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Abstract

Investigation of CO2 Migration in Saline Aquifers Using RealRock

Microfluidic Experiments

Shadya Taleb RestrepdS in Energy and Earth Resources
The University of Texas at Austigp23

Supervisor:Seyyed A. Hosseini

Over the past decade, reducing carbon dioxide€Rissions has become critical
to tackle climate change and its impacts on human life. While several efforts are being
made worldwide to reduce emission levels, geological carbon storage represents a viable
technology to sequester @@om largescale emission sourcelsat are hard to abate
However, the injection of C£into subsurface porous rocks is a complex process and
understanding multiphase flow processes is critical for the-temmy and shofterm
assessment of the stored £0histhesisfocuses on understandig COz migration at
the pore scale. Synthetic microfluidic models allow precise control of the pore topology;
however, they fail to reproduce rofliid interactions and cannot capture the effects of
heterogeneous mineral distributidruse rearock microfluidic devices made of sandstone
to estimate the saturation of trapped-@Ca brinesaturated porous mediuirfirst present
the micromodel fabrication methodology that combines rock thin sections with
nanofabrication techniques (e.g., soft lithography). Images obtained during the

experiments are used to detect the phase saturation of each fluid in the mitrdimeale
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| obtain capillary pressure curves usitige wettingphase saturationand peripheral
pressure measurementsconducted fluid flow experimentsnder dynamic conditions
usingsandstone samples fro@ranfield Mississippi(Lower Tuscaloosa Formatioand
commercial lab samples Berea sandstorfeom Ohioand used analog fluids to match the
supercritical CQ and brine propertieQur experimental results heavily depend on the
injection flow rate of thewgerritical COz analog; however, fofuscaloosaample, when
normalized with flow rate, theapillary pressureurves collapse into a single trer@ur
experimental results were compared with escale measurement$Vhile the two
techniques successfully compare for the tests conducted here, it is important to consider
the scale of heterogeneities present in the rock. Micromuated capillary pressure
determination is a useful approach when the size of the heterogeneities és #mallthe

micromodel size.
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Chapter 1: Introduction

The reduction of greenhouse gas emissions has become paramount for the public,
governments, industry and scientifilommunity in the past years. Global energy
consumption will increase in the next decades and the use of fossil fuels will satisfy energy
demand growth from emerging and developing economies (IEA, 2021).aGQual
emissions into the atmosphere have increased around 100 times faster compared to typical
nonranthropogenic rates seen during the end of the last ice age (NOAA, 2021). Therefore,
the need to mitigate G@missions is critical for a sustainable energy strategy.

Several efforts are being made worldwide to decr€3eemission levels. These
include the increase in energy efficiency (Brown and Li, 2019), the use of renewable
energies (Panwar et al., 2011), and the recycling of resources (Bostanci et al., 2018). While
these strategies are undergoing continuous development, their applicability tscialeye
scenarios is limited fdvoth,current and projected emission levels. For processes in which
technology has not reached l@mission substitutes yet, GeologicarBon Sequestration
(GCS) is amalternative. GCS is the process of injecting2@®the subsurface for lorg
term and secure storage. Particularly, deep saline aquifers have been proposed as being an
effective option for large scale geological £€orage (Bachu, S. 2003), with field tests
showing the C@storage ability in these systems (Hovorka et al., 2008jle there are
numerous examples of G@ccumulated and stored in fields and in high:@@thane
accumulations(e.g., Sleipner and Frio (Aminu et al., 20}l 7there are no physical
analogues that show the letgrm capacity of saline aquifers to safsigreanthropogenic
COzwhere these is no structural tr@jws, there is a need to study, understand and predict

how the targeinjection zonewill trap theCQO; (Bruant et al., 2002).



GCS is assessed at a lagale and there are different £@apping mechanisms
involved in GCS. These mechanisms are processes that ensure the storage paftes CO
injection (Han et al.,, 2010). The stratigraphic (or structural) trapping is the main
mechanism (also called primary trapping), and it involves the immobilization ef CO
caused by the confinement in a low permeability sequence (Lu et al., 2013). Secondary
trapping mechanisms involve mineral trapping, dissolution trapping, and residuafgapill
trapping (Bakhshian and Hosseini, 2021).

Carbon dioxide storage capacity depends on various physical properties and
processes that happen over different time an
the volume of the reservoir and the effective porositdified bya storage efficiency
factorto provide an upper bound for the amount of.@@t can be stored in a geological
system (Van der Meer, 1995) . The #AG@ynamic ¢
dynamic flow behavioand formation pressure response over injection.timgéhiscase,
the brine volume displaced by the £€@nd porescale displacement efficiency may
drastically affect the amount d€O: stored underground (Riazi et al, 201These
phenomena are controlled by rock and fluid properties such as capillary pressure and
relative permeability.Thus, porescale phenomena play a critical role in t68€;
distribution and flow behavior in the subsurface.

