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Propositions
accompanying the doctoral thesis

Interfacial Interactions and Wettability Evaluation of Rock Surfaces
for CO; Storage

by Narjes Shojai Kaveh, 2014

“The value of an education is not the learning of many facts, but the training of the mind
to think something that cannot be learned from textbooks.” -Albert Einstein

The coal rank is the main parameter that controls the degree of pressure dependency of
the pure coal wettability- Chapter 3 of this thesis.

Contact angle variations with time in an unsaturated system cannot necessarily be
attributed to wettability alteration of the surface; it can also reflect changes in bubble
volume due to CO; dissolution in the aqueous phase- Chapter 4 of this thesis.

With dissolution, the bubble size continuously changes, so that a reliable and
reproducible contact-angle determination is not guaranteed. As a consequence, a reliable
contact-angle determination should be conducted using a pre-equilibrated (fully or quasi-
saturated) aqueous phase to eliminate dissolution effects - Chapter 4 of this thesis.

The wetting properties of the surface as a function of pressure can be described by a
surface-free-energy analysis, if a reliable relevant IFT and contact-angle data is available
- Chapter 5 of this thesis.

Polishing the surface in contact-angle experiments is essential to minimize the surface
roughness and by that reducing the hysteresis effect. However, neglecting the surface
roughness in the experiments is too great a simplification of natural rock surfaces, from a
physical point of view.

No experiment is a failure. At least it serves as a negative example.- Prof. Hans Bruining

The best way to check your knowledge about a scientific topic is trying to explain it to
your grandmother.

“Scientific research can reduce superstition by encouraging people to think and view
things in terms of cause and effect.”-Albert Einstein

Sometimes being quiet doesn’t mean confirmation or surrender; it may reflect
disappointment by the level of understanding in your opponent.

These propositions are regarded as opposable and defendable, and have been approved as
such by the promoter, Prof. dr. W.R. Rossen.
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voor CO; Opslag
van Narjes Shojai Kaveh, 2014

“De waarde van een opleiding is niet het leren van veel feiten, maar de training van de
geest om iets te bedenken dat niet kan worden geleerd uit boeken” —Albert Einstein

De inkolingsgraad is de belangrijkste parameter die de mate van drukafhankelijkheid van
de bevochtigbaarheid van pure steenkool bepaald - Hoofdstuk 3 van dit proefschrift.

Variaties van de contacthoek in de tijd bij een onverzadigd systeem kunnen niet
noodzakelijkerwijs worden toegeschreven aan een verandering in de bevochtigbaarheid
van het oppervlak; het kan ook het gevolg zijn van een veranderend gasbel volume
doordat CO; oplost in de water fase - Hoofdstuk 4 van dit proefschrift.

De grootte van een gasbel verandert voortdurend tijdens het oplossingsproces, zodat een
betrouwbare en reproduceerbare contacthoek bepaling niet kan worden gegarandeerd.
Daarom moet de waterfase van tevoren in evenwicht worden gebracht (volledig of quasi-
verzadigd) met het gas om een betrouwbare contacthoek bepaling uit te kunnen voeren,
waarbij oplossingseffecten geen rol spelen — Hoofdstuk 4 van dit proefschrift.

De bevochtigende eigenschappen aan het oppervlak, als functie van de druk, kan worden
beschreven door een oppervlakte-vrije-energie analyse indien betrouwbare en relevante
grensvlakspanning en contacthoek gegevens beschikbaar zijn — Hoofdstuk 5 van dit
proefschrift.

Polijsten van het oppervlak voor contacthoek experimenten is essentieel om de
oppervlakteruwheid te minimaliseren en daardoor het hysterese-effect te verminderen.
Echter, het verwaarlozen van de oppervlakteruwheid in een experiment is een te grote
vereenvoudiging ten opzichte van natuurlijke gesteente oppervilakken in vanuit een fysiek
oogpunt.

Geen enkel experiment is een mislukking. Het kan tenminste dienen als een negatief
voorbeeld.- Prof. Hans Bruining

De beste manier om je kennis over een wetenschappelijk onderwerp te controleren is door
te proberen het aan je grootmoeder uit te leggen.

“Wetenschappelijk onderzoek kan bijgeloof verminderen door mensen aan te moedigen
om na te denken en dingen te bekijken in termen van oorzaak en gevolg.”-Albert Einstein

Soms betekent stil zijn geen bevestiging of toegeven, het kan ook teleurstelling
weerspiegelen in het niveau van inzicht van je tegenstander.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig goedgekeurd
door de promotor, Prof. dr. W.R. Rossen.
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SUMMARY

“Nothing in life is to be feared, it is only to be
understood. Now is the time to understand more,
so that we may fear less.”

- Marie Curie

“If we knew what it was we were doing, it would
not be called research, would it?”
- Albert Einstein

To reduce CO, emissions into the atmosphere, different scenarios are proposed to capture and
store carbon dioxide (CO,) in geological formations (CCS). Storage strategies include CO,
injection into deep saline aquifers, depleted gas and oil reservoirs, and unmineable coal
seams. To identify a secure and proper strategy for CO, injection, the fluid displacement at
reservoir conditions and thus the wettability of the geological formation need to be
understood. Wettability has a strong effect on multiphase rock-fluid interactions and
influences the efficiency of an immiscible displacement in the porous medium, the magnitude
of irreducible water and residual oil saturations, the microscopic fluid distribution at pore
scale in the porous medium, the capillary pressure and relative permeability curves and the
electrical properties of the porous medium. Only a limited amount of literature refers to
wetting properties of sedimentary rocks and minerals at high pressures and elevated
temperatures. Hence, a reliable experimental method to determine the wettability is an
important step towards understanding the physics of this phenomenon.

This thesis is a collection of experimental work on rock-fluid interactions and wettability
behavior of the rock surface related to CO, storage. The captive-bubble technique is used to
evaluate the wetting properties of different rock surfaces in the presence of CO, and/or
synthetic flue gas. To mimic the in-situ conditions, experiments are performed at high
pressures and elevated temperature (up to 16 MPa and at 318 K). In Chapter 2 further details
of the method, experimental set-up and procedure are provided.

In Chapter 3 wetting properties of two coal samples with similar vitrinite content are
evaluated as well as the effect of pressure and coal rank. The wettability of the coal is a
function of coal rank, maceral content, ash content, heterogeneity of the coal surface,
pressure, temperature and gas phase composition. This thesis shows that for reliable contact-
angle determination the experiments should be conducted in fully—saturated aqueous phase, in
order to minimize the effects of CO; dissolution on the wetting properties and changes of the
aqueous phase composition. These criteria were not considered before in literature.

Dissolution of CO; in (immobile) formation water is one of the most important mechanisms
to (permanently) store CO, (solubility trapping). Moreover, for most practical situations the
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pressure and temperature conditions are such that dissolution of CO; in the formation water
will increase the density of the formation water. This further enhances the storage capacity.
However, dissolution is generally negatively correlated with salinity, and dissolution of CO,
lowers the IFT of CO,/water systems. Therefore, understanding of the wettability and
dissolution behavior and the interplay with IFT is of importance for displacement behavior
and storage capacity. In Chapter 4 interfacial interactions and IFT between the gas phase and
aqueous phase are studied at various pressures. Also, wetting properties of Bentheimer
sandstone rock are investigated with an unsaturated aqueous phase, representing the short-
term behavior, and with a saturated aqueous phase representing the long-term behavior. In
addition, the dissolution behavior and mass transfer of a CO; bubble in a water/Bentheimer
sandstone system are determined at various pressures.

Chapter 5 describes the contact angles, i.e. wettability, in systems with water, an oil-
saturated rock, and carbon dioxide and/or synthetic flue gas. Two situations are considered:
rock-system 1| is partially water-wet, whereas rock-system Il is effectively oil-wet. For oil-wet
rock, CO, must overcome a capillary barrier to invade the rock matrix in order to be able to
displace the oil in a secondary drainage process. If the rock wettability alters from oil-wet to
gas-wet, a positive value of capillary pressure is established. Therefore, the injected CO, will
spontaneously imbibe from the fractures into the matrix blocks and oil will be expelled. This
thesis shows that CO, can become the wetting phase for an oil-wet Bentheimer sandstone.

In addition, to describe the wetting properties of the surface as a function of pressure, a
surface-free-energy analysis is used based on an equation of state (EOS). Following this
approach, a modified equation of state is proposed in Chapter 5 to describe the contact angle
of a liquid/gas/solid system at various pressures. The use of the equation of state method
makes it possible to approach the experimental data quantitatively, if a number of reliable
contact-angle and interfacial-tension measurements are available for a system of interest.

Finally, Chapter 6 presents the overall conclusions of this project and an outlook for further
work.

In this research, contact-angle determinations were performed using natural rock surfaces,
which were not treated chemically. The output of this study is a step forward in understanding
the displacement behavior of multiple phases in reservoirs. The results presented in this thesis
can be used as input parameters in reservoir simulations dealing with CO, or flue gas storage.



