance contrast. This step was done by installing the Adobe
Photoshop Lightroom software, which provides several tools for editing and organizing
digital images. After installing the program, the captured images were imported and
saved. Then, the first image was selected and edited by clicking in the revelation menu.

The revelation menu provides dozens of different image treatments, which can also aid
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in different problems. To change a specific color tone, the user must scroll down the
HSL/Color menu, which contains hue, saturation and luminance bars for eight different
color tones. To darken a color tone, the user must set the saturation bar in high and the
luminance bar in low. Additionally, the revelation menu provides a series of different
filters. Here, it was selected the filter of maximum contrast. Fig. 3.9 shows an example
of an original image and a darkened image for the tertiary recover experiment. The
yellow color tone represented by the nanofluid was darkened to brown; therefore the

visualization of fluids in the micromodel was greatly improved.

Fig. 3.9 — First step of image processing consisting in the darkening of the lightest color tones to
enhance contrast. The image shows examples of (a) original captured image (b) processed
image after darkening of the yellow color tone represented by the nanofluid.

After using Adobe Photoshop Lightroom software, all of the following steps to
process the captured images will be taken in the ImageJ software. As the second
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processing step, image rotation and cropping procedures will be performed in the
darkened image. Fig. 3.10 shows the visual images of the steps necessary to rotate and
crop images the micromodel images by using ImageJ. In order to rotate an image, first
the user has to draw a baseline to obtain the angle that the baseline forms with
horizontal. Fig. 3.10(a) shows the upper end of the micromodel as the baseline for
rotation, since this line is parallel to the upper end of the pore-network. When the line is
drawn, the angle with horizontal is directly shown. To rotate the image according to this
angle, the user has to click on the Image toolbar, then transform and rotate. After setting
the angle, the micromodel in the image becomes horizontal (Fig. 3.10(b)). As the other
step, the rotated image has to be cropped as exactly as possible to the designed pore-
network. To perform this, a vertical line is draw from the upper to bottom edges of the
pore-network. This scale line is intended to have in pixels the vertical dimension of the
pore-network in millimeters (Fig. 3.10(c)). Thus, to convert the scale from pixels to
millimeters, the user has to click on the Analyze toolbar and then in set scale. Now, it is
possible to draw a square having the same dimensions in millimeters as the predicted
from the design of the pore-network (Fig. 3.10(d)). This square will be used to crop the
image according to the pore-network. However, it is not possible to directly visualize
the location of the pore-network according to the image. In fact, some features in the
designed pore-network have to be used as references to guide the precise location of the
pore-network. Fig. 3.10(e) shows the cropped image by using a specific grain as a
reference to the designed pore-network (Fig. 3.10(f)). Despite seemed to be difficult at
first sight, this rotation and cropping step becomes easier as the previous images are
processed, being also used as references to crop the pore-network. Moreover, an error in

one cropped imaged will be observed when performing further processing steps.
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Fig. 3.10 — Rotation and cropping processing step. (a) darkened image with a baseline drawn for
rotation. (b) rotated imaged. (c) vertical line drawn to be used as a scale line to convert pixels in
millimeters. (d) square drawn in the exactly dimensions predicted from the designed pore-
network. (e) cropped image using as a grain as reference. (f) designed pore-network image to be
used as reference.

The presence of air inside the micromodel is a constant issue that persisted in all
microfluidic experiments performed. Several attempts have been performed to mitigate
this effect. The changes in the design of the CAD templates of the micromodels were
made to avoid air entrapment. To start any flow experiment, the air inside the
micromodels has to be fully removed. However, some air seemed to appear and migrate

from the lateral edges to the center of the pore-network as the experiment progressed. In

55



fact, this air-invasion effect was even more considerable due to the long duration of the
EOR experiment, which injected 8 PVs of fluids in a very low flow rate for several
hours. Then, a strategy used was to combine the flow images in which air was more
present to previous images which air had not been appeared. This combination was
done by performing a stacking step in ImageJ. In order to stack images, the user has to
open the images to be combined, click on the Image toolbar, then stack and images to
stack. The resulting stack has to be converted in a 8-bit image by clicking in the Image
toolbar, type and 8-bit. After that, the 8-bit image is converted into a RGB image by
also clicking in the image toolbar, then color and stack to RGB. Fig. 3.11 shows an
example of the image stacking process. In Fig. 3.11(a), a cropped image of nanofluid is
being shown with some air regions denoted by green and red areas. By observing the
image, the user would consider these air regions were not originally displaced by the
injected fluid. However, Fig. 3.11(b) shows that during the green areas were in fact
originally oil displaced by brine flooding, whether red areas were basically air invasion
during the experiment. The stacking combination of images offers the required tool to
identify air movement and injected fluid movement. Fig. 3.11(c) shows the stacking
results of the two images. It can be seen that the green areas representing the air that
was previously injected fluid are now colored. On the other hand, the red areas that
must not be considered remain colorless. By doing the stacking process, the recovery