The injection of CQ in saline aquifer formations involves complex multiphase
fluid flow processes. For examplbuoyancy and pressure gradients dri#@; flow,
displagngin-situ fluids {.e.,brine)in the neaiwellbore regior(Kim et al., 2012. Far from
the injection well, viscous forcedecreaseand the interaction of capillary and gravity
forces become dominant (Berg and Ott, 20k2hoth cases, the nametting phas¢COy),

displaces the wettinghase (brine). This type of fluid displacement iswnas drainage
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(Lenormand et al., 1998At somelocations brine returns back into some of the £0
invaded porespacecausing part of that GQo becomeaesidually trapped in the pore space
(Abdoulghafour et al., 2020 this scenario, the wettinghasgbrine)displaces the nen
wetting phase (C¢), a process known as imbibitioBlgnt, 2017. The residual trapping

of the CQ is intimately related to the capillary pressure characteristics of the rock and
fluids. Thus, a reliable capillary pressure must be used to modeb@@ injections at
reservoir scale.

Capillary pressure (Pc) is the pressure difference betweewetting and non
wetting fluid (Gray et al., 2019). In porous media, ippiedominantlycontrolled by pore
geometry, pore siz&ndheterogeneity, and the type of fluids present (Aryana and Kovscek,
2012).When injectedCOz invades the poeeof an aquifer, capillary forces allow only a
fraction of the carbon dioxide to invade the potés, larger pores with lower capillary
entry pressure get invaded first, followed by smaller pores with higlpgitacg entry
pressures, but not all the psiget invaded because of the high capillary pressunech
causes a residual saturation of the brine (Chen, 20ti&)nagnitude of the capillary forces
is determined by the porgze distribution in the rock and consequently, tresidual
saturatiorwill also depend on the ro@nd fluidcharacteristicgTong et al., 2006).

Previous investigations have demonstrated how capillary pressure affects CO
plume migration and storage security. Gershenzon et al. (2016) compar&adiiing in
highly heterogenous reservoirs and observed how the geological heterogeneities at pore
scale control capillary pressure curves and consequently, affect thesdatge
characteristics of the CG@lume. Efforts have been dedicated to develop dynamic models
that capture the impact of the macroscale capillary pressure in geologstdCagye (Kassa

et al., 2020). These advances quantifyx@&pping using modeling and experimental tests
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to support numerical simulation predictions for fut@é, storageprospects in saline
aquifers.

Experimental techniques including cdteoding experiments have been used to
study how the capillary heterogeneity influences the residual trappi@@.oin a brine
saturated system (Krevor et al., 2011), however, visualization at thesqgaeshas been
limited. Micromodels offer direct visualization of the p@®ale processespnetheless
they have been manufactured using engineered materials (e.g., silicon or glass). Sandstone
rock microscopic experiments have not been performed to investigali@ryapiessure
curves measurements in GCS.

This thesis investigates capillary pressure curves by usingspale experiments
through sandstondie microfluidics devices at different injection rates and various
sandstone rocks. This thesis also presents a novel methodology to perform laboratory
experiments on microfluidics devices representative of geologic structures by using real
rocks. Results obtained from thesgyerimentswill allow to characterize and eventually
optimize macroscale capillary pressure estimations by matching experimeuits! et
porescale modeling data. These studies of flow dynamics using microfluidics techniques
and numerical methods play an important role in the development of future subsurface
storage technologies, because they will allow to validate capillaryyoeesslues obtained

to predict multiphase flow migration processes at resesgaile.



Chapter 2: Background and Literature Review

2.1. PREVIOUS MICROFLUIDIC STUDIES FOR GEOLOGICAL CARBON STORAGE
APPLICATIONS

Micromodel devices are synthetic representations of porous media and consist of
pores bodies and potbroats that are designed according to the purpose of each study. The
pattern design determines the size of the pore bodies and the width of thiarpase
(Lenormand et al, 1983). Different patterns have been used in studies that inveledCO
the features change to contribute to the physics of the processes of interest. One of the first
micromodel experiments involving high pressurex@ection, wa developed to evaluate
oil recovery, the study was performed by Campbell and Orr in 1985, they fabricated
homogeneous and heterogeneous patterns etched in glass to evaluate the oil displacement
in the absence of water and in different pore distributions.

CQ: is injected into the subsurface at supercritical conditions; thus; CO
microfluidic studiesrequire high pressure and temperature. Fabrication matamals
sought to emulate these conditions, and test protocols are designed conditkering
objective of the studyluid conditiors,andpore sizeeffects.Table 1summarizeprevious
microfluidics studiedor GCS applications. Althoughhe emphasis is 06CS, most of
these developmert in fabrication techniques and experimental methodologies
developedor EORstudies.

Microfluidics experimentgcludea fluid injection system, imaging equipment and
micromodel devices. Important improvements in imaging, computational sciences and
micromodel fabrication have contributed significaritthythe understanding ofultiphase

CQO: flow and transport phenomemaporous medigArmstrong et al.2016).