SAMENVATTING

"Niets in het leven moet worden gevreesd, het
moet alleen worden begrepen Nu is de tijd om
meer te begrijpen, zodat we minder hoeven te
vrezen. "

- Marie Curie

"Als we wisten waar we mee bezig waren, zou
het geen onderzoek worden, of wel?"
- Albert Einstein

Om de COs-uitstoot in de atmosfeer te verminderen, worden verschillende scenario's
voorgesteld voor kooldioxide afvang en opslag in geologische formaties (CCS).
Opslagstrategieén zijn onder andere injectie van CO, in diepe zoutwater aquifers, uitgeputte
gas- en oliereservoirs, en niet-ontginbare gasvoerende steenkoollagen. VVoor het vinden van een
veilige en goede strategie voor CO, injectie moet de vloeistofverplaatsing onder
reservoircondities en daarmee de bevochtigbaarheid van de geologische formatie worden
begrepen. Bevochtigbaarheid heeft een sterk effect op meer-fase gesteente/vloeistof interacties
en beinvloedt de efficiéntie van een niet-mengbaar verplaatsingsproces in het poreuze medium,
alsmede de grootte van niet-reduceerbare water en rest-olie verzadigingen, de microscopische
verdeling van de vloeistof op de porieschaal binnen het poreuze medium, de capillaire druk met
de gerelateerde relatieve permeabiliteit curven en de elektrische eigenschappen van het poreuze
medium. Slechts een beperkte hoeveelheid literatuur verwijst naar de bevochtigende
eigenschappen van sedimentaire gesteentes en mineralen bij hoge drukken en verhoogde
temperaturen. Vandaar dat een betrouwbare experimentele methode om de bevochtigbaarheid
te bepalen een belangrijke stap is richting het begrijpen van de fysica van dit fenomeen.

Dit proefschrift is een beschrijving van experimenteel werk over gesteente-vloeistof interacties
en bevochtigbaarheidsgedrag van het gesteente-oppervlak in relatie tot CO,-opslag. De captive-
bubble techniek wordt gebruikt om de bevochtigingseigenschappen van verschillende
gesteente-oppervlakken te evalueren in de aanwezigheid van CO; en/of rookgas. Om de in-situ
omstandigheden na te bootsen, worden experimenten uitgevoerd bij hoge druk en verhoogde
temperatuur (tot 16 MPa en bij maximaal 318 K). In Hoofdstuk 2 wordt nadere informatie
verstrekt over de methode, experimentele opzet en procedure.

In Hoofdstuk 3 worden bevochtigende eigenschappen van twee kolen monsters met een
vergelijkbare vitriniet reflectie geévalueerd samen met het effect van de druk en de
inkolingsgraad. De bevochtigbaarheid van de kolen is een functie van de inkolingsgraad,
maceraal inhoud, as-gehalte, heterogeniteit van het steenkooloppervlak, druk, temperatuur en
gas-fasesamenstelling. Dit proefschrift blijkt dat experimenten moeten worden uitgevoerd in
een volledig verzadigde waterfase om de effecten van CO; ontbinding op de
bevochtigingseigenschappen en tevens de veranderingen van de waterfase te minimaliseren.
Deze criteria zijn niet eerder overwogen in de literatuur.
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Oplossing van CO; in (immobiel) formatiewater is een van de belangrijkste mechanismen om
(blijvend) CO; op te slaan. In praktijk zijn de in-situ druk en temperatuur zodanig dat door
sorptie van CO, in het formatiewater de dichtheid van het formatiewater zal toenemen; dit
verbetert de opslagcapaciteit. Echter, oplossing is in het algemeen negatief gecorreleerd met het
zoutgehalte en verlaagt de grensvlakspanning van CO,/water systemen. Derhalve is begrip van
het bevochtigbaarheids- en oplosgedrag en de wisselwerking met de grensvlakspanning van
belang voor het verplaatsingsgedrag en de opslagcapaciteit.

In Hoofdstuk 4 worden, bij verschillende drukken, grensvlak-interacties en de
grensvlakspanning tussen de gas- en waterfase bestudeerd. Ook de bevochtigende
eigenschappen van Bentheimer zandsteen met een onverzadigde waterfase worden bestudeerd.
Deze studie vertegenwoordigt het Kkorte-termijn gedrag. Zij wordt vergeleken met een
verzadigde waterfase die het gedrag op lange termijn vertegenwoordigd. Bovendien worden het
oplosgedrag en massaoverdracht van een CO; luchtbel in een water/Bentheimer zandsteen
systeem bepaald bij verschillende drukken.

Hoofdstuk 5 beschrijft de contacthoeken, d.w.z. de bevochtigbaarheid, in systemen met water,
een met olie verzadigd gesteente, en met kooldioxide en/of synthetische rookgas. Twee
situaties worden beschouwd: gesteente-systeem | dat gedeeltelijk water-bevochtigd is, terwijl
gesteente-systeem |1 effectief olie-bevochtigd is. VVoor olie-bevochtigd gesteente moet CO, een
capillaire barriere overwinnen om de gesteente-matrix binnen te dringen om de olie te kunnen
verplaatsen in een secundair drainage proces. Verandering van de bevochtigbaarheid van olie-
bevochtigd in gas-bevochtigd zal een positieve waarde van capillaire druk tot gevolg hebben en
het geinjecteerde CO, zal spontaan vanuit de scheuren in de matrixblokken worden opgenomen
en de olie vervangen en verdringen. Dit proefschrift toont aan dat CO, de bevochtigingsfase
voor een olie-bevochtigde Bentheimer zandsteen kan worden.

Om de bevochtigende eigenschappen van het oppervlak te beschrijven als functie van de druk
wordt een oppervlakte-vrije-energie analyse gebruikt op basis van een toestandsvergelijking.
Met deze benadering wordt een gemodificeerde toestandsvergelijking voorgesteld in hoofdstuk
5 om de contacthoek van een vloeistof/gas/vaste stof te beschrijven bij verschillende drukken.
Het gebruik van de toestandsvergelijkingsmethode maakt het mogelijk om de experimentele
gegevens kwantitatief te benaderen, indien aan een aantal betrouwbare metingen van
contacthoek en grensvlakspanning beschikbaar zijn voor een gedefinieerd systeem.

Hoofdstuk 6 geeft tenslotte de algemene conclusies van dit project en de suggesties voor
verdere werkzaamheden.

In dit onderzoek zijn contacthoek bepalingen uitgevoerd voor oppervlakken van natuurlijk
gesteente die niet chemisch zijn behandeld. De uitkomst van dit onderzoek is een stap
voorwaarts in het begrijpen van het verplaatsingsgedrag van meerdere fasen in reservoirs. De in
dit proefschrift gepresenteerde resultaten kunnen worden gebruikt als invoerparameters in
reservoirsimulaties voor opslag van CO, of rookgas.

xii



CHAPTER 1

Introduction

1.1. GENERAL INTRODUCTION

Over the last decades, concerns about greenhogsengasions and global warming have
been risen [1], as greenhouse gases increase #ragavtemperature of the earth. The
greenhouse effect is a natural phenomenon and wtithese gases the average temperature of
the earth’s surface would be abouf@GZolder than the current average of41-3]. One of

the main concerns deals with the influence of hutyam this effect as a result of man-made
greenhouse gas emissions. Also, the potential tdimansequences of these emissions are
under scrutiny. Since the beginning of the indastevolution in 1750, the burning of fossil
fuels has grown exponentially as a result of ther @wcreasing worldwide energy demand. At
present, 40% of the GOn the atmosphere can attributed to the burnintpsdil fuels. CQ
emissions produced by human activities, commonigrred to as anthropogenic emissions,
have led to an increase in the atmospheric €@nhcentration from 280 ppm in 1750 to
392.6 ppm in 2012 [4].

To control CQ emissions different options are proposed, suclediscing the consumption of
carbon-based fuels, using carbon-free energy ssueg., solar power, wind power and
geothermal energy, and capturing and storing cadiaxide (CQ) in geological formations
(CCS). Storage strategies include £@ection into deep saline aquifers [5, 6], (depdh gas
and oil reservoirs [7-10], and unmineable coal se@§bi] (Fig. 1.1. [1]). Even though the
volumetric CQ storage capacity is the highest in aquifers, G@rage by means of GO
enhanced gas and oil recovery (FEXGR and CQEOR) or, potentially, enhanced-coal bed
methane recovery (ECBM) could be more economicaliyple. CQ storage in depleted or
almost depleted gas/oil reservoirs is an attractipgon for CQ storage, because gas/oil
recovery (EGR/ EOR) is enhanced, the undergroumidsanface infrastructures are already
available and the knowledge of the reservoir isegextensive due to the data acquired during
the exploitation stage [12].

Table 1.1 summarizes the estimations of storagaatigpof the geological options with their
highest level of maturity. The storage capacityludes storage options which are not
economical [1].
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Table 1.1. Estimation of storage capacity of the geological storage options[1]

f i Highest level
StErpEiien Lower estimate of Upper estimate of 9
storage capacity (Gt CO,) storage capacity (Gt CO,) of maturity
. ' Economically feasible
* *
Oil and gas fields 675 900 under specific conditions
Unmineable coal 315 200 Demonstration phase

seams (ECBM)

Deep saline

aquifers 1000 Uncertain, but possibly £0 Economically feasible

under specific conditions

* Would increase by 25% by including ‘undiscovered’anid gas fields in the estimation.

Overview of Geological Storage Options: - P e i gas' '

1 Depleted oil and gas reservoirs

2 Use of CO; in enhanced oil and gas recovery SO

3 Deep saline formations — (a) offshore (b) onshore Shored €0
4 Use of CO; in enhanced coal bed methane recovery

Figure 1.1. Geological storage strategies overview [1]

1.2. STORAGE MECHANISM S

CO; injection in deep geological formations, such @&gas reservoirs and saline aquifers,
uses the same technologies developed in the oigasdndustries, like drilling and injection
technologies, reservoir simulation and field momitg. In depleted or almost depleted
reservoirs the knowledge of the reservoir acquitkding exploitation stage and the
underground and surface infrastructure are mostylable.
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In deep saline aquifers and oil/gas reservoirs, @§ection takes places at depths of over
800 m (Fig.1.1), where C{s in a liquid or supercritical phase. Here, £d2nsity is about
50% to 80% of the water density, which makes itenouoyant than other liquids present in
the pore space [1]. Therefore, £Qenetrates through the porous medium until itlreadhe
top of the formation where it is trapped by an impeable layer of cap-rock
(structural/stratigraphic trapping). The cap-rosksupposed to act as the primary seal to
prevent undesirable migration and leakage [13]. eleaw, capillary leakage occurs when the
pressure in the C&rich phase increases above the capillary pressiutee cap-rock. This
pressure is the minimum required pressure to teitiae displacement of brine within the cap-
rock.