factor after each PV injected can be more precisely calculated.
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Fig. 3.11 — Example of the image stacking process. (a) Image of nanofluid flooding containing
green and red areas representing air. (b) A previous image of brine flooding in the same
experiment. It can be seen that the green areas consisted of injected fluid, while red areas were
only air movement. (c) Stacked combination of the two images. The green areas that should be
accounted for oil recovery are now colored, while the red areas that have to be neglected are
colorless.
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After stacking the images, it is now possible to account for the contribution of
each fluid to the oil recovery. To perform this step, a segmentation process in the
stacked images is necessary. This step was done by installing a plug-in in Imagel
software called Trainable Weka Segmentation. As a brief explanation, the Weka plug-in
combines a collection of machine learning algorithms with a set of selected image
features to produce pixel-based segmentations. Therefore, it is possible to combine the
contributions of each fluid injected to oil recovery, and also discard any fluid that must
not be accounted (for example, entraining air during experiments). To use the Weka
plug-in, the user has to click on the plugins toolbar, then segmentation and Trainable
Weka Segmentation. After that, the user has to select the color tones that will be
accounted for segmentation. Fig. 3.12 shows the segmentation step on the stacked
image and its results. It can be seen that the segmented image almost match the stacked
image. Additionally, it is also possible to calculate the fraction of the resulting image
that is covered by the segmented color, or in this case, injected fluid. This step is done
by clicking in the analyze toolbar, and then in measure. If the area of injected fluid is
not directly informed, the user has to click on results, options, set measurements, and
select the area fraction option. Moreover, if the ImageJ software is left open after each
segmentation and area fraction calculation, the resulting area percentages for each

image will be informed, although it is important to manually note the area percentages.

g7y M
(a) (b)

Fig. 3.12 — Segmentation processing step performed on (a) stacked image and (b) resulting

image after segmentation.

58



In order to better observe the fluid invasion along the pore-network, the
segmented image has to be coupled with the original pore-network image containing the
grains. Fig. 3.13 shows the steps required to exactly couple the images. First, the pore-
space of the original generated image (Fig. 3.13(a)) is filled with black color (Fig.
3.13(b)). In fact, any color might be used, but black was chosen in order to represent oil.
Then, the black-filled image is stacked with the segmented image by doing the stacking
process previously described. The stacked image must be converted to 8-bit, then
converted again to RGB. The final coupled is then obtained (Fig.3.13(d)), showing the

injected fluid in red, oil in black and grains in green. Fig. 3.14 contains a flowchart to

summarize the five steps of the complete image processing procedure.
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Fig. 3.13 — Coupling step on the segmented image. (a) original generated binary image. (b)

binary image after filling the pore-space with black color. (c) segmented image. (d) coupled

final image showing the injected fluid in red, grains in green and oil in black.
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Fig. 3.14 — Flowchart containing the five steps described to perform the complete image processing procedure on captured images.
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4 RESULTS AND DISCUSSION

Here, the results obtained by the methods previously introduced will be presented.
First, several different generated pore-networks with various sorting levels and degrees
of grain deformation will be shown, discussing aspects related to the similarity to real-
rocks. After that, the designed CAD templates containing a generated pore-network will
be presented, and topics related to the fabrication of the replica molding (REM) will be
discussed. Moreover, the dimensional characterization of micromodels will be reported.
Then, the SiO2 nanofluids characterization results will be presented and discussed. IFT
results and contact angle analysis will also be performed and their results will be
discussed based on the literature. EOR flow experiments were carried out and the
comparison between tertiary nanofluid flooding and secondary nanofluid flooding will

be done, discussing the results based on the IFT and CA experiments.
4.1 Pore-networks

By the means of the adapted algorithm, several different pore-networks with
different sorting levels and degrees of grain deformation were generated. A 10mm X
10mm square domain was chosen since higher domains would require several days for
performing the EOR experiments. On the other hand, smaller domains might not have
the sufficient number of grains to vary sorting and represent a porous medium. In order
to represent a sandstone porous medium Table 2.1, the four grain-size classes of
sandstones must be selected, ranging from fine sand (minimum diameter of 0.1mm) to
huge sand (maximum diameter of 2mm). Therefore, for each generation, the minimum
and maximum grain radii were kept constant and equal to 0.05mm and 1.0mm,
respectively. The mean grain radius was also constant and equal to the average value of
the distribution, thus 0.525mm. A minimum distance between grains of 50 micrometers
was set, which is equivalent to capillary pores in conventional sandstones [84]. The
standard deviations of the grain-size distributions were altered for each sorting level.
The degree of deformation of grain was also altered for each simulation in order to
represent the various grain-shapes existing within real-rocks. The estimated porosity for
each sorting level was set according to Table 2.2. It is important to remember that this
estimated porosity is slightly lower than the final porosity. Table 4.1 shows the list of
inputs parameters and output parameters to generate the pore-networks with different
sorting levels and degrees of deformation. Fig. 4.1, Fig. 4.2 and Fig. 4.3 shows

computer generated pore-networks and grain-size distributions for well-, moderately-
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and poorly-sorted rocks in various degrees of grain deformation. It can be seen that the
general form of the grain-size distributions remains similar as grain deformation
changes. However, a positive skewness appears when the sorting level changes from
well-sorted to poorly-sorted. This tendency is represented by the increase in the number
of fine grains in poorly-sorted rocks that are inserted in order to fill the pore-space and
decrease the porosity. Moreover, a slight difference between the generated and input

main grain radius may appear due to the removal of grains in the domain boundaries.

62



Table 4.1 — List of inputs parameters and output parameters to generate the pore-networks with different sorting levels and degrees of deformation.

Input parameters

Output parameters

Sorting . min
rMin rMax rMean . . . . . .
Level rStd degree numPoints blobWidth Dist porEst domPoints | porFin numGrains oFolk
[mm]  [mm]  [mm]
[mm]
Well 0.05 1.00 0.525 0.15 1 100 7 0.05 0.35 50000 0.42 74 0.36
Well 0.05 1.00 0.525 0.15 3 100 7 0.05 0.35 50000 0.39 85 0.42
Well 0.05 1.00 0.525 0.15 5 100 7 0.05 0.35 50000 0.40 100 0.37
Moderately  0.05 1.00 0.525 0.35 1 100 7 0.05 0.30 50000 0.36 97 0.72
Moderately  0.05 1.00 0.525 0.35 3 100 7 0.05 0.30 50000 0.36 101 0.79
Moderately  0.05 1.00 0.525 0.35 5 100 7 0.05 0.30 50000 0.36 109 0.77
Poorly 0.05 1.00 0.525 2 1 100 7 0.05 0.22 50000 0.32 186 1.30
Poorly 0.05 1.00 0.525 2 3 100 7 0.05 0.22 50000 0.28 244 1.30
Poorly 0.05 1.00 0.525 2 5 100 7 0.05 0.22 50000 0.29 217 1.32
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Fig. 4.1 — Computer generated pore-networks and grain-size distributions for a well-sorted rock