Author / Fabrication  Type of Model Size Depth Porosity  Pressure Temperature Avg Injection
Year material study (mm?) (um) (%) (MPa) (°C) rate (mL/min)
Campbell and Orr., 1985 Glass Displacement mechanisms 2,552 200 - 8.3 - 0.011-0.0175
Sayegh and Fisher., 2009 Glass Displacement mechanisms 825 35 65 10 50 0.1-1

Cinar et al., 2009 Glass Invasion patterns 29,205 11 - - - 0.441 6.5

Er et al., 2010 Glass Wettability 1,000 40 - 10.3 - 0.83-2.5
Riazi et al., 2011 Glass Displacement mechanisms 280 50 62 13.8 38 -

Zhang et al., 2011 Silicon Fingering effects 1.47 35 39.87 9 22 0.0016- 0.16
Zhang et al., 2011 Silicon Fingering effects 450 53 39 0.1 22 0.000083 0.125
Buchgraber et al., 2012 Silicon Fabrication technique or disp. 1.51 25 46 0.9 - -

Buchgraber et al., 2012 Silicon CO, dissolution 2500 25 46 7.9 44.4 0.001- 0.1

Kim et al., 2012 Silicon Salt precipitation 200 40 - 8.5 45 0.004

Sell A., 2012 Polymer CO, diffusivity 625 50 - 5 26 -

Wang et al., 2013 Silicon Fingering effects 1.44 35 40 9 41 125

Zuo et al., 2013 Silicon CO, exsolution 37.63 35 35 9 45 -

Kazemifar et al., 2015 Silicon Displacement mechanisms 156.25 30 51 8 23 0.005

Miri et al., 2015 Glass Saltprecipitation 50 350 - 0.1 22 -

Kazemifar et al., 2016 Silicon Displacement mechanisms 156.25 30 50.5 8 40 0.005
Mahdavi et al., 2016 Glass Displacement mechanisms 13500 - 30 2.1 21 -

Porter et al., 2016 Geomaterial Fabrication technique 1219 - - 8.6 50 0.1

Chang et al., 2017 Silicon CQ, dissolution 37.63 35 35 9 40 0.042

Hu et al., 2017 Silicon Wettability 200 40 245 8.5 45 0.48-1

Jafari and Jung., 2017 Glass Contact angle 200 20 8 21 0.0001
Lietal., 2017 Silicon Displacement mechanisms 37.63 51 8 21 0.005- 0.05
Chen, et al., 2018 Silicon Invasion patterns 37.63 30 51 8.6 - -

Fakhari et al., 2018 Silicon Invasion patterns 37.63 30 49.5 8.4 21 0.05-0.25
Chang et al., 2019 Silicon CQO; dissolution 37.63 37 35 9 40 0.0083

He et al., 2019 Glass Salt precipitation 400 45 39.1 10 50 0.1-2

Jafari and Jung., 2019 Glass Contact angle 200 20 - 8 23 0.0001
Nooraiepour et al., 2019 Geomaterial Salt precipitation 6.25 - 30 8 60 20

Seo etl., 2019 Polymer CO;, dissolution - 1500 - 0.1 25 7080

Mahdavi and James., 2020 | Glass Displacement mechanisms - - - 2.1 21 -

Lv et al., 2020 Glass Displacement mechanisms 2342.7 900 30 8 40 0.003- 0.1
Jadhawar et al., 2020 Glass Displacement mechanisms - - - 8.3 - -

Dimou et al., 2021 Resin (3D) Fabrication technique 2 1000 - - - 0.5

Lietal., 2021 Silicon Displacement mechanisms 78.54 30 44 8 21 0.005
Luetal., 2021 Silicon CO, exsolution 44.55 30 32.6 9 50 0.0001- 0.1
Amarasinghe et al., 2021 Glass Displacement mechanisms 358.4 40 61 10 50 0.08 - 0.00017

Tablel:

Published micromodel studies involving €@jection, ordered chronologicallfhe studies areategorized by

study typeand the columns present the properties of the models and flow conditions of eaEmigtstcells correspond to
datathat was not reported.



A few of theCOz sequestration microfluidics studiksted in Table been applied
to the study of CO; storage in saline aquiferfor exampleRiatzi et al.(2011)injected
CQ: as the noswetting phasgdisplacingthebrine (wetting phasei) the micromodel. This
nonwetting fluid injection corresponds taleainage procesSimilarly, otherstudies have
investigated the impact of different pore characteristics by changing gratistiagution
and porosity (Fig.1). For example,Chang et al(2019 studiedCO: injection during
imbibition usingfour different micromodels to evaluate the impact of pore size distribution

onflow behavior

Frequency

0 20 40 60 80 100
Porosity (%)

Figurel:  Porosity values frorthe micromodel devices used in Gjection studies
listed in Table 1

2.1.1. Displacement mechanisms and fingering effects

Understanding how the CQ displaces irsitu fluids (i.e., displacement
mechanismpsandflow fingering effects is crucial for successful and effective GCS. The
efficiency of the displacement mechanism can impact the effectiveness of tho CO
replace the formation in situ fluidas well as the lonterm stability of the storage site