A part of the CQ moves through the porous medium and displacesvasdluid from the
pores. Some of the G@emains in the pore spaces as residual bubbleshvane immobile
(residual/capillary trapping).

Other trapping mechanisms are mineral trapping &€ reacts with minerals in the rock,
and solubility trapping, where GQdissolves in the aqueous phase. In general, difter
trapping mechanisms occur simultaneously [14-16].

At shallower depths than oil/gas reservoirs antheaquifers, another type of trapping can
occur, namely the adsorption of €@nto coal or organic-rich shale, thereby replacing
methane. In this case, as long as pressures apetaiures are stable, @@mains trapped.

1.3. FLUE GASINJECTION

Power plants are one of the major sources of @@ission. The emitted flue gases mainly
consist of nitrogen and G@Table 3.1) [17]. For depleted gas reservoirs amifers, CQis
separated from the flue gas prior to its injectfon storage. This makes the process less
energy efficient. Direct injection of flue gas intoreservoir eliminates the need for £O
separation prior to its injection into the fieldeWertheless, flue gas injection can reduce the
structural trapping capacity for GOwhich is undesirable for CCS volume efficiency. |
ECBM, however, this process would be interesting @onomically favorable since the flue
gas strips methane, i.e. €@nd toxic contaminants get adsorbed at the ca&hw while
nitrogen and methane are produced. However, tleetion of flue gas in coal seams causes
the displacement of COby N, [18], early breakthrough of the nitrogen [19], and
contamination of the methane-production streaminfdement this method on a field scale,
this process needs to be investigated in moreld2€4i

1.4 WETTABILITY AND CCS

In reservoir engineering, it has been well recoggizhat interfacial interactions, i.e.
wettability, capillarity, interfacial tension andlative permeability, control the flow behavior
and the displacement in porous media. These foranpeters are interrelated and used as
input parameters in reservoir simulations (Fig,).1Farticularly, surface rock wettability and
interfacial tensions between two immiscible fluileave been recognized as the most
important factors determining the residual sataorgtihe capillary-pressure and the relative-
permeability functions [21-23].



Introduction 4

Interfacial Tension (IFT) -

v
Wettability, Contact Angle (8)

- i

Capillary Pressure <
L
> Relative Permeability <€

Reservoir Engineering Modeling

Figure 1.2. Interfacial interactions which control the flow behavior in porous media [21].

Wettability describes how immiscible fluids adheoethe rock surface and influences fluid
flow. The fluid distribution in water-wet rocks sgnificantly different to that in oil/gas-wet
rocks. In oil/gas-wet rocks, oil/gas wets the scefaf the large pores and occupies small
pores. Any reduction in IFT decreases capillaryspuee and increases the capillary number.
This causes the easier displacement of trappeghsilthrough the pore spaces. This means
that the process of GGstorage in geological formations is influenced das-liquid-rock
interfacial interactions [24-26]. The relation beem the interfacial interactions (interfacial
tension, capillarity and wettability) is represeht®y the Young-Laplace equation:

P, = By — By = 2Y4q,c0,€0S 0/R (1.1

whereP; is the capillary pressur®,,, andP,, are the pressures in the non-wetting and wetting
phase, respectivelyaqco: Is the interfacial tension between the aqueousehad the C&-

rich phaseR is an effective pore radius corresponding to theawest pore throat along the
entire CQ flow path [13], andé is the contact angle related to reservoir weiitgbil
(determined through the densest phase, here tleasphase). The capillary pressure can be
positive or negative, depending on the wetting phas. whether the contact angle is smaller
or greater than 90°. Capillary trapping occurs wii€h is immobilized in the rock pores by
capillary forces. This process depends on the Wiéitiaof the rock, the interfacial tension
(IFT) between the C&rich and the aqueous phase (brine) and the ppeedistribution
(Eqg. 1.1) [27, 28].

1.5.WETTABILITY AND CONTACT ANGLE DETERMINATION

Wettability of reservoir rocks is determined by amplex relationship of interfacial
interactions between the rock, composed of a wiaéety of minerals, and the reservoir



Chapter 1 5

fluids that occupy the irregular pore space. Experitally, the wettability is only determined
in the laboratory because no experimental methagtseforin-situ measurements. Different
techniques, either quantitative or qualitative,dhédeen developed to evaluate the wettability
of a rock-fluid system, namely the Amott test, thes. Bureau of Mines (USBM) test, and
contact-angle measurements. The Amott and USBM adsthive a quantitative value of the
wettability of a core only at atmospheric condisoThe contact-angle method allows the
determination of the wettability of a specific agé also at high pressures and elevated
temperatures [29]. To avoid complications due tdase roughness and heterogeneity during
the experiments and data processing, the experandatermination of the contact angle is
commonly conducted on idealized and polished sasgfacAlthough the wettability
determination on a polished or rough surface leadan ‘apparent contact angle’, this
apparent contact angle is a good representativee @l the average wettability of the real
surface. Therefore, experimentally determined adrdagles are widely used to characterize
the wettability of complicated systems, in partagulat high pressures and elevated
temperatures [13, 28, 30].

For the characterization of the surface wettabiijy means of the contact angle, Young's
equation is applied:

Yiw X €0SOy =Yg, — Va1, (1-2)

wherey,,, v, andyg; are the interfacial tensions or surface energidsvden the aqueous
phase and the gas phase, the solid and the gas, [@makthe solid and the aqueous phase,
respectively, anddy is the Young’s contact angle, which is a uniquetact angle at
equilibrium and is determined through the densastl fphase. Commonly, the product
Y X cosf refers to the adhesion force [31], which is usedeservoir engineering for the
calculation of the capillary number. Based on thpiliary number, the residual saturations
and relative permeabilities are determined [32].

However, in practice, many metastable states ebplet/bubble on a solid exist, which might
lead to an inequality of the experimentally deteradi contact angled, with the Young's
contact anglefy. In general, the contact angles formed by expandimd contracting a liquid
droplet/gas bubble are described as the advancn@ga angled, and the receding contact
angle 6;, respectively. Differences in the receding andaading contact angle result from
surface roughness and/or heterogeneity.[BBg difference between the advancing and the
receding angle is called the contact angle hysge(d}:

H=6,-6, (1.3)

On ideal surfaces, there is no contact angle hgsterand the experimentally determined
contact angle is equal to Young’s contact angjle,

The contact angle between the three phases detgminether a reservoir rock is water-wet
(0<75), intermediate-wet (750<105) or oil/gas-wet §>105). The contact angle can be

experimentally determined in a pendant/sessile dedipthat is adapted to allow the analysis
of a captured bubble/sessile drop at a rock surfébe contact angle method is based on
image analysis of high-resolution photographs @& thioplet/bubble on the rock surface

(Chapter 2).



Introduction 6

1.6. RESEARCH OBJECTIVESAND OUTLINE OF THE THESIS

To identify a secure and proper strategy for,@@d flue gas injection, the fluid displacement
at reservoir conditions and thus the wettability tbé geological formation need to be
understood. For instance, gas-wet cap-rock hagyleehirisk of CQ leakage due to lower
capillary pressures [34]. In literature, many deé@ be found regarding GQtorage with
focus on geochemical modeling, reservoir simulationg-term reservoir integrity and risk
assessment [14, 35]. Only a limited amount of ditere refers to wetting properties of
sedimentary rocks and minerals at high pressurdsbavated temperatures [28, 30, 36-39].
Hence, a reliable experimental method to deterntiiree wettability is a big step towards
understanding the physics of this phenomenon.

This thesis is a collection of experimental worktbe wettability behavior of the rock surface
of different rank coals, Bentheimer sandstone ahdaburated sandstone, in the presence of
CO, and/or synthetic flue gas (80%,/R0% CQ). In addition, interfacial interactions
between the gas phase and aqueous phase are satidiadous pressures. To mimic the
in-situ conditions, C@experiments are performed at high pressures awvateld temperature
(up to 16 MPa and at 318 K). Data on the contagteaare obtained for the evaluation of the
wettability of different rock types because:

1. Data of contact angle and interfacial tensiontipalarly in the pressure range where
CQO, is a supercritical phase, are significant forelialuation of the capillary trapping
(Eq. 1.1) and,

2. When dealing with supercritical GOwetting properties cannot be determined by the
Amott-USBM method due to the fact that this metbadnot be used at high pressure.

To determine the contact angle, experiments areuwiad for different compositions of the
aqueous phase, i.e. fully saturated and unsatuvetbdrespect to C® For the unsaturated
aqueous phase, the injectivity and the gas digtabun the reservoir are influenced not only
by matrix properties but also by the diffusion d£nto the aqueous phase. However, after
saturation of the aqueous phase, the gas distibusi mainly determined by the wetting
properties of the rock. Additionally, before thethw can be used in a field case, it is also
important to evaluate the dissolution effects amel wettability for short and long periods.
This can be done by conducting experiments withrasaturated aqueous phase, representing
the short-term behavior, and with a saturated aggiquhase representing the long-term
behavior. To evaluate the wetting properties okrsgrfaces the captive-bubble technique is
used. The method, experimental set-up and proceshurgell as image analysis method are
explained in Chapter 2.