in various degrees of grain deformation. (a) rounded grains represented by degree 1, (b) slightly
deformed grains represented by degree 3, (c) highly deformed grains represented by degree 5.
Regarding the grain-size distributions, the mean grain radius and standard deviations are also
being represented by the upper box-plots.
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Fig. 4.2 — Computer generated pore-networks and grain-size distributions for a moderately-

sorted rock in various degrees of grain deformation. (a) rounded grains represented by degree 1,

(b) slightly deformed grains represented by degree 3, (c) highly deformed grains represented by

degree 5. Regarding the grain-size distributions, the mean grain radius and standard deviations
are also being represented by the upper box-plots.
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Fig. 4.3 — Computer generated pore-networks and grain-size distributions for a poorly-sorted

rock in various degrees of grain deformation. (a) rounded grains represented by degree 1, (b)

slightly deformed grains represented by degree 3, (c) highly deformed grains represented by
degree 5. Regarding the grain-size distributions, the mean grain radius and standard deviations

are also being represented by the upper box-plots.
4.2  Micromodels

After generating the pore-networks in different sorting levels and degrees of
grain deformation, one pore-network was selected to be fabricated into a micromodel.
The choice of which network would be fabricated as a function of the time that would
be expended during the fabrications. Since poorly-sorted and moderately-sorted
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networks had a higher number of inserted grains (Table 4.1), the pore-network selected
was the well-sorted containing highly deformed grains (Fig. 4.4).
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Fig. 4.4 — Selected pore-network to be fabricated containing a well-sorted level and highly

a5
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deformed grains (degree 5).

As the pore-network was selected, it was inserted in designed CAD templates in
order to be fabricated. In this context, three different CAD templates were designed
(Fig. 4.5). The arrows are representing the entries for injected fluids. Template (a)
consisted of one entry and one exit, eight inlet/outlet channels of equal width (0.4mm),
and a wide region of 1.5mm length adjacent to the pore-network. Template (b) consisted
of three entries and one exit (0.4mm width), with no inlet/outlet channels. The addition
of two entries in this template was due to the consecutive injection of three fluids during
EOR experiments. Moreover, it has been seen that the presence of the eight inlet/outlet
channels in template (a) had no effect on the flow profile, since some channels were
blocked by entrained air during flow experiments. Finally, in template (c), the
connection lines were inserted directly into the wide region adjacent to the pore-
network, which had its width slightly enlarged to 3.5mm. Flow experiments have shown
that this template was the one that best performed, allowing injected fluids to enter the

pore-network uniformly and hindering the presence and migration of entrained air.
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Fig. 4.5 — Three different templates designed with a well-sorted generated porous-network.
Template (a) consists of eight inlet/outlet channels of 0.4mm constant width, and an entrance
region of 1.5mm length. Template (b) consists of three entries and one exit of 0.4mm width,
with no inlet/outlet channels. Template (c) consists only of a wide entrance region of 4mm
length. Flow experiments have shown that this template was the one that best performed,
allowing injected fluids to enter the pore-network uniformly and hindering the presence and

migration of entrained air.

As the CAD template to be fabricated was selected, a computer process was
applied to convert the CAD file into a programming G code to be read by the CNC
machine. To micro mill onto the acrylic mold, four different procedures with different
microtools were performed (Table 4.2). The first procedure consisted in leveling the

mold with a 3000pum diameter microtool, cut velocity of 320mm/min, 8000rpm speed
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rotation and 5 steps of 0.5mm. The second procedure was the refining of the mold with
a 500pm diameter microtool, cut velocity of 480mm/min, 24000rpm speed rotation and
1 step of 0.11mm. The third procedure was the facing of the channels surface with a
200um diameter microtool, cut velocity of 584mm/min, 54000rpm speed rotation and 1
step of 0.01mm. At last, a pore milling procedure was applied with a 200pum diameter
microtool, cut velocity of 584mm/min, 54000rpm speed rotation and 4 steps of

0.025mm. Fig. 4.6 shows the fabricated replica mold of the template (c) with scale bar.

Table 4.2 — Parameters of the micromilling process to fabricate the replica molding (REM).

. Microtool diameter Cut velocity Number  Speed rotation
Milling procedure .
[um] [mm/min] of steps [rpm]
Leveling 3000 320 5 8000
Refining 500 480 1 24000
Channel facing 200 584 1 54000
Pore milling 200 584 4 54000

Fig. 4.6 — Fabricated replica mold of the template (c) containing a generated well-sorted pore-

network with highly deformed grains. Scale bar is being represented in the image.

After fabricating the REM, several micromodels were manufactured to perform flow
experiments. In this context, is of great importance to characterize the dimensional features of
the micromodel in order to evaluate the resemblance to the designed CAD template. The
complete  procedure to  characterize the  micromodel was  performed in
LabMEMS/COPPE/UFRJ, by the collaboration of the M.Sc. candidate Ingrid Curcino and D.Sc.
candidate Raquel Fedrizzi. In this context, 2D and 3D microscopic images have been taken
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(Hirox RH-2000) to characterize the micromodel pore-network. In this procedure, four regions
were selected from the four corners of the pore-network (Fig. 4.7) and the distance between
grains and inner grain dimensions were compared to the predicted from the CAD template. Fig.
4.8 and Fig. 4.9 show micromodel microscope images and CAD images for the selected region
in the upper left corner. By comparing the images, it can be seen that the distances slightly
differ, although the exact location of the lines might be different. Fig. 4.10 shows a 3D
microscope image of the micromodel in order to characterize the height of the grains. It can be
observed that, in this region, the height of the manufactured micromodel is almost equal to the
height of the designed CAD template, being equivalent to 102um and 100um, respectively. The
appendix A contains additional 2D and 3D images for the other selected regions in order to
characterize the micromodel. (Fig. A.1 to Fig. A.9). In these images, it can also be seen that the
distances between grains and the distances within grains are slightly different, although the 3D
microscope images shows that the height of the micromodel in these regions is almost equal to
the height of the designed CAD template.