Pore-scalestudies are complementadth corescaleexperiments. Lv et a(2020

combined cordlooding and micromodel experiments to evaluate the effects of
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heterogeneous porositt theporeandcore scale They observed how disordered pore
sizes affect capillary, gravitational and viscous forces. Other studies focused on capillary
and viscousfingering For exampleZhang et al.(2011) fabricated duapermeability
micromodels andnvestigated theransition from capillary to viscous fingering with
increasing flowrate and permeability contragfig. 2). Wang et al(2013 investigated
unstable displacement mechanisms f0O;-water systems at poseale using a
homogeneous silicon device at different continuous and discontinuous injectio hetes
authorsobsenedthat capillary fingering was dominant for the tested injectiorsrateich

resutsin an increase dfappedCO; saturation

£33
ik
i
¥
:.' .,: ':.:
SR
.-E ‘Fy:’a. %

logCa = -4.96 -3.66 -3.36

Figure2:  Liquid CQOe distribution in a duapermeability micromodel at different
injection rates (Zhang et al., 2011)

Sayegh and Fishg2008 developa modelto generate a 2D pore network that
represents a porous med@ntroling grain sizeand shape.Then, the authors used this
model to fabricate glass micromodelwherethey studied theecoveryof oil at high
pressure and temperatutering COz injection and wategas ceinjection. They observed
that fingering was the dominant displacement mechanism in al@dloods and also

observed a higher oil recovery whé€f@, was injected with water vers@O, alone.Other
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study usedjlass beads micromod®l studyCQO: injection(Cinar et al., 2000 In this case,
the authorspositionedtheir micromodel vertically and used a heptaich phase as the
nonwetting displacing phase to investigate the effect of gravitational, viscous and capillary
forces in aCOe-like injection. Riazi et al.(2011) studied CO: injection for both
applications, EOR in depleted oil and gas reservoirs and GCS in saline adulifeys
concluded thasupercriticalCOz has ahigher trapped saturation a¢ive togaseougphase,
andshowedhow solubility trappingcan beenhancd when injecting water afteZOp.

Kazemifar et al(2019 and(2016 published a series of microfluidics experimental
studies concerning displacement mechanismsupercritical CQ (saCOz)-brine system
in a porous matrix. They used Particle Image Velocimetry (PIV) in their studies to capture
interfacial topology and brine velocity fields at paeale. Other studies from the same
series of experiments were performed by Li ef2117) and(2021) (Fig. 3) who used high
speed MicrePlV in their experiments to study flow dynamics at reservoir conditions in

engineered porousructures.

t=0

=L t=100ms 3 ; V [mm/s]

6

t=200ms |

Figure3:  Velocity fieldsof CO displacingwater in a 2D hydrophobic micromodel.
(Li et al., 2021).



Research féorts have also beencenteredon using experiments to validate
computational models. Cheng et dR018 performed heterogeneous micromodel
experiments using a design inspired by a sandstone pore struidtense investigated
whether Lattice Boltzmann simulatisnan reproduce th€O: invasion patterns that was
observed during the experiments for a range of capillary numbers under reservoir
conditions. They found that the simulations represent important qualitative tendencies in
the invasion patterns, although, with some differenceseicondary pathways due to
inertial effects not considerea the simulations.

CQO: injection has also been explored in the context of enhanced oil recovery.
Amarasinghe et al(2021) performed vertical micromodel experiments at reservoir
conditions to understand ha®0Oz convective mixing occurs. They observed how oil had
the tendency to find the easiest path out the porous system vs thevl@€h was most
likely to end up trapped in dead end pores. Mahdavi €2@1.6 also involved gravity in
their experiment$o study the effect ofcarbonated water injectio®VI) on oil recovery,
using glass micromodels positioned horizontally and vertically. Mahdavi and (20263
evaluated the effect of CQOnjection systems on oil recovery using vertical micromodel
(Fig. 4), along with cordlooding experiments and modeling of different £@jection
methods such as CWI and €@ater alternating gas (CQVAG). They observed

advantages of CWI on oil recovery compared to water injection by itself.
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Wat er

Lv et al.(2022 evaluated C®injection in naturally fractured carbonate reservoirs

for GCS They used 2.5D glass micromodels that represented the large andragtuces

as well as the heterogeneity in porosity present in carbonate rocks. Their glass micromodel

was coated with CaCO3 nanocrystals. They observed a higher sweep efficiency and

recovery factor percentage when implementing foams with nanoparticles that conirol CO

mobility. Another micromodel application involving injection and storage ot @O

improve hydrocarbon prodtion was performed by Jadhawar et(@021). They usedh

micromodelto investigate the concurrent €6torage andnethane hydratgas recovery

They observed the hydrate morphology after injecting @@l captured how the GO

molecules replaceshethaneénydrate previously existing inside the glass micromodel

2.1.2. Wettability and contact anglemeasurements.

Wettability influences how fluids interact with rock surfac#sis defined aghe

tendency

of a

f

l uid to
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angle i.e., the angle between a solid and fluid surfates property is directly linked to
the capillary pressure. For example, in more watetr systems the capillary pressure,
particularlythe capillary entrypressureis lower, leading to easier Gihjection. Similarly,
the residual saturation of G@ also influenced by the wettability of the rock, as the water
wet rocks are more affine to be saturated with brirfeus, a better understanding of
wettability can help predict the distribution of €@ the subsurfaceand identify the
potential for trapping,