1.6.1. PART |: CO,- ENHANCED COAL BED METHANE

Coal seam storage commonly takes place at deptasevelupercritical C®Osorbs to coal as a
substitute gas for methane. The feasibility of finscess is largely influenced by the fracture
and matrix permeability of the coal bed and thetakglity of the coal matrix. The wettability
of the coal is a function of coal rank, maceralteoty ash content, heterogeneity of the coal
surface, pressure, temperature and gas phase dtiompoghis thesis shows that for reliable
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contact-angle determination the experiments shbaldonducted in fully—saturated aqueous
phase in order to minimize the effects of LC@issolution on the wetting properties

investigation and changes of the aqueous phase asitigm. These criteria were not

considered before in literature. In Chapter 3 wgttproperties of two coal samples with
similar vitrinite content are evaluated as weltlas effect of pressure and coal rank.

For the CATO-2 program, the outputs of this chaptetlude deliverables for work
packages 3.2 (reservoir behavior).

1.6.2. PART II: AQUIFERS AND DEPLETED GASRESERVOIRS

For a brine-saturated cap-rock, which consists ofow-permeability porous material,
interfacial tension and contact angle data arestheificant parameters for the evaluation of
the capillary-sealing. Also, the amount of capytenrapped CQ depends on the wettability of
reservoir rocks. The wettability of the rock mathas a strong effect on the distribution of
phases within the pore space and thus on the esispdacement mechanism and storage
capacity. Hence, reduction of the interfacial tensflIFT) may result in the mobilization of
connate water (capillary trapping). In additiorsstilving CQ in (immobile) formation water

is one of the most important mechanisms to (permify)estore CQ (solubility trapping).
Moreover, for most practical situations the pressamd temperature conditions are such that
dissolution of CQ in the formation water will increase the densifytloe formation water.
This further enhances the storage capacity. Howedissolution is generally negatively
correlated with salinity, and dissolution of ¢@wers the IFT of C@water systems.
Therefore, understanding of the wettability andsdistion behavior and the interplay with
IFT is of importance for displacement behavior @takage capacity. In Chapter 4 wetting
properties of Bentheimer sandstone rock are inyatstd with an unsaturated aqueous phase,
representing the short-term behavior, and with taraeed aqueous phase representing the
long-term behavior. In addition the dissolution &gbr and mass transfer of a €ubble in

a water/Bentheimer sandstone system are deterratnedious pressures.

For the CATO-2 program, the outputs of this chaptazlude deliverables for work
packages 3.2 (reservoir behavior).

1.6.3. PART IIl: OIL RESERVOIR

Wettability has a significant effect on the perfamoe of enhanced oil recovery techniques
because of its effect on fluid saturations and flm®iavior in porous media. For oil-wet rock,
CO, must overcome a capillary barrier to invade thekreatrix in order to be able to
displace the oil in a secondary drainage procéskelrock wettability alters from oil-wet to
gas-wet, a positive value of capillary pressurestablished. Therefore, the injected Gl
spontaneously imbibe from the fractures into thdrimalocks and oil will be expelled.
Chapter 5 describes the contact angles, i.e. wiglyain systems with water, an oil-saturated
rock, and carbon dioxide and/or synthetic flue gaso situations are considered: rock-
system | is partially water-wet, whereas rock-gystkis effectively oil-wet.
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In addition, to describe the wetting propertiestlod surface as a function of pressure, a
surface-free-energy analysis are used based omuatien of state (EOS). Following this
approach, a modified equation of state is proposediescribe the contact angle of a
liquid/gas/solid system at various pressures. ¥eeai the equation of state method makes it
possible to approach the experimental data quéaétg, if a number of reliable contact-
angle and interfacial-tension measurements aréad@ifor a system of interest.

For the CATO-2 program, the outputs of this chaptetlude deliverables for work
package 3.5 (additional benefits of £i@jection: CQ/EOR).

Note from the author

The chapters of this thesis are stand-alone joupuodilications and hence can be read
separately. Accordingly, some explanations andgrapis may appear more than once.
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CHAPTER 2

Contact-Angle Determination with the Captive

Bubble Method: Experimental Procedure

This chapter describes the captive-bubble technilyakeis used in this study to evaluate the
wetting properties of rock surfaces. The methodndpet-drop set-up, experimental
procedure, and image analysis method are explaieed

2.1. INTRODUCTION

The wettability of reservoir rocks is determined &ycomplex relationship of interfacial
interactions between the rock, composed of a wiglgety of minerals, and the reservoir
fluids that occupy the irregular pore space. Expernitally, wettability is only determined in
the laboratory because no experimental method sefistin-situ measurements. Different
techniques, either quantitative or qualitative,dhédeen developed to evaluate the wettability
of a rock-fluid system, namely the Amott test fthe U.S. Bureau of Mines (USBM) test [2],
and contact-angle measurements [3].

The difficulty with the Amott test arises when thgontaneous imbibition is low, i.e. if the
rock surface is characterized by an intermediatdabiity. The USBM method gives the
average core wettability by determination of theaarunderneath the positive and negative
capillary pressure curves. The advantage of thihodeover the Amott method is that allows
one to also quantify wettability of surfaces whane intermediate wet. However, the USBM
method cannot be used to distinguish between diftetypes of intermediate wettability.
Additionally, the Amott and USBM methods determihe average wettability of a core at
atmospheric conditions. However, the contact-angéhod allows the determination of the
wettability of a specific surface even at high prees and elevated temperatures [4].

In general, the contact angle is not only the mmsversal measure of the wettability of a
solid surface, but has also been widely used toackerize wettability phenomena of more
complicated systems at high pressures and elevatageratures. The contact angle and
interfacial tension can be determined in a pendassile drop cell which allows one to
analyze the captured bubble/sessile drop at thk sacface. According to convention, a
reservoir rock is considered to be water-wet whendontact angle of a water droplet on the
rock surface is within the range between 0 and Fbtase the contact angle is in the range
between 75° and 105°, the surface is considerdaetotermediate-wet. Finally, when the
contact angle is in the range between 105° and, 1B8°rock is oil-wet or gas-wet. Contact-
angle determination is based on taking and anaiylzigh-resolution images which are used
to determine either the contact angle or the védigard interfacial tension, or possibly both.
It is worthwhile to mention that the experimentatigserved apparent contact angle may or
may not be equal to the Young contact angle asngimeYoung’'s equation (Chapter 1,
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Eqg. 1.2). Chemical (mineral) heterogeneity and hmags of the surface induce so-called
contact angle hysteresis [5] (Chapter 1).

In this study, contact-angle measurement was cereidfor the evaluation of the wettability
because: 1) values of the contact angle and teefaatal tension, particularly in the pressure
range where CQis supercritical, are crucial for the evaluatidntlee capillary trapping [6],
and 2) when dealing with supercritical & @vetting properties cannot be determined by the
Amott or USBM methods due to the fact that thesthoas cannot be used at high pressure.

Three different contact-angle determination techesggwere considered in literature (Fig.2.1)
[7], i.e., static sessile drop (Fig 2.1(a)), sta@ptive bubble (Fig 2.1(b)) and dynamic captive
bubble (Fig 2.1(c)).

Advancing Intermediate Receding
Contact Angle Contact Angle Contact Angle

SN SRNEE

Buoyancy Force

Liquid

Gas

Figure 2.1. Drawing of three techniques of contaetile determination:
(a) static sessile drop; (b) static captive bublf®;dynamic captive bubble[7]
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In static techniques, either captive-bubble or itesgsop, the contact angle formed by
shrinking and growing are represented to the regedontact anglef,, and the advancing
contact angleg,, respectively (Fig. 2.1(a) and (b)). These angleswithin a range with a
maximum value, which corresponds to the advancomgact angle, and a minimum value,
which is associated with the receding contact anfjee difference between the advancing
angle and the receding angle is defined as theetess (Chapter 1, Eq. 1.3) and the general
conclusion is that it results from surface rouglsreasd/or surface heterogeneity (Chapter 1).

In general, the dynamic captive-bubble techniquesisd to investigate the effect of bubble
size on the contact angle [7]. In this technigue tifferent sets of contact-angle data are
normally reported in the literature, i.e., equilitn (stable) and transient (dynamic) contact
angles. The transient contact angle gives infoimnatin the change, increase or decrease, of
the contact angle in time while the stable condaagfle refers to a constant contact angle with
the system in equilibrium [8-11]. Even though thansient contact angle is an effective
method to investigate the transient phenomenaoitrair at the interface, care must be taken
in interpreting these results. For an unsaturagstem, as found in other experiments [9, 10],
the transient contact angle provides important rmégion concerning the (interfacial)
interactions between different phases, like digswiy diffusion, and convective mass
transfer. Indeed, the change in contact angle nbghtorrelated with the contribution of the
different mechanisms involved rather than the viaditg alteration. In contrast, for a fully-
saturated system, equilibrium has already beemblestad and no further mass transfer occurs
between the phases; therefore, the stable contgte aeveals the wetting properties of the
system alone. For such a system, injection of abgable into an equilibrated system, which
consists of water and GQinduces an initial fluctuation of the determineohtact angle.
However, due to the fact that the overall compositis within the two-phase region, the
release of a new gas bubble only leads to a snstllrdance of the equilibrium that does not
last long [8, 12]. Hence, after the system attaqailibrium, the contact angle should not
change with time.