@

Fig. 4.7 — Microscopic images of micromodel containing the four corners of the pore-network
and selected regions to be dimensionally characterized. (a) upper left corner, (b) upper right
corner, (c) bottom left corner, (d) bottom right corner.
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Fig. 4.8 — Micromodel microscope image and CAD image of the selected region in the upper

left corner showing the inner dimensions of the grain.
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Fig. 4.9 — Micromodel microscope image and CAD image of the selected region in the upper

left corner showing the pore dimensions between adjacent grains.
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Fig. 4.10 — Micromodel 3D microscope image of the selected region in the upper left corner.

X

Two adjacent grains are being represented in blue, while the pore space is represented in red.
The scale bar is in micrometers. The image shows that the fabricated height of the micromodel

(102pum) in this region is almost equal to the designed height (100um).
4.3 Nanofluids characterization

The first step to characterize the prepared SiO2 nanofluids was to measure their
density for the varied concentrations. The densities of the nanofluid dispersions were
measured by using a densitometer (DMA 4500, Anton Paar, LRAP/COPPE/UFRJ) at
25°C. Table 4.3 shows the measured density values for each of the concentrations
prepared. It can be seen that the densities of the nanofluids are practically constant with
silica concentration, being approximately equal to the density of the base fluid. This
behavior was expected since silica NPs have low density and were prepared in low
concentrations. As an important parameter in EOR, the dynamic viscosity of an injected
fluid has also to be considered. As reported by the literature, SiO2 nanofluids possess
little effect on viscosity (Table 2.4). For example, Rostami et al.[48] reported that a 0.2
wt.% SiO2 NP concentration in distilled water has a 1.0002cp dynamic viscosity, being
almost equal to the viscosity of fresh water. As the NP concentration increases to 1
wt.%, the dynamic viscosity of the nanofluid increases to 1.4cp [44]. In fact,
Barkhordari and Jafari [65] evaluated the dynamic viscosity of silica nanofluids in
distilled water for higher NP concentrations. They reported that a 3 wt.% and 5 wt.%
NP concentration would increase the viscosities of the nanofluids to 2.4cp and 3.9cp,

respectively.
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Table 4.3 — Densities of prepared SiO, nanofluids in ultrapure water at 25°C.

Nanofluid concentration [wt.%] Density at 25 °C [g/cm?]

0 0.9980 +0.0001
0.01 0.9980 +0.0001
0.05 0.9982 +0.0001
0.1 0.9983 +0.0001
0.2 0.9984 +0.0001
0.5 1.0000 +0.0001

As previously discussed, nanofluids may present some instability issues over
several parameters, such as pH, temperature, NPs type and size, and injection time after
preparing. It is important to assure that nanoparticles in suspension are stable in order to
maximize oil recovery in nanofluid flooding. Progressive coagulation and
agglomeration of particles may hinder the potential benefits related to nanofluid
injection. In this context, particle size analyses were carried out for the various SiO>
nanofluid concentrations by dynamic light scattering (DLS) measurements. Fig. 4.11 to
Fig. 4.15 shows the particle size results by intensity for each prepared nanofluid
concentration. These measurements were conducted in triplicates, with the average
hydrodynamic diameters and polydispersity index (PDI) being expressed in the images.
It can be seen that the particle size curves form unimodal distributions regardless of NP
concentration. Moreover, low PDI values were obtained, confirming the homogeneity of
the size distributions. Fig. 4.16 shows a graphical representation of NPs size as a
function of nanofluid concentration. By considering error bars due to triplicates, it can
be seen that the average hydrodynamic of NPs remains constant with concentration. On
the other hand, the average diameter value was around 200nm, being significantly
higher than the 12nm SiO> NP diameter in precursor form. In this context, Li et al. [64]
reported a similar size increase for SiO2> NPs, changing from 7nm diameter in precursor
stage to 158.6nm diameter with DLS in suspension in distilled water. They claimed that
the hydrophilic tendency of NPs and their high specific surface area generally lead to a

size increase of more than 100nm when in suspension in a base fluid.
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Fig. 4.11 — Particle size analysis for 0.01 wt.% SiO> nanofluid by intensity obtained in

triplicates. The average hydrodynamic diameter of nanoparticles and average polydispersity

index (PDI) are also being informed.
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Fig. 4.12 — Particle size analysis for 0.05 wt.% SiO- nanofluid by intensity obtained in
triplicates. The average hydrodynamic diameter of nanoparticles and average polydispersity

index (PDI) are also being informed.
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Fig. 4.13 — Particle size analysis for 0.1 wt.% SiO; nanofluid by intensity obtained in triplicates.
The average hydrodynamic diameter of nanoparticles and average polydispersity index (PDI)

are also being informed.
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Fig. 4.14 — Particle size analysis for 0.2 wt.% SiO> nanofluid by intensity obtained in triplicates.

The average hydrodynamic diameter of nanoparticles and average polydispersity index (PDI)

are also being informed.
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Fig. 4.15 — Particle size analysis for 0.5 wt.% SiO; nanofluid by intensity obtained in triplicates.