Er et al. (2010 fabricated micromodelsvith fracturesto investigate Ce@oll
interaction and displacement mechanisms during oil recoVagy created homogeneous
and heterogenous patterns in glass devicstuttythe interaction between the matrix and
the fracture. They observed how the amount of trapped oil changed with different
wettability and miscibility conditions. Fakhari et 2018 investigated wettability effects
at reservoir conditionsvhen CO; invades a watersaturatedsilicon micromodel They
designed the micromodels based sandstoneX-ray CT scars. They compared the
experimental results with Lattice Boltzmann numerical satioihs (Fig5), finding several

porescale features captured in both methods.

(a) experiment (b) simulation

Figure5:  CQzfinal saturation in silicon micromodel vs numerical simulation.
(Fakhari et al., 2018)
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Other porescale experiments involving wettability studies include work by Hu et
al. (2017 who analyzed the impact of wettabilitp ecCC: capillary trapping Theyused
a homogeneous pattern design on sibeaed micromodebndobserved that CQrapping
increases as the solid shifts to less watet (Fig.6). Kim et al.(2012 investigated how
the interactions with scCQffected the wettability of silica, the most common mineral in
sandstone reservoirs. They used silicon micromodels with a homogeysterswhere
grainrswere not touchingachother. They observed sc@€an react with the silica mineral

very fast, changing the wettability of the surface.

water-wet intermediate-wet

Figure6:  Micromodel experiment results for wateet system vs intermediateet.
(Hu et al., 201Y).
Jafari et al(2017 and(2019 measuredtatic and dynamic contact angles in &CO
brine system representing reservoir conditions for geologic carbon storage. They fabricated
glass micromodels with random patterns and measured contact angles for drainage and
imbibition and evaluated the effect of salinity, observing that increasedysatisults in

increased contact angle measurements for specific conditions.
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2.1.3. CO2 dissolution, diffusivity and exsolution

Dissolution, diffusivity, and exsolution studies can help understand factors such as
the temperature and pressure conditions in the reservoir, characteristics of the reservoir
rock, composition of the formation fluids and chemical interactions betwed&tQhand
minerals.For exampleBuchgraber et al2012 studied the dissolution of the GPhase
during the imbibition of brine andbservedlifferent trapping mechanisms depending on
the flow rate.

Another salient example is study by Sell et al(2012 who presented an
experimental methodology to measure on2@@fusivity using micromodels and tested
how the CQ diffusion coefficient changed with changes in pressure and salinity for GCS
applications Theyobserved that high salinity reservoirs will slow down the diffusion rates
and did notdetectsignificant variations when changing pressure. Additional experiment
with carbonated water injection (CWI) using microfluidics experiments, include Zlo et
(2013 who performed C®exsolution studies at reservoir conditions. They fabricated a
silicon micromodel representing sedimentargks, andnjected carbonated water to their
model Then, theydepressurized the system to detdwt exsolved gas phase. They
observed that pore geometry strongly influenced the bubble formation.

In the context of EOR,u et al.(202]) studied CQ exsolution during hufh-puff
at reservoir conditions. They investigated residual oil and migration mechanisms at
different wettability conditions and found that in-wiet conditions, the aqueous phase

blocked throats and formed new pathways causingt@€@ncapsulate.

2.1.4. Brine dry-out and salt precipitation

Salt precipitation and brine drgut studies provide insights of geochemical

reactionsnvolving dissolvedCO, brine, and minerals in the formation. Understanding the
14



mechanisms of salt formation can help develop effechitgyation solutionsin porous
rocksand contribute to safer and more efficient GCS operatieunghermoreit can give
insights about how the salt precipitation can affect the confinement system and seals, and
the ensuing consequences for GCS.

He et al (2019 fabricated a glass micromodel to study brine- @y during scC@
injection which correlates with decrease in injectivity (Rij. They observed how the
wettability of the formation influences the distribution and patterns of salt precipitation
which has a direct impact on G@jectivity. Other salt precipitation experiments include
Miri et al. (2015 who used glass micromodels to study the dynamics of salt precipitation,
observing that salt can be massively precipitated insidep@twas. Nooraiepour et al.
(2019 investigated the effects of GPhase state and injection rate in salt precipitation in

the shale caprock of a geologic carbon storage project

2N e) o:5mL/ min

Figure7:  Crystal structures girecipitated salt inside the micromodel for different
COzinjection rates. (He et al., 2019)
Seoet al.(2019 proposed a methodology to inject sequential water with gaseous
CQOz bubbles to minimize the brine dout and accelerate dissolution. They performed
experiments with polymer micromodels and observed that sequential injection slows down
the brine dryout compared to continuous injection, and it accelerates the rate -of CO

hydration in the brine.
15



Most of the previous studies represent the porous medium as 2D; ho@®ver,
printed micromodelsanoffer a 3D representation of porous structufelimitation in this
3D micromodels is their inability to handiégh pressure and temperataeededor CGS
applications This challengecan be potentiallyovercome either bydeveloping new
materiak in the stereephotolithography processes or using differdiabrication

approachessuch as multdepth glass micromodels
2.1.5. Realrock microfluidic studies in GCS

Fewmicrofluidics studies of C@injection have been performed using geomaterials
instead of transparent materidlSg. 8), as summarizeth the previous sections. These

geomaterials consist of real rock or minetailps.