In this study all contact angle (CA) and interfaciansion (IFT) determinations were
conducted in a modified pendant-drop (PD) cell, ckhiwas adapted to allow dynamic
captive-bubble contact-angle measurements on rocfaces. The determination of the
contact angle is based on visual observation hyeimage capturing.

2.2. EXPERIMENTAL
2.2.1. SAMPLE PREPARATION

Unfortunately, no general procedure exists in ditiezre concerning how smooth a solid
surface should be to avoid the impact of surfacghoess on the contact angle. In general, it
is suggested to prepare the solid surface as snasgblossible. There are several methods for
preparation of smooth solid surfaces, i.e., he&sgng, solvent casting, self-assembled
monolayers, dip coating, vapor deposition and serfpolishing. In this study in order to
minimize the effect of surface roughness on thedamrangle one side of the rock slabs was
polished with a diamond paste with particle sizesf10 to 25Qum. The rectangular samples
used in this study were 30 mm by 6 mm by 12 mm. élew, for coal and oil-saturated
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Bentheimer samples extra actions have been takdesasibed in the Experimental sections
of Chapters 3 and 5.

Afterward, the surface roughness was determinetigusi Leica 3D stereo explorer.
Additionally, a Phoenix Nanotom scanner was useatktermine the grain framework, as well
as the voids distribution of the sample at the miewel (6 pm voxel size).

2.2.2. EXPERIMENTAL SET-UP

The pendant-drop setup has been used as a totidatetermination of contact angle and

surface and interfacial tensions. The set-up wagnailly designed and constructed in the

Dietz laboratory in 1989 [13]. The method is basadsisual observation of a captive bubble

on a rock surface at varying pressures up to 16 Bitha constant elevated temperature of
318 K. A schematic drawing of the experimentaligeis given in Fig. 2.2.
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Figure 2.2. Schematic diagram of experimental geRendant-drop cell)

The pendant-drop cell (part A in Fig. 2.2) congisbé a steel cylinder with a wall thickness of
3.5 cm and a volume of 160 &niat was suitable for use up to pressures of 68.\s@pphire
windows were used at the axial sides of the cedlltmv visual observation. The sample (B)
was positioned inside the cell using a specialbigieed holder. On the right side of the cell, a
light source (l) provided a strong beam of lightotigh one of the windows to illuminate the
bubble in the cell. A monochromatic filter was @dan front of the light source to ensure a
sharp image and to avoid chromatic aberration. Gigble was photographed through an
endoscope (J) designed for this setup. For a shage between the phases, the endoscope
was focused on the edge of the captured bubble.ikbhrND90 digital single lens reflex
camera (K) with a resolution of 12.3 MP captured bubble in real time on a monitor and
created high-resolution images. As a calibratiantlie bubble size, the tip was photographed
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together with the bubble. The outside and insidanditers of the tip were 1.80 mm and
0.72 mm, respectively.

The degassed liquid phase, in this case doubléietisand demineralized water, was added
from the top into the cell from the desiccator (y)a Gibson™ single-piston, high-pressure
displacement pump (H). A 10SC pump head provideitbw rate ranging from 0.05 to
10 ml/min and a pressure range from 0.1 to 60 MPa. amount of injected water into the
system was determined with a balance (Sartorius2086) with an accuracy of +0.01g.
Fourteen needle valves were used to control thve dibthe gas and liquid through the inlets
and outlets. Gas was added through a needle abtt@m of the cell. In this way, the injected
gas got immediately into contact with the liquidapa enhancing saturation of the liquid
phase by the injected gas. The tube lines wer@gedhsuch that the mixture can be circulated
to further enhance the mixing of the components accklerate equilibrium. Within this
circulation loop, a vibrating tube density meter) (@&nton Paar K.G. DMA 512) was
incorporated to allow determination of the dengifythe passing fluid. A constant density
indicates that equilibrium has been reached. Theuracy of the density meter was
0.001 g/cmin a temperature range between 273 and 323 K.vdiol &emperature fluctuation
during the experiment, the cell was placed in astamt temperature cabin (L) which was kept
at constant temperature within £1 K in the rangeamframbient+5 K up to 473 K. The
temperature was measured in the oven and insideethd.e. in the liquid bulk, close to the
interface of the bubble, water and rock samplept®ans of two calibrated thermometers,
PT-100 and PT-8316, respectively (Fig. 2.3).

Figure 2.3. Side view of the open pendant-dropstadiwing the location of the gas inlet tip
and the thermocouple inside the cell

The gas supply system consisted of a gas boosdeth@® pumped the gas, either £ar

synthetic flue gas, into the gas reservoir (D).sBuee transducers (Tradinco TS90064)
monitored the pressure in the gas reservoir andcéflewith an accuracy of 0.1% up to
40 MPa. The pressure change in the gas reserva@rusad to determine the amount of
injected CQ by applying an accurate equation of state (EQ8), using Span-Wagner EOS
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[14]. The composition of the water-G@nixture together with phase-equilibrium data taken
from literature [15] were used to verify system iécium (Fig. 2.4).

2.2.3. EXPERIMENTAL PROCEDURE

Before a series of experiments was performed, fathe components of the setup were
cleaned with ethanol and distilled water to rempwgssible impurities. After evacuation and a
helium leakage test up to 18 MPa, the cell wasdillvith double-distilled and demineralized
water. The water level in the cell needed to béadrighan the lower end of the substrate. The
entire set up was pre-heated to a temperature®K3t1 K), which was kept constant for all
of the experiments.

The amount of C@ injected depended on which kind of aqueous phasded to be
established for the experiment. For a wettabilttydg in an unsaturated aqueous phase, the
initial aqueous phase was kept pure£X0). Therefore, the cell was filled with water up t
the desired pressure, and a small amount of @& then added to the cell through a small
needle at the bottom. For these experiments, tlagds in contact angle were mainly
attributed to the C@dissolution rather than to the wetting propertésthe Bentheimer
substrate.

To investigate the wetting properties of Bentheirs@ndstone, the experiments have to be
performed in an aqueous phase that is fully-sadratith CQ. Under such conditions, the
effects of CQ dissolution and changes of the aqueous phase &topoare minimal during
the experiment. To ensure complete saturation ef dhjueous phase, the mixture was
circulated for at least five hours. Thereafter, siyggtem was allowed to rest for at least one
hour. The pressure and the temperature of thearell the cabin, and the density of the
mixture were continuously monitored during the ekpents.

The phase diagram of the g@ater system in the region of high mole fractiafsvater at
318 K is depicted in Fig. 2.4. This diagram wasduse determine whether the system was
within the one-phase or the two-phase region agihen conditions. Once enough €fad
been injected, circulation was initiated to enghee mixing of CQ and water and to achieve
faster equilibrium. In this experiment, the ove@mposition of the mixture was determined
through a material balance using the mass of veatdrthe number of COnoles determined
by the Span-Wagner EOS [16]. When the pressurkearcell and the density of the aqueous
phase reach a constant level, the system has ceadgadibrium. In flue gas experiments, the
agueous phase was initially pre-saturated with @ccelerate the equilibrium time.
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Figure 2.4. Phase diagram of GBI,O system at a temperature of 318 K. In this figordy the HO-
rich phase and part of the two-phase region aregivi he two-phase region is situated on the right
side of the curve, while the,8-rich one-phase region is located on the left §[data from [15]).

After releasing a gas bubble from the tip and adtdiubble had been captured beneath the
substrate, images of the bubble were taken. Thietgrgs were then processed in an image-
analysis procedure which allowed determinationhef ¢ontact angle at the specific pressure.
Several pictures of the same bubble were takenrdardo verify the reproducibility of the
determined contact angle. Contact angles and ati@iftensions were determined using the
KRUSS™ drop-shape-analysis program (DSA4nalysing the pendant-drop shape [8, 17].
Thereatfter, the pressure inside the cell was iseedy adding more water (in unsaturated
case) or gas (in fully-saturated case) to the cell.

2.3.IMAGE ANALYSIS

2.3.1. MICROSCOPIC IMAGE ANALYSIS

Prior to the contact-angle experiments, 2-D and iBiEroscopic images were taken from the
surfaces using a Leica™ 3D stereo explorer. From3D images, surface profiles were
obtained, which were used for thgfRctor determination. The characterization ofsbdace
roughness is based on thg fActor, which is calculated according to an insionally
recognized standard (EN ISO 4287), used to charaetthe surface profiles. This standard is
an international recognized standard used to ctearae the surface profiles and defines
values for the primary (P) profile. Thg factor is the arithmetic mean of the absolutercath
values Z(x) within a sampling length)l

P = [[112(9 dx (10)
p
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The height Z) is determined using a natural cubic spline fuorctio describe the profile
interpolating between discrete data. Larggrv&®ues are associated with rougher surfaces
(i.e., the Bvalue of a glass surface is about 001). For different Bentheimer sandstone
samples, the surface roughness was characterizeteaiys of their Hactors. The smoothest
sample with the smallest, Ractor was selected for the experiments to minentie effect of
roughness on the determination of the contact angle

It is worthwhile to mention that since this techmegs designed for solid surfaces, it is not a
complete characterization of the porous rock setf&or a porous Bentheimer, there are some
holes on the surface whezegoes to very negative numbers. This technique ataieii how
deep the holes are and it transforms deep holesshdllow depressions. This method allows
describing the roughness of the surface quantiigtiBased on a surface roughness analysis,
the most proper and smoothest surface can be egletthe contact-angle experiments. This
is an improvement in the sample preparation quattgrder to minimize the effect of surface
roughness and hysteresis.