The average hydrodynamic diameter of nanoparticles and average polydispersity index (PDI)

are also being informed.
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Fig. 4.16 — SiO; NPs size as a function of NP concentration. It can be seen that the average
hydrodynamic of NPs remains constant with concentration. Error bars represent the standard

deviation values in triplicates.

Following particles-size measurements, zeta potential analysis were carried out to
evaluate nanofluid stability. Zeta potential is an electro-kinetic parameter that may be
determined by the surface charge of particles in suspension in a polar medium.
According to the DLVO theory, the stability of suspensions is directly related to the
magnitude of zeta potential [156]. For high zeta potential absolute values, Van der
Waals forces that aggregate particles are overcome by the repulsion due to their surface
charges. It is accepted that zeta potential absolute values higher than +30mV are
sufficient to promote stability of water suspensions [157]. Fig. 4.17 shows zeta potential
values for the SiO. nanofluids concentrations in neutral pH based on phase analysis
light scattering (PALS) method. Zeta potential values for lower concentrations were
around -30mV, increasing to -40mV for 0.1 wt.% NP concentration and then lowering
to -24mV for 0.5 wt.% NP concentration. Moreover, it can be seen that SiO2 NPs in
water suspension are negatively charged for neutral pH. In this context, silica
nanoparticles may present unsatisfied silicon- and oxygen- surface free bonds when
manufactured. In an aqueous medium, these free bonds are neutralized by H* and OH"

species. The partial or total surface hydroxylation lead to the formation of silanol
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groups [Si(OH)n]. These silanol groups dissociates in pure water through the following

reactions:
=SIOH+0H = Si— 0" + H,0
=SiOH +H* =2 Si — 0H2+ + H,0

Alves and Baldo [157] studied the effect of pH in the zeta potential of silica
nanoparticles. They reported that the isoelectric point (IEP) of SiO, NPs in distilled
water is generally around pH = 2.5. This is the reason why silica nanoparticles are
negatively charged in neutral or slightly acidic pH, as shown by Fig. 4.17. By
considering the error bars associated to the triplicates, it is not possible to identify a
variation tendency of zeta potential with concentration. Also, some NP concentrations
showed zeta potential values higher than the £30mV zeta potential value considered for
stability, while other concentrations showed values lower than this threshold. Therefore,
the confirmation of whether the NPs were considered stable or not by zeta potential

analysis was not possible.
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Fig. 4.17 — Zeta potential for nanofluids in neutral pH based on phase analysis light scattering

(PALS) method. Error bars represent the standard deviation values in triplicates.
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4.4 Interfacial and surface properties

Interfacial tension (IFT) and contact angle (CA) analyses were performed in order
to evaluate the major mechanisms related to SiO; nanofluid flooding. These
measurements were conducted by using the goniometer instrument. For IFT analysis, oil
drops were left pendant in nanofluids in varied concentrations. For CA analysis, the oil
drops were displaced onto the PDMS micromodel surface with nanofluids in varied
concentrations as the external phase. Moreover, IFT measurements were conducted with
and without the addition of biosurfactant, while CA measurements were conducted
without biosurfactant addition due to the surface characteristics of the PDMS
micromodel. IFT and CA measurements for the high NP concentration of 0.05 wt.%
were not obtained due to the lack of optical visualization through the sample Table 4.4
contains a list of the obtained results for IFT and contact angles. The 0 wt.% nanofluid
concentration corresponds to basically base fluid, or base fluid with biosurfactant in the
case of IFT measurement. A 5% error was considered in all obtained measurements due
to the absence of triplicates. Oil drop images related to these IFT and CA measurements

are being shown in the appendix B (Fig. B.1, Fig. B.2 and Fig. B.3).

Table 4.4 — Interfacial tension (IFT) and contact angle (CA) results using the goniometer

instrument. IFT measurements

. IFT [mMN/m] CA[°]
Nanofluid -
. . SiO2 NPs )
concentration [wt. %] SiO, NPs . SiO; NPs
+ Biosurf

0 32.24 12.83 117.1
0.01 28.73 15.15 124.8
0.05 27.59 16.93 126.2
0.1 27.16 15.26 128.2
0.2 28.08 17.15 122.1

The reduction in interfacial tension between oil and injected fluid is an important
mechanism for EOR, especially in surfactant flooding. According to Young-Laplace
equation (Eg. 2), a decrease in IFT generates a reduction in capillary pressure between
fluids, thus mobilizing the trapped oil remaining in some smaller pores and increasing
oil recovery. In this context, the trend that IFT follows with SiO> NPs nanofluid
concentration may be considered as a function of several parameters, such as pH,
salinity, NP size, type of base fluid, composition of crude oil, as many others. Fig. 4.18

shows IFT values for crude oil/nanofluids in varied concentrations with and without
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biosurfactant added. Without biosurfactant, IFT presents a slightly reduction with
nanofluid concentration, from 32mN/m to 27mN/m for 0.1 wt.%. However, the addition
of biosurfactant significantly reduced IFT from 32mN/m to 13mN/m, and then showing
a minor increase with nanofluid concentration. Roustaei et al. [158] reported a IFT
reduction with SiO> NPs and described this mechanism by the energetically favorable
tendency that NPs have to adsorb at a fluid-fluid interface. When nanoparticles replace
water/oil molecules, the new interactions across the interface are now between
hydrophilic complexes and water at one side and hydrophobic complexes and oil at the
other side. Since these new interactions are much stronger than regular water/oil
interaction, the tension across the interface is then reduced. Mohajeri et al. [60] also
reported an IFT reduction with silica NPs and claimed that was due to the formation of
a mixed layer of NPs and natural surfactants existing in the oil, such as asphaltenes and
resins. However, as nanoparticles concentration increases more than a critical value,
natural surfactants in the oil will not be permit to adhere at this interface, leading to a
slightly increase in the IFT between fluids [159]. Eshraghi et al. [160] also emphasized
this increasing IFT behavior with nanofluid concentration due to surfactant replacement.
They reported that the optimum SiO> nanofluid concentration with surfactant was 0.1
wt.%. In this context, Fig. 4.19 shows the oil drop image of the 0.1 wt.% SiO2 NPs with
biosurfactant as external phase. This NP concentration was the one selected to the

secondary and tertiary EOR experiments.
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Fig. 4.18 — IFT for crude 0il/SiO; nanofluids with and without biosurfactant. Without
biosurfactant, IFT slightly reduced with increasing NPs concentration, remaining stable after a
critical value. On the other hand, the addition of biosurfactant significantly reduced IFT from