Micromodel experiments for GCS applications

A
100
o
— 80
o
— |
©
‘é’ 60 &
2@ »
: A Glass
40 1 = A Silicon
& # Polymer
* . .
20 % B & Geomaterial

0 10 20 30 40 50
Pressure (MPa)

Figure8:  Materials used fomicromodel fabrication at different conditions of pressure
and temperature.

16



The studies that usedeomaterial include devices created using a shale rock as
presented by Porter et al. (2010), who developed a micromodel to investigate injection of
scCQ as nonwetting fluid to displace brine in a shale rock device with fractured patterns
(Fig. 9). They imaged a fractured shale rock, and from the obtained -toicrography
images, they created the fracture geometry and-&sbed them in a thick rock slice used
as the micromodel. They also studied fractmagrix interaction with brie imbibition and

three phase flow scC&brine-oil.
Microtomography

Fractured Rock images Laser-etched rock
Core micromodel

=

Figure9:  Steps followed for micromodel fabrication using geomaterials to represent
fractured rocks. (Porter et al., 2010)

Nooraiepouret al. (208) also fabricated lasdractured shale rock micromodels
In this casethey studiedhe influence of C®phase orsalt precipitation These shale

micromodel experiments were performed at reservoir conditions, where the flow occurs

through the fractures and allow the system to be pressure.sealed
2.2.  MICROMODEL DESIGN AND FABRICATION

2.2.1. Micromodel chip design:

Micro-scale experiments have been developed using microscopic technologies that
allow to observe in detail the flow phenomena at the-poade, which in turns affects flow

processes at largscales (Gogoi and Gogoi, 2019). Microfluidics experiments attow
17



directly visualize flow through porecale micromodel devices and facilitate the study of

processes occurring at those scales

2.1.1.1Homogeneous patterns:

Homogeneous patterns have a constant porous structure, where the pore body and
throat are determined by a recurrent geometry. (g Although these constant features
are very different from a real structure, these models are very well suited for displacement

stability and fluid distribution studies (i.e., Wang et al., 2013 and Zhang et al), 2011

FigurelO: Homogeneous micromodel (left) vs heterogeneous micromodel (right)
pattern. The homogeneous micromodel dgsain size of 3.8 mrfor the
large features.

2.1.1.2 Heterogeneous patterns:

Micromodel designs with a geometric heterogeneous pattern, have geometric
features but instead of being constant and recurrent, they can be irregular fodbowing
statistical distribution. The shape of the pore body and throat change, and while they do
not exactly represent the porous media, they can study phenomena acaeallAn

example of a geometric heterogeneous pattern is presented by Sayegh an@G@&h)er (

18



who designed a porous medium pattern using a controlled grain algorithm that placed the

pore-bodies (grains) in an area, and they controlled size, shape and densitiey.(Fig

Figurell: Grains, pore body and pore throat design with a controlled grain algorithm
(Sayegh and Fisher, 2008).

Another example of heterogeneous pattern is-petevorks designed to represent
porous mediaMiri et al. (2015) performed microfluidics experiments to evaluate the
dynamics of porescale salt precipitation using a pattern with features in a network with a
lattice of connected pore bodies that represented the physics of the flow phenomena of an
aqufer.

Patterns that aim to replicate a specific pore network (i.e., sandstones, carbonates)
can be designed based on images obtained from a thin section of the roelayor X
computed microtomography (micro CT) image, converted to a binary image of the
topologicafeatures. Zuo et al. (2013) studied the multiphase flow propert@®gphase
in porous media using a micromodel pattern that represented a low permeability sandstone.
Fig. 12 shows the process of digitalizing and fabricating a micromodel device ftbim a

section image from Mount Simon Sandstone (Berger et al., 2019).
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outlet

Figurel2: Top left: Thin section image from a Mount Simon Sandstone (Berger et al.,
2019). Top right: contour lines of the grains Bottom: Micromodel pattern
with black representing pore space and white representing the grains.