2.3.3. MICRO CT-SCAN

The distribution of mineral matter in the coal séespas well as the void distribution of the
Bentheimer samples was determined at the microl lewth a Phoenix Nanotom™
(180 kV/15 W nanofocus computed tomography (nang §€/Btem). The nano CT system
consists of a high power nanofocus X-ray sourc@rexision object manipulator, a high
resolution CCD detector and a computer for the robraind re-construction of image slices.
Digital geometry processing was used to generaeez-dimensional image of the inside of
an object from a large series of two-dimensionab}{images taken around a single axis of
rotation. These two-dimensional X-ray images caomdi information on the position and
density of absorbing features within the small sies[i8].

2.3.4.BUBBLE IMAGE ANALYSIS

To determine the contact angle and interfacialitensghe Drop Shape Analysis (DSH4
KRUSS™ program was used to process the images [17]. Tidate the results, images were
also analyzed using an improved in-house MATLAB timmal [19]. The results of both
techniques were in a good agreement. However, titablles with a volume of less than
0.2 mni, the contact-angle determination is not reliahlie do the limited pixel resolution
and, thus, the high uncertainty in the bubble prafescription.

For the image analysis with MATLAB routinfrst the imagevascropped to remove the part
of the image thatvas not of interest (Fig. 2.5 (a)). The cropped imagea converted into a
grayscale (Fig. 2.5 (b)) and a binary image (Fi§.(2)) the binary imagevastransformed to
an image containing a bubble profile and the serf&eg. 2.5 (d)). From this image, the rock
surfacewasdetermined by a linear regression over its cooedmg data points and sedvas
the baseline for the contact angle determinatidre &xtracted bubble profile was split into
two parts assuming an axis-symmetric shape fobtile. Both halves of the bubble profiles
were defined separately which allowed a better rijggan of the surface and the bubble
profile. The Young-Laplace equation in the orthaglan z directions was used to describe the
bubble profiles (Fig. 2.5 (e)):
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d?r
— dZ2 +

(1+()7)

whereRy is the radius of bubble at the apey, and 4p are the interfacial tension and the
density difference between the gas and aqueouseghasspectively. For each side, an
optimized set of parameter®/R) and Apgzk,,), were obtained giving the respective best
description. The values for both sides should leestime, unless hysteresis affects one side
differently from the other. As a consequence, tiiergnce of these parameters can be used
as a criterion to judge the quality of the bubliel ghe bubble-profile description. Once the
difference between the parameters describing the Halves of the bubble was accurate
enough (at the 95% confidence level), the desorptf the bubble shape was accepted for
subsequent determination of the contact angle.chmact angle was determined from the
crossing of a tangent line to the bubble profild #me baseline describing the surface. In the
last step, the calculated profile and baseline werapared with the original cropped picture
(Fig. 2.5 (f)) to verify the descriptions.

== 4 , 2.1)

The KRUSS™ dropshape-analysis program (DSA4 followed a similar principle as
performed with the MATLAB routine, but in a shortlculation time: first the bubble image
was subjected to a gray-level analysis which gawvepically determined contour line around
the phase boundary in the bubble image. In nexi #te bubble contour was described
mathematically. For the analysis of the bubble ifgafeveral approaches were available, i.e.,
Young-Laplace method, circle method, conic sectioethod and polynomial method. The
contact angle was obtained from the angle betwleefiitter bubble-contour function and the
rock surface which was the known baseline. The ema#tical description of the baseline was
a straight-line equation since the substrate wasidered a flat surface. The Young-Laplace
fit was the most proper method for symmetrical Belghapes that were not influenced by
distortions like contact with the needle or samiileing. The symmetrical bubble can be
mathematically characterized precisely by the Yoeluaglace equation; therefore the best
agreement between the theoretically and opticadbgminined contours can be expected. The
Young-Laplace method took the characteristic buldblepe under the influence of gravity
into account with an improved iteration method [1This method was also used for
determining the interfacial tension from the shajea buoyant bubble. An additional
advantage was that if the image scale was knovenrell bubble dimensions, i.e., volume,
contact surface and radius, could be determined.
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Figure 2.5. The image processing procedure in tAe'MAB routine: (a) original cropped digital
image, image converted to (b) grayscale, (c) binargge, (d) the bubble and surface outline, (e)
description of left and right hand sides of bubefile with Young-Laplace equation, (f) comparison
of calculated profiles with the real image.
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2.3.4.1. Sensitivity of the contact angle deter mination to theimage analysis

Images of the bubble are taken and used as inputrfamage-analysis procedure, which
allows determination of the contact angle and serfand interfacial tensions. Therefore, the
visualization, i.e. light source, endoscope, camdle image-evaluation and image-
acquisition systems, are the crucial parametethefexperimental setup. In order to obtain
reliable values of contact angle, it is importamthave high-quality images in which the
bubble profile is sharp, in focus and well-lit.

A few factors can cause discrepancies betweenetle3rD system of bubble-surface and its
2-D image:

» Alignment of the camera, the endoscope and thesodiace;

« Aperture (field depth sharpness), ISO (image reswilnoise) and shutter speed (light
and motion blur) of the camera;

» Light quality (monochromic, parallel);

* Focus point of the endoscope.

The effect of the first three factors can be miglby proper adjustment before or during the
experimental run. However, the last factor is raedyeto control, since most of the bubbles
rest at different places on the surface, thusfégrdnt distances from the endoscopfs.seen

in Fig. 2.6, the edge of the rock and the bubblendb have the same distance from the
endoscope and camera. Therefore, either the buydobfée or the surface contour is not in
focus (Fig. 2.7). If the endoscope focuses on tieble, the surface is closer to the lens and
therefore the rays coming from the surface do pnaverge at the same place as the rays from
the bubble.

Focus Point

Lens

,,
\
\
\
e

Figure 2.6. Schematic illustrating the capturingaofimage of a bubble and the rock surface in the
used pendant-drop experimental setup [19]
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(b)

_—=—

Figure 2.7. Image with focus (a) on the bubbletcanand (b) on the surface. The left images aee th
schematic drawing of the case and the right onedlae digital photos from the system.

Figs. 2.8 (a-f) show images of the same bubble feiths on the bubble (Fig. 2.8 (a)) and the
surface (Fig. 2.8(b)). The determined contact angle given in the images and differ by
about 26%. In Figs. 2.8(c) and (d), the positioha wirtual line across the bubble are shown,
for which the gray values are given in Figs. 2.&()l (f). As can be seen for the image with
the bubble in focus, the grey value change at trgotr of the bubble is quite sharp and
distinct, while for the other image with focus ¢ tedge of the rock slab, the variation is less
distinct. As a consequence, it is not possible etect the “real” contour of the bubble
accurately when using a bubble image with focugshenedge of the rock (Fig. 2.8(b)). The
way in which the contour was described in the gieeample (Fig. 2.8(b)) means that the
bubble volume is overestimated by about 16.6% hadaontact angle by 25.8%. To minimize
this error, one should focus on the bubble pradil¢he needle. However, as the centre of the
bubble is not always in line with the centre of tleedle, focusing on the needle might also
introduce inaccuracies, although less than wheosiog on the edge of the rock. From the
discussion above, it is clear that images with ashubble contour have a blurry surface,
and vice versa. The exact position of the substatiace and the baseline is a sensitive factor
in contact-angle determination. Even a slight dispiment of its position can cause variation
of the determined contact angle by a few degre&s; E9 illustrates this. If the line
describing the surface, i.e. the baseline, isethiftarallel by 6 pixels in the direction of the y-
axes (each pixel is about 8.47521m), the contact angle changes from 26° to 24r4°.
avoid systematic errors during various measuremehis baseline should be adjusted
separately for each measurement and bubble-shapesian
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Figure 2.8. The bubble shape and gray values fages with (a, c, ) a sharp bubble contour and

(b, d, f) a sharp surface edge. In (e) and (f)dhey values along the yellow lines given in (c) &y
are displayed.

Contact Angle=26° Contact Angle=24.4°
Viubble=24.66 pl Viubble=25.12 pl
Fit Error=3.3 pm Fit Error=1.68 pm

Figure 2.9. Image processing: importance of theglias (line describing the surface) position on
contact-angle determination. In (b), the line ipigels above the line in (a) (parallel shift).
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To allow an accurate detection of the baselinectimera is tilted 1 to 2 degrees upwards (for
captive bubbles). The image taken in this manneviges the onset of the mirror image of

the bubble profile. Therefore, the baseline carrdmognized precisely using the inflection

points in the bubble shape which are formed bytiidesition between the bubble image and
its mirror image (Fig. 2.10).

Figure 2.10. The surface detection using the itifsecpoints in the bubble shape

Even with this method, the difficulties in detecfithe correct position of the bubble contact
with the rock surface in systems with small contaumgles (<20°), such as strongly water-wet
Bentheimer sandstone, or with large contact angi&80°) may cause significant errors in the
contact-angle determination.
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2.4. CONCLUSIONS

* The pendant-drop set-up has been modified for weytubble experiments and improved
for determination of contact angles and IFTs ahlpgessures (up to 30 MPa) and elevated
temperatures (up to 333 K).

* An accurate procedure of contact-angle determinaktias been developed in order to
minimize the effects of COdissolution on the wetting properties investigatiand
changes of the agueous phase composition.

* Microscopic image analysis prior to the contactlangxperiments allows the
characterization of a surface profile from the reeknple. A Leica™ 3D stereo explorer
describes the roughness of the surface quantitatiBased on a surface roughness
analysis with a Leica 3D™ microscope, the most eragnd smoothest surface can be
selected for the contact-angle experiments. Thisansimprovement in the sample
preparation quality, in order to minimize the effetsurface roughness and hysteresis.