32mN/m to 13mN/m, showing a minor increase with nanofluid concentration.
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Fig. 4.19 — Oil drop image taken by the goniometer for the nanofluid concentration which was
injected into the micromodel (0.1wt.% with biosurfactant) and its measured IFT value.

Finally, wettability conditions were evaluated for the crude oil/PDMS/
nanofluids systems. As desired in EOR applications, the contact angle in the interface
between a drop of oil and external fluid/rock must decrease towards a more water-wet
condition [161]. When water is the wetting fluid, oil relative permeability is then
increased and capillary pressure decreased. As discussed before, these relationships
between petrophysical properties positively impact oil recovery. Fig. 4.20 shows contact
angle (CA) values for crude oil/PDMS/nanofluids systems. PDMS’s hydrophobicity can
be observed in all nanofluid concentrations, since the CA is higher than 90°. By
considering error bars, the increase in nanofluid concentration showed no impact in
wettability alteration. Generally, wettability changes for PDMS’s microfluidic devices
are achieved by the means of surface modification techniques [162]. The stable wetting
behavior of PDMS with nanofluid can be understood by the absence of electrical
charges on the surface of the polymeric material that would interact with the negatively
charged SiO2 NPs. In fact, most of the literature results of increased oil recovery in
nanofluid flooding by wettability alterations were achieved in glass micromodels or
core samples. Rostami et al. [48] reported a contact angle decrease from ~ 135° to 90°

in a glass micromodel after aged with silica nanofluid for 2 hours. They described this
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mechanism as the adsorption and formation of a nanotexture coating on the oil-wet
surface of glass, altering its wettability state to intermediate wetting, and increasing oil
recovery. Since this wettability behavior was not observed in this study, changes in
fluid-fluid interactions or interfaces must be focused when studying nanofluid flooding

in PDMS micromodels. Additionally, PDMS’s hydrophobicity can be seen in Fig. 4.21.
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Fig. 4.20 — Contact angle values (CA) for crude oil/PDMS/nanofluids systems. PDMS’s
hydrophobicity is being shown for all nanofluid concentrations. Considering error bars, CA
values remained stable with increasing concentration. This stable wettability behavior can be
understood by the lack of electrical charges in the PDMS’ surface, thus not interacting with the

negatively charged silica nanoparticles present in the nanofluid.
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Nanofluid

Fig. 4.21 — Oil drop image taken by the goniometer for the 0.1 wt.% nanofluid concentration
and its measured CA value.

45 EOR experiments

In this work, oil recovery was analyzed in two experiments. The first one
consisted of consecutive injection of brine and SiO2 nanofluids (0.1 wt.% with
biosurfactant) to represent secondary and tertiary recovery processes. Another
experiment was performed to evaluate the effectiveness of nanofluid flooding as
secondary recovery. In the first experiment, four PV of each fluid were injected
consecutively with a constant flow rate of 0.01uL/min, which is similar to conventional
liquid flow velocities in oil reservoirs. In the second experiment, 8 PV of nanofluid
were injected in the same flow rate. Table 4.5 shows the obtained oil recovery factors

for brine- and nanofluid- flooding in the tertiary and secondary recovery experiments.

Table 4.5 — Qil recovery factors obtained by brine flooding and nanofluid flooding in the

secondary and tertiary recovery experiments.

) ) Secondary recovery
Tertiary recovery experiment

o experiment
PV injected - - X .
. . Nanofluid flooding Nanofluid flooding
Brine flooding [%]
(%] (%]
0 0 - 0
1 59 - 74
2 60 - 78
3 62 - 78
4 62 - 79
5 - 64 82
6 - 66 84
7 - 73 84
8 - 74 85
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Fig. 4.22 shows obtained results for the secondary and tertiary recovery
processes. In tertiary recovery, brine injection displaced approximately 62% of oil.
Consecutive brine and silica nanofluid injection recovered approximately 74% of oil,
therefore incremental recovery of nanofluid-EOR process was 12%. Fig. 4.23 and Fig.
4.24 show the coupled images during brine- and nanofluid- flooding in the tertiary
recovery experiment. In order to observe the additional contribution of the nanofluid to
the oil recovery, the images of 6 PV and 7 PV which represented an increase in 7% in
the oil recovery were compared (Fig. 4.25). The white regions represented the areas
where nanofluid invaded, achieving a 7% increase in the oil recovery. Thus, a
considerably difference between brine and nanofluid injection was observed, indicating
the benefit of the nanofluid to oil recovery. It is important to emphasize that the
obtained oil recovery factors for the EOR experiments in a micromodel were
significantly higher than the expected if the same recovery experiments would have
been performed in coreflood or at field-scale. This increase in the oil recovery is related
to the pore dimensions of the micromodel pore-network and the various geologic

processes that were disconsidered during the nano-EOR experiments.
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Fig. 4.22 — Oil recovery performances for brine flooding and SiO, nanofluid flooding (0.1 wt.%

with biosurfactant) as secondary and tertiary recovery experiments in a PDMS micromodel.
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Fig. 4.23 — Coupled images for brine flooding in the first experiment simulating secondary and

tertiary recovery processes.
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Fig. 4.24 — Coupled images for nanofluid flooding in the first experiment simulating secondary
and tertiary recovery processes.
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7PV