2.1.2. Micromodel chip fabrication - materials and methods:

Fluid flow effects in the subsurface are studied using smalkaore pore throats
represented in the micromodels, therefore, the importance of the resolution of the features
during the fabrication process. These features can have 2, 2.5 or 3 dimensions (2D, 2.5D
and 3D, respectively). The most common micromodels fooysomedia studies remain
2D and 2.5D because of their simple fabrication and imaging compared to 3D micromodels
(Nuske et al., 2015), although these last ones could be used to evaluassgsanore
relevant to complex structureBSor exampleDimou et al.(2021), created a 3D printed
micromodel to study C®dissolution at the porscale for CCS applicationsThe
mechanical stability of thessD micromodelss limited, particularly foisupercritical CQ

operating conditions
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2.1.2.1 Glass and silicon micromofe

Various approaches have been used to fabricatieromodels that allow
visualization of fluid flow through a transparent material such as silicon and glass. Some
of the first micromodels were fabricated using glass beads spheres between two plates to
represent the porous media (Chatenever and Calhd@52).1 These glass beads
micromodels served to demonstrate how transport in soalé systems affect larger
scale fluid displacement phenomena (Chuoke et al., 186&omodel fabrication using
glass beads is a method that is still used for-poate itvestigations. Moebius and Or
(20149 fabricated a micromodel device using glass beads to study invasion events during
drainage. They located their model vertically and evaluated pressure fluctuations, invaded
volume distributions and different geometric pore volume invasions.

Fabrication procedures of micromodels depend on the material. Photolithography
is a method commonly used for glass and siibased models (Fid.3). This technique
consists in pouring a positive (or negative) photoresistamie@viously cleaned substrate
and evenly distributing the liquid using a spin coater. Spin parameters such as revolutions
per minute (rpm) and total time, control the thickness of the photoresist which will affect
the final depth of the pore bodies andtts. The model is then eoged to UV light using
a photomask with the pattern desired, if the photoresist is positive, the unexposed areas
will be hardened; on the contrary, if it is negative, the exposed areas will harden instead,

representing the walls or pore bodies
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Figurel3: Fabrication protocol of microfluidic devices using photolithography for a
positive photoresist
After this process is finished, the substrate can be etched to reach the depth desired.
Fig. 14 shows an image obtained by Scanning Electron Microscopy (SEM) by Buchgraber
et al. (2012. They etched the device to reach depths of 25 um fabricated a silicon
micromodel from a carbonate rock image, creating a-podsity model where they

represented the heterogeneity in porosity.

Figurel4: Etched silicon micromodel with channels with an average depth of 25 um
(Buchgraber et al., 2012)

Someadvantages of lgss micromodelsnclude the low opacityand low cost
compared tailicon. However, the wet etching process presents a high chemical hmazard
this case Conversely siliconbased micromodels are only transparent on one side and
require dry etching which is more expensive. Both glass and shiased are well suited

for high-pressure applications
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2.1.2.2 Polymer micromode

Soft photolithography is another common fabrication method, it is the preferred
techniqgue when using polymeric materials (i.e., polydimethyl siloxane: PDMS or poly
methytmethacrylate: PMMA). This technique builds a mold using photolithography and
the PDMS modes obtained from this mold, thus, multiple models can be fabricated using
the samemold. A difference with silicon or glass substrates is that the photoresist usually
is negative so that the mold prints the positive pattern in the PDMS. Peabaselr
micromodels can be less expensive than silicased have faster fabrication tirsgand
are very transparent. However, they have limitations at high pressure and specific

wettability conditions

2.1.2.3.Realrock micromoded (RRMM)

Existingtechniques for micromodel fabrication usiggomaterials mostly include
fabrication of devices using shales (as discussed previously) or calcite minerals (Song et
al., 2014). with very few studies using sandstone micromodels. This project includes the
development of RRMM for GCS applications. Thare advantages and disadvantages to
using RRMM.

Although micromodels fabricated with geomaterials are not replicable (i.e.,
geometry patterns), there is still the need to use real rock when interested in chemical
interactions between rock and fluids or when interested in maintaining the original
wettablity of the system. Experience with rock micromodels such as shal®ddeas
presentedneverthelesghere is a lack of experiments involving other types of rock such
as sandstone or carbonat®¢hen fabricatingmicromodelswith engineered materials,
expermental procedures are well developed and allow for faster manufactaroantrast

to this, RRMMdo not haveestablished fabricatioprotocols. Furthermorehé use of
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sandstone micromodgi®sesa challenge because of the integrity of the raoknpared to
more consolidated and less permeable samples (i.e., shale rocks or calcite mineral).

The visualization ofluid flow throughRRMM and 3D micromodels is strongly
affected by spherical aberration and requires a very careful procedure in order to obtain
appropriate and representati@® data. Previous studies have used Confocal Laser
Scanning Microscopy (CLSM) to image 3D micromodels pack space (Hassa al.,

2021). This technique &sa laserat a given wavelength &xcite a fluorescent samptae

laser travels along the axial axis of the sample, obtaining insg@sious focal distances

to acquire a finaBD hightresoluton image (Diaspro et al., 2003lthough this imaging
technique has not being used during injection and fluid flow tests, it has proven to be a

reliable tool when characterizing the three dimensional goaee.

2.3. PROJECT DESCRIPTION

This projectis a part ofthe Gulf of Mexico Partnership for Carbon Capture and
OffshoreGeologicStoragf GOMCARB). This Partnership encourages the safe,-i@nm

and economically viable storage©©: offshorein the Gulf of Mexico(Fig. 15).
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Figurel5: In blue:GOMCARB studyregion toassespossible CQstorage sites the
Gulf of Mexicoin theTexas andVesternLouisiana coagtGCCGC 2023.