* A revised experimental pendant-drop procedure mhpation with a drop-shape analysis
program allows accurate determination of IFTs aprtact angles.
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CHAPTER 3
Contact-Angle Determination of Wet Coal System

with Synthetic Flue gas and C02|:|

ABSTRACT

The injection of carbon dioxide (GPDor flue gas into coal layers enhances coal-betthane
production (ECBM) and offers an option for €8€orage. The success of this process depends
on different factors; among them wetting behavibthe coal plays an important role, which

is a function of coal rank, ash content, heteromjgmé the coal surface, pressure, temperature
and composition of the gas.

The wetting behavior can be evaluated from theamiringle of a gas bubble, €0r flue

gas, on a coal surface. In this chapter, contagieanof a synthetic flue gas, i.e. a
80/20 (mol%) N/CO, mixture and pure C£on wet coal samples have been determined using
a modified pendant-drop cell in a pressure rangenfl0.1 to 16 MPa and a constant
temperature of 318 K. Two coal samples with simii#inite content were used, representing
different coal ranks, a Selar Cornish (SC), asmai-s@thracite high rank coal and a Warndt
Luisenthal (WL), as a high volatile bituminous (H)Bnedium-rank coal.

It was found that the contact angles of flue gasttmn high volatile bituminous Warndt
Luisenthal coal were generally smaller than thds€@,. The contact angle of G@&hanges
from water-wet to gas-wet by increasing pressuval8.5 MPa while the one for the flue
gas changes from water-wet to intermediate-wehbseiasing pressure above 10 MPa.

For the semi-anthracite Selar Cornish sample, tigalwility alteration from intermediate-wet
to gas-wet with C@injection was observed at pressures above 5.7 ERserimental results

with synthetic flue gas revealed that the Selarn@br coal is intermediate-wet at all
pressures, and the contact angle slightly increagbsncreasing pressure.

Comparison between high rank (semi-anthracite) amlium (high volatile bituminous

(hvBb)) coals confirms that hydrophobicity incremseth the coal rank for samples with a
similar bulk mineral content. The results of thentamt angle experiments are input
parameters for field-scale reservoir modeling.

KEYWORDS: CO;; flue gas; storage; ECBM; wettability; contact Enghigh volatile
bituminous coal; semi-anthracite coal.
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* International Journal of Greenhouse Gas Control, $ipplement (2012) S91-S101.
» Journal of Colloid and Interface Science, 364 (20237-247.
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3.1. INTRODUCTION
3.1.1. CCSAND CBM

Laboratory studies as well as recent pilot fielstag1-7] demonstrate that G@jection has
the potential to enhance methane production froah ®®ams. The injection of carbon dioxide
(CO,), or possibly flue gas, into coal layers wouldoallto enhance the coal bed methane
production (ECBM) as well as to store £€Qnjection of CQ into coal reservoirs has
enhanced the methane recovery up to 90% of thengesd-in place while conventional
methods recover only about 50% by reservoir-presdapletion [8].

Power plants are one of the major sources of @@ission. The emitted flue gases mainly
consist of nitrogen and G@see Table 3.1) [9]. For depleted gas reservaoidsagjuifers, CQ

is separated from the flue gas prior to its in@ctfor storage; this makes the process less
energy efficient. Direct injection of flue gas wdwdliminate the necessity of separation of the
flue gas streams prior to the injection into thaldmed. This process would be interesting and
economically favorable only if the flue gas injettato the coal seams is stripped; i.e.,.CO
and toxic contaminants get adsorbed at the codhairwhile nitrogen and methane are
produced. The subsequent separation of &ttl N from the produced gas is considered as a
challenge from the energy and technical pointsiefvvdue to their similar behavior and
physicochemical properties. Applicable separatemhmhologies for this kind of gas mixtures
are cryogenic distillation, membrane and PSA (presswing adsorption) [10]. Injection of
flue gas (87.5% Nand 12.5% Cg) in a micro-pilot in Alberta, Canada, showed acréase

in injectivity [6]. However, the injection of flugas causes the displacement of,G® N,
[11], early breakthrough of the nitrogen [12], aswhtamination of the methane-production
stream. To implement this method in the field scHie interactions between coal and flue
gas, i.e. adsorption, swelling and wettability, chée be investigated in detail [13].

Table 3.1. Generic flue gas composition [9]

Components Composition (mol%)
N, 73.974
CO, 10.9
0, 3.00
CcoO 0.01
SO, 0.106
H, 9.0
CH, 3.01

According to White [14], the global CBM resourcaes about 48% to 148% of the current
global CH, reserves. As usually less than 60% of the origimethane present in the coal beds
is produced by primary recovery methods, thereoissitlerable interest in enhancing the
methane recovery by means of gas injection [2AS$uming that 50% of the global coal-bed
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methane resources can be produced, the provenl ghabhane reserves would increase from
177 Tn? to 210-308 Tr (+19 to 74%). Depending on the estimation, the, @6lume
produced in a period between 10 to 33 years coallstdred in all CBM reservoirs worldwide
[14].

With injection of CQ into the coal seams, methane can be replaced byst@e coal has a
preferential sorption of COover methane, and consequently coal-bed methanoweasy is
enhanced. C@injected into the reservoir flows through the tlegstem, diffuses into the
coal matrix and is sorbed by the coal micropordases. As a consequence, gases with a
lower affinity to coal,e.g., methane, are releads. Furthermore, when CQs sorbed by
the coal, the coal swells. The latter reduces #renpability and the injectivity by an order of
a magnitude or more [16]. This effect might be detacted by increasing the injection
pressure [17]. C®has been injected successfully in the Alberta BasiCanada and in the
Allison project at depths where the pressure iatgrethan the critical pressure of £[@].

3.1.2. COAL WETTING PROPERTIES

Coal-bed methane (CBM) is largely controlled by thieractions among CQthe reservoir
fluid, the coal matrix and the ash. The succeghisfcombined process depends on different
parameters. One of these factors is,@@tting behavior of the coal, which is a functioh
coal rank, ash content, heterogeneity of the caafase, pressure, temperature, and
composition of the gas [18, 19The maturity level of coal, which indicates the ey of
coalification of the organic matter, is known ask@arameter and is estimated by measuring
the moisture content, specific energy, and reflezaof vitrinite or volatile matter. Low-rank
coal is usually distinguished by the calorific hegtvalue and water content, whereas higher-
rank coals are characterized by means of vitringiéectance, fixed carbon content and
volatile matter content [20].

Coal mostly consists of inorganic minerals and pniganacerals. Arnold and Aplan [21]
found the biggest difference in the wetting behawd the coal is between hydrophilic
inorganic mineral inclusions and hydrophobic orgamacerals. Furthermore, coal has a
network of cleats and a matrix pore system rangimg macro pores (>50 nm) to meso pores
(from 2 to 50 nm), micropores (from 0.4 to 2 nmyidhe sub-micro pores (< 0.4 nm). This
widely used pore-size classification, which waspmsed by Dubinin (1960), was later
accepted by IUPAC (International Union of Pure akgblied Chemistry) [20, 22]. The
matrix blocks between the smallest cleat systene loéevmeters of a few tens of microns [23].
In the large cleats, the main flow of the fluid oz according to Darcy’s law. Diffusion-
driven transport becomes increasingly more imporitahe denser network of micro-cleats.
For a hydrophobic coal (gas-wet), it is expecteat tfne micro-cleats are filled with gas,
leading to a faster transport of the injected gathé coal matrix than for a hydrophilic coal
(diffusion coefficient of C@in gas is about 1.7xT0m%s and independent of pressure [24]).
For a hydrophilic (water-wet) coal, the micro-ckeare filled with water. In this case, the
transport of the injected gas to the rock surfackmited by the diffusion of the gas through
the aqueous phase. This leads to a slower trangpte injected gas within the coal matrix
and micro-cleats network (the diffusion coeffici@itCO;, in water is 2x18 m?/s at 10 MPa
and 298 K [24]).
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The wetting properties of coal play a critical rolet only in CQ storage processes, but also
in coal preparation and utilization processes, Wath flotation, oil agglomeration, dust
abatement, and preparation of coal-water slur2és 25, 26]. Because of the heterogeneous
structure of coal, at both macroscopic and micrpeckevels, the results of wettability studies
on coal surfaces change from sample to sample, @hene the samples originate from the
same block. Therefore, often a distribution of eshtangles is provided instead of reporting
one averaged contact angle [27]. It is also betleat the wettability of coal changes as a
function of several parameters including the caalkr[28], chemical composition [29-31],
mineral matter content [32-34], moisture level [3&rosity [36, 37], degree of oxidation [29,
31, 38, 39], and the pressure and temperatureeaegervoir as well as the composition of the
reservoir fluids [18, 19]. In addition, chemicaltéegeneity due to the presence of different
characteristic groups of components affect wettiedpaviour. The presence of paraffinic
hydrocarbons results in a strongly hydrophobic beha&, aromatic hydrocarbons an
intermediate-wet behaviour, and mineral componarssongly water-wet behaviour [37].

Previous studies, which concentrate on the wethiagavior of coal-water-air systems at
atmospheric pressure using contact-angle measutgnrenealed that dry coal is naturally
hydrophobic [28, 39]. Its hydrophobicity varies fioone sample to another because of
variations in the composition of the coal, partgmly in the coal rank. Coals become
increasingly hydrophobic with increasing rank [38, 40]. A comparative study of contact-
angle experiments of air bubbles and droplets tifeeioil, flocculant or coagulant on flat
polished coal surfaces immersed in water were aedrout by Orumwens [41]. The
experiments show a positive correlation betweernrdptibbicity and coal rank of vitrinite-
rich coals. It can be concluded that the hydroptibbf coal decreases with decreasing of
fixed and total carbon content.