Fig. 4.25 -6 PV and 7 PV images of tertiary recovery representing the highest increase of oil
recovery due to nanofluid flooding (7%). White regions shows the nanofluid invasion.
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For secondary recovery, the nanofluid injection displaced 85% of oil, therefore
recovering 11% more oil when compared to tertiary recovery. Fig. 4.26 and Fig. 4.27
show coupled images during nanofluid flooding as secondary recovery. By observing
Fig. 4.22, it can be seen that after 1 PV injected, nanofluid contribution to oil recovery
was almost constant during the experiment. Therefore, the dominant EOR mechanism
related to the SiO2 nanofluid flooding was considered to be IFT reduction (27mN/m to
15mN/m for 0.01 wt.%). No wettability alteration of PDMS has been observed. Li et al.
[163] conducted similar experiments in a dry-etched silica-based micromodel by
injecting SiO2 nanofluids (0.1 wt.%) to displace dodecane (1.36¢cP at 25°C). They
reported a 25% incremental oil recovery by nanofluid injection at the same flow rate of
this work (0.01uL/min), associating the major EOR mechanism to wettability alteration.
A significant IFT reduction has also been reported. Finally, it is believed that the
difference between obtained oil recoveries is related to the different surface chemistries
and interactions between both micromodel materials and injected nanofluids.
Additionally, appendix C contains original flow images, computer-stacked images and
segmented images of both experiments (Fig. C.1 to Fig. C.11). As previously explained,
the stacking imaging process was necessary to account for the presence of entrained air
during the tests, occupying pore spaces that were previously occupied by injected oil. In
fact, a 5% error was considered in oil recovery obtained data due to air migration and

image-processing techniques that were employed to acquire the results.
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2PV 3PV

Fig. 4.26 — Coupled images of 4 PV nanofluid injected in the second experiment as a secondary
recovery process.
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Fig. 4.27 — Coupled images of 8 PV nanofluid injected in the second experiment as a secondary

recovery process.
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5 CONCLUSION AND FUTURE WORK

In this work, a complete procedure to generate varied grain-sorting porous media

and fabricate PDMS micromodels with different designs has been proposed. Moreover,

preparation of silica nanofluids in nanofiltered water (NF90) with and without

biosurfactant addition has been made. Fluid characterization tests regarding particles-

size, zeta potential, interfacial tension and contact angle were performed. Finally, two

nanofluid-EOR processes consisting of secondary recovery and tertiary recovery in a

PDMS micromodel has also been demonstrated. The following results were discussed:

The methodology to generate the pore-networks, design the CAD templates and
fabricate the micromodels has been demonstrated. The micromodel dimensional
characterization showed a high resemblance to the designed micromodel in the
CAD template. Thus, the combined processes of micromilling and soft
lithography on PDMS are effective to reproduce real-rock based micromodels.
Average hydrodynamic diameters analyzed by DLS method showed a constant
behavior in the particles-size with concentration, being in the order of 200nm.
Moreover, zeta potential measurements by PALS method also showed a constant
behavior with NP concentration, although the nanofluids might not be confirmed
as stable in neutral pH (zeta potential absolute values higher than £30mV).

It has not been seen reduction in IFT values for crude oil/nanofluids systems
with increasing NP concentration. On the other hand, the addition of
biosurfactant significantly reduced IFT from 32mN/m to 13mN/m, although an
increase in NP concentration with biosurfactant had no effect on IFT. Moreover,
contact angle measurements for crude oil/PDMS/nanofluids systems were
performed. PDMS showed no wettability alteration when nanofluid was added
or NP concentrations changed. This stable wetting tendency of the polymer is
due to the lack of surface charges to interact with negatively charged SiO2 NPs.
In the tertiary recovery experiment, consecutive brine and nanofluid flooding
recovered 74% of oil. An additional 12% oil recovery was achieved with silica
nanofluid-EOR. In the secondary recovery, nanofluid injection displaced 85% of
oil. It was observed that nanofluids recovered 11% more oil in secondary
recovery when compared to tertiary recovery. The dominant EOR mechanism
was associated to IFT reduction, changing from 27mN/m to 15mN/m for 0.1
wt.% SiO2 NP with biosurfactant.
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According to the multidisciplinary approach of this study, several futures works

arise to address new solutions to issues here observed. Some other options related to

different EOR experiments are also welcomed. The following studies will be suggested:

Different variations in the petrophysical parameters related to the generated
pore-networks. Here, it was discussed aspects related to differences in sorting
and porosity. In contrast, differences in permeability are also interesting.
Anisotropy variations that occur in real-rocks (for example, shale reservoirs)
might be analyzed by performing angular deformation in the generated grains.
Regarding flow experiments, the calculation of the permeability of the
micromodel pore-network is an interesting topic. This could be performed by
installing pressure sensors in the inlet/outlet of the micromodel to obtain the
differential pressure across the pore-network and adjust this value to a flow
equation in porous media for a specific injected fluid and flow regime.