The purpose of this study is tovestigate capillary pressure curves at different
capillary numbersluring drainage process, for varicsendstone micromodel€apillary
pressure curves are currently obtained experimentally througtilcodeng or using pore
scale modelingCurrently, no established method exists for measuring capillary pressure
during gas/water imbibitignthus, Lun et al, (2023) recommend not using capillary
pressure curves obtained from imbibition prodegsanapaisakt al., 2023)The capillary
pressure curves obtained in this study will provide a new insight when matching the
microfluidics experimental results with modeled capillary pressure valkigs 16

summarizeshe processes involved for every steghronological order.
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Design of Data
RRMM RRMM analysis and Results and

fabrication experiments post- discussion
protocol processing

Figurel6: Researclplan used in this thesis organizedcchronological order.
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Chapter 3: Realrock Micromodel Fabrication Protocol

3.1. DESIGN OF A FABRICATION PROTOCOL TO BUILD RRMM:

To accomplishthe successful fabrication of sandstone micromodeiserous
approachesvere involved.The main restriction of designing RRMM is to create a device
that canstand high pressure and high temperature (HPlHT)e able to inject &0p.
Transparent engineered materials such as silicon, glass, polymers, and 3D printed
structures are commonly used to fabricate microfluidics devitewever, asignificant
limitation of such materials is that thpgrtially represent the porous structure of rocks b
are unable to capture the real rdltkd interaction

As discussed earlier, only a festudies have been performed using real salcle
to challenges during the fabrication process, suchepsatability which leads to not
havingcarefulcontrolof reservoir propertiee(g., porosity, grain/pore size). The majority
of the fabrication protocols using real rock micromodels have been developed for shales
and minerals such as calcite. In tipisject | presentthe challenges and advances in
developing a fabrication technique that involves sandstone micromodels

Initially, different fabrication methodologies were tested, and each technique
presented advantages and limitatiohake 3. The first two methodologiegsingglass
and glassepoxy device hadseaing problems betweethme top and bottom layers with the
thin sectionFlow was preferentially at the top/bottom layehin section interface, rather
than through the porous thin section.

The grainpacked model improved the imaging and allowed the fluid interface to
be visualized when using homogeneous grairssti@vever, his technique has challenges

related tofinding sandstonewith homogeneous grain shapegsing the flow processes
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towards homogeneous samples. Furtherngyeendisaggregatiomlters the structure and
cementation of the rock.

The objective of this thesisis to use a micromodel thatpreserd the rock as
realistcally as possibleTherefore) chose the fabrication approach involviRBMS and
thin sectionsAlthough this methodologgloes not have the resolution neededlisere
fluid interfaces between two fluids, it allowssto see th@verall distribution oflyed fluids
and make saturatioestimatesusing the volume of fluid injectedFurthermore, this
techniqueallows to measure pressure during ithjection processIf suacessful, different

fluid-rock interaction studies could follow, such as, salt precipitation and brireutiry

studies
Device Advantages Limitations
Glass - Could stand HPHT - Sealing between the rock surface and
glass.
Glassepoxy - Could stand HPHT - Sealing between the rock surface and
glass or epoxy.
Grain-packed - Could stand HPHT - Cementation is destroyed when the grains
- Existing fabrication procedures from literatui separated.
that used glass beads
- Good imaging
PDMS - - Existing fabrication procedure from literature - Does not stand HPHT.
Thin section - Imaging allows to see injection of dy#ldids. - Gas injection could be affected due to PDI!
- Sealing and bonding using PDMS. being permeable to gases.
- Size of the device is larger because of the 1
section.

Table2: Advantages antimitations of fabricateanicromodeldevices

There is no previous evidence of studies using sandstone micromodels specifically
for COz injection into saline aquifers. Nevertheless, Singh €R@all7) created a sandstone
fabrication protocol to study two phase flow inside a real rock micromAdemportant
limitation of their methodology is ambient conditions (temperature and pressure)

However, given the previousonsuccessfubttempts to fabricate a HPHT devichis
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project will modify their techniquefor geological carbon storagepplications Fig. 17,

shows the steps followed to fabricate the PDMS RRMM.

Figurel7. Realrock micromodel fabrication procedure

(1) First, I need to obtain a slice of rock from treck plug. (2) Then, polistone
side of the thin sectioantil smooth and adher¢he polished sidé a glass slice using
strong adhesive (e.§upeglue). (3) Cut the rock piece andfsh the second surface of
thethin section(4) Detach the glass from the thin section®8ur liquid PDMS in a mold
to create a channel in which the fluids will mo¢@ Bond the rock to the PDMS and the
two PDMS layers togethe(7) Seal the edges to allow the injected fluidsrtove only
through the rock slice to allow injection of liquid PDMS in the chanhét necessary to

punch multiple holes along the edges of the mpdel to the plasma bonding

3.2. THIN SECTION FABRICATION

| use asandstone rock slias our porous systernm whichfluids will flow through

This slice has to bthicko to maintainthe mechanicaintegrity of the thin sectigrbut also
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