Studies in various EOR methods may be performed in micromodels. When
referring to PDMS micromodels, EOR mechanisms related to fluid/fluid
interfaces are of great importance. Viscous polymer flooding, for example,
would be easily analyzed in various pore-geometries in PDMS micromodels.
Flow assurance studies in PDMS micromodels are also a great topic. In this
context, several undesirable compounds often precipitate in real reservoirs and
hinder production. The physico-chemical process of paraffin or asphaltene
deposition may be analyzed, and also their inhibition by injecting chemicals.
EOR studies in real-reservoir pressure and temperature. The conclusions here
reported were considered in ambient conditions. However, there is a great
opportunity to evaluate information regarding real-field conditions. High-

pressure, high-temperature (HPHT) might also be considered.
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A. Micromodel characterization

In order to characterize the manufactured micromodels, additional 2D and 3D
microscope images have been captured for the selected regions described in the Results
and Discussion section. For example, Fig. A.1 and Fig. A.2 show the 2D microscope
and CAD designed images for the upper right corner of the micromodel pore-network,
Fig. A.3 and Fig. A.4 show the 2D microscope and CAD designed images for the
bottom left corner; while Fig. A.5 and Fig. A.6 show the 2D microscope and CAD
designed images for the bottom right corner. It can be seen that a slightly difference
appears when comparing the 2D to CAD images of these regions. However, this
difference might be due to the differences in size of the line draw from the microscope
to the line in the CAD image. Additional 3D images of these three regions are also
being shown (Fig. A.7, Fig. A.8 and Fig. A.9). It can be observed that the height of the

fabricated micromodel is almost equal to the height of the designed CAD template.
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Fig. A.1 — Micromodel microscope image and CAD image of the selected region in the upper

right corner showing the inner dimensions of the grain.
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Fig. A.2 — Micromodel microscope image and CAD image of the selected region in the upper
right corner showing the inner dimensions of the grain.
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Fig. A.3 — Micromodel microscope image and CAD image of the selected region in the bottom

left corner showing the inner dimensions of the grain.
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Fig. A.4 — Micromodel microscope image and CAD image of the selected region in the bottom
left corner showing the pore dimensions between adjacent grains.
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Fig. A.5 — Micromodel microscope image and CAD image of the selected region in the bottom

right corner showing the inner dimensions of the grain.
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Fig. A.6 — Micromodel microscope image and CAD image of the selected region in the bottom
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Fig. A.7 — Micromodel 3D microscope image of the selected region in the upper right corner.
Two adjacent grains are being represented in blue, while the pore space is represented in red.
The scale bar is in micrometers. The image shows that the fabricated height of the micromodel

(100um) in this region is equal to the designed height (100um).
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Fig. A.8 — Micromodel 3D microscope image of the selected region in the bottom left corner.
Two adjacent grains are being represented in blue, while the pore space is represented in red.
The scale bar is in micrometers. The image shows that the fabricated height of the micromodel

(100pm) in this region is equal to the designed height (100pm).
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Fig. A.9 — Micromodel 3D microscope image of the selected region in the bottom right corner.
Two adjacent grains are being represented in blue, while the pore space is represented in red.
The scale bar is in micrometers. The image shows that the fabricated height of the micromodel

(97um) in this region is almost equal to the designed height (100pm).
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B. Interfacial and surface measurements

Interfacial tension (IFT) images obtained by the goniometer instrument are
being here represented. Fig. B.1 refers to the IFT images for the SiO2 NPs/oil systems
without biosurfactant addition, while Fig. B.2 refers to the same systems including
biosurfactant. Differences in the shape of the oil drops within a system may not be
observed, although a slight difference between the shape of the oil drops without and
with surfactant addition in the NPs can be observed. With biosurfactant (Fig. C.2), the
oil drops are slightly more flattened when compared to Fig. B.1. This behavior is an
indication of reduction in the interfacial tension between the fluid phases. Moreover,
Fig. B.3 shows contact angle measurements for the oil/nanofluids/PDMS systems. By
observing these images, it is not possible to identify a significant difference in the

wetting tendency of PDMS with nanofluid concentration.
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Fig. B.1 — Drop images between crude oil/nanofluids and their associated IFT values obtained

from goniometer measurements.
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Fig. B.2 — Drop images between crude oil/nanofluids with biosurfactant and their associated IFT

values obtained from goniometer measurements.
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Fig. B.3 — Drop images for crude oil/PDMS/nanofluid systems and their associated CA values

obtained from goniometer measurements.
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C. Flow images

Flow images have been captured after each PV injected during the secondary
and tertiary recovery experiments. Regarding the tertiary recovery experiment, Fig. C.1
and Fig. C.2 contain the flow images for brine flooding and nanofluid flooding,
respectively. Fig. C.3 and Fig. C.4 contain the flow images for the secondary recovery
experiment. Stacked images related to tertiary recovery (Fig. C.5 and Fig. C.6) and
secondary recovery (Fig. C.7) are also being shown. Finally, the segmented images for

the both experiments are being represented in Fig. C.8 to Fig. C.11.
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Fig. C.1 — Flow images for brine flooding in the tertiary recovery experiment.

122



Fig. C.2 — Flow images for nanofluid flooding in the tertiary recovery experiment.
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Fig. C.3 — Flow images for 4 PV injection in the secondary recovery experiment.
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Fig. C.4 — Flow images for 8 PV injection in the secondary recovery experiment.

125



Fig. C.5 — Stacked flow images for brine flooding in the tertiary recovery experiment.
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Fig. C.6 — Stacked flow images for nanofluid flooding in the tertiary recovery experiment.
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Fig. C.7 — Stacked flow images for 8 PV injection in the secondary recovery experiment.
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Fig. C.8 — Resulting segmented images for brine flooding in the tertiary recovery experiment
and their associated recovery factors (RF).
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Fig. C.9 — Resulting segmented images for nanofluid flooding in the tertiary recovery

experiment and their associated recovery factors (RF).
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Fig. C.10 — Resulting segmented images for 4 PV injection in the secondary recovery

experiment and their associated recovery factors (RF).
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Fig. C.11 — Resulting segmented images for 8 PV injection in the secondary recovery
experiment and their associated recovery factors (RF).
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