Gutierrez-Rodriguez et al. [28, 39] found that thyelrophobicity of a wide variety of coals
decreases with decreasing rank, fixed carbon,atad ¢arbon content, and with increasing
oxygen and hydroxyl contents. Findings by Sakumvd Lavrencic [40] also confirmed that
coals become increasingly G@et with increasing pressure (gas density), angequently,
the penetration rate of G@nto the coal increases rapidly. Furthermore, tloeyd that coals
with high rank, low ash yield, or both were prefdrally CO,-wet at high pressures.
However, coals with a high ash and high oxygen extstdo not become G@vet, even at
high pressures. Comparison of a vitrinite-rich waéhvitrinite-poor coal revealed that the
growing of the contact angle with the pressure @erpronounced for a vitrinite-rich coal
[40].

Murata (1981) performed contact-angle measurenmnfgessed pellets of pulverized coal at
atmoshperic pressure. He concluded that the comtagies depend on the hydrogen and
oxygen content of the coal.

Keller (1987) summarized the literature [25, 28, 82] on surface properties of coal-water-
air systems. Chi et al. (1988) found that the omntngle in a C@water-coal system
increases with pressure in the range from atmogpherto 6.2 MPa. Additionally, it was
observed that when the ash content increasesptidecomes more water wet.

According to the literature [32, 33], the contacigle decreases with increasing mineral-
matter content in the coal. Gosiewska et al. (200RBnd that increasing the amount of
mineral matter in the coal samples reduces theacbrngle. The fact that the results are
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scattered implies that other factors may also bpamsible for the variations, e.g. the size of
the hydrophilic mineral inclusions [43].

So far, few experimental data have been reporteth@mvettability of different ranks of coals
in the presence of COat high pressures and elevated temperatures [08,44, 45].
Furthurmore, there are no experimental data availab the wettability of coal against flue
gas at high pressures. Siemons performed contgtd arperiments by means of a modified
pendant drop cell on two different ranks of wetlagang supercritical CQat a temperature
of 318 K and pressures ranging from 0.1 up to 12aNI]. From these data, it can be
concluded that for high-rank coals wetting altenatirom water-wet to C@wet occurs at a
pressure as low as 0.27 MPa. For a medium-rank toalwetting alteration is observed for
pressures above 8.7 MPa. It needs to be mentidraddtiring these experiments the water
was not fully saturated with G@nd thus the composition of the aqueous phasedvauitf
each experiment.

In this chapter, two coal samples have been uggésenting different ranks. The wettability
behaviour of the wet coal samples against syntlieiecgas (20 mol% C& 80 mol% N) and
pure CQ was investigated by means of contact-angle exmgerisn The experiments were
carried out in a modified pendant-drop cell at astant temperature of 318 K and pressures
varying between 0.1 up to 16 MPa. The chosen pressand temperature are representative
for typical in-situ conditions [46]. The experimenwere performed with an aqueous phase
fully saturated with CQ in order to minimize the effect of dissolution €O, and
consequently changing the composition and proenie the aqueous phase during the
experiment. In this work the effect of the coal gasition on contact angle has not been
studied and only the results of a high-rank coalehbeen compared to the results of a
medium-rank coal. Micro CT images of the coal saspivere taken to identify the
distribution of the mineral content on the surfatke mineral matter content on the surface
of the used coal samples was too low to allow alesive interpretation on its infuence in
the wetting behavior. Furthermore, local effectshaf variation of the maceral composition of
the samples have not been investigated.

3.2. EXPERIMENTAL

3.2.1. COAL SAMPLES

Two coal samples with similar vitrinite content warsed in this study, representing different
coal ranks, a Selar Cornish (SC), as a semi-antaraigh-rank coal and a Warndt Luisenthal
(WL), as a high volatile bituminous (hvBb) mediuank coal. The Warndt Luisenthal
samples were mined from the intra-mountain SaainkasWestern Germany and the Selar
Cornish samples originate from the Selar collierySouth Wales Coalfield. Both samples
were cored in the same direction and parallel éobxdding plane. The abbreviations SC and
WL are respectively used to describe the experiat@lata for these coal samples. The results
of the ultimate and proximate analysis of the s@ahples are given in Table 3.2.
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3.2.2. SAMPLE PREPARATION

For the contact-angle experiments, ten coal sampie® prepared with dimensions of
30x12x6 mm. The samples were drilled and cut from a largexd &tock (> 0.25 ). The
interpretation and the data processing of contagteameasurements on coal surfaces is very
critical due to the occurrence of surface oxidati@urface roughness, and chemical
heterogenity [28, 37, 39]. In order to eliminate thffect of some systematic errors on the
results, all blocks were treated in the same marfiest, the smoothest side of the coal
sample was identified. The rougher side was thenamsed in an epoxy solution, to be coated
with a layer of epoxy, to increase the stabilitytleé sample. This side of the substrate was not
used for the contact-angle measurements. The ailder of the sample (smoother) was
appropriately polished and prepared according ¢opitocedure of Drehlich et al. [47]. The
coal samples were wet-polished with a series ciisabe papers with a grid ranging from 60
to 1200um, followed by polishing with 0.5m abrasive alumina powders and a fibrous cloth.
Polishing was terminated with water rinsing andasionic cleaning.

After preparation, 2-D and 3-D microscopic surfanages were then taken from the samples
to determine the surface roughness (LEICA 3D stezeplorer). Moreover, a Phoenix
Nanotom scanner was used to determine the minexéndistribution in the coal samples at
the micro-level (Chapter 2).

As the final step of sample preparation, the c@ah@es were equilibrated at a relative
humidity of 96 to 97% and a temperature of 303 Kdbleast 48 h (ASTM standard D 1412)
to establish a water saturation representativeeféservoir conditions.

Table 3.2. Proximate and ultimate analysis and coal petrolofijgoal samples used [20]

Sample Warndt Luisenthal Selar Cornish
Rank hvBb Semi anthracite
Rimax (%0) 0.71 2.41
Vitrinite (%) 74.40 73.60
Liptinite (%) 15.60 0.00
Inertinite (%) 9.00 24.60
Minerals (%) 1.00 1.80
Volatile Matter (w.f.) (%) 40.50 10.40
Carbon (wt%) 81.30 85.70
Hydrogen (%) 5.58 3.36
Nitrogen (%) 1.88 1.56
Sulfur (%) 0.69 0.68
Oxygen (%) 5.47 5.58
H/C 0.82 0.47
o/IC 0.05 0.05
Ash (w.f.) [%] 2.77 3.94-5.50

Fixed Carbon (d.a.f.) [%] 58.36 89.27
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3.2.3. EXPERIMENTAL PROCEDURE

The experiments were conducted in a modified perdiap cell (PDC), which was adapted

to allow captive-bubble contact-angle determinationreal coal surfaces. The experiments
were performed in a pressure range from 0.1 to P& ind a constant temperature of 318 K.
The coal sample was positioned inside the cellgusirspecially designed holder (Fig. 3.1).

The detailed description of the experimental satogh procedure can be found in Chapter 2.

Figure 3.1. (a) side view of the pendant drop dél),top view of the sample holder with a coal
substrate.

3.24. DATA INTERPRETATION

In this study to allow comparison of contact angleslifferent pressures not only the contact
angle but also the dimensionless radius of the leuisbgiven. The dimensionless radius is
computed by normalizing all radii by the maximumbble radius of this particular
experimental run.

In this chapter | distinguish between a ‘non-statwatact angle’ and a ‘stable contact angle’.
Initially, the contact angle changes with time Lintieaches a constant value. A contact angle
varying with time is called a ‘non-stable contangke’; the final, constant value represents
the ‘stable contact angle’. The non-stable contamiles show the effect of (aging) time,
roughness and surface heterogeneity.

Releasing a gas bubble into the pre-saturated agugltase causes some disturbance which
can initially be recognized by a change in the aohangle with time (more details provided
in Chapter 4, section 4.4.3). When introducing blbel of pure C@or of the synthetic flue
gas, there is mass transfer from the gas bubligetaqueous phase and vice versa [48]. The
driving force for this process is the difference ¢hemical potential of each specific
component in the different phases. The time reduioereach a stable value depends, e.g., on
the concentration gradient of the phases (gasiquidi).

Because of the continuous change in the compositiche gas and liquid phases until the
equilibrium has been reached, the bubble size @msequently, the contact angle change. In
this chapter the aging time is defined as the tegeiired reaching a stable contact angle after
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introducing the gas bubble. It is assumed thatilgtals reached when the change in contact
angle is less than that of the standard error bvalies of an experimental run per 30
minutes.

3.3.IMAGE ANALYSIS

3.3.1. MICROSCOPIC IMAGE ANALYSIS

For the contact-angle experiments, it is of vitaportance to have a coal sample with a very
smooth surface. Prior to the contact angle experisnand after preparation of the sample
blocks, 2-D and 3-D microscopic images were takemfthe coal surfaces. From these
images, profiles can be extracted allowing deteatiom of the surface roughness. To identify
the surface smoothness quality, a Leica 3D SternguoEer was used to determine the
Cartesian surface values. The characterizatiorhefsurface is based on the so-called P
factor, which is calculated according to the ingtional standard of EN ISO 4287. A detailed
description on determination of, alue is given in Chapter 2.

The R factors determined for the smoothest samples oc&®CWL coal surfaces before the

experiments were 0.011 and 0.018 mm, respectividler the contact-angle experiments,

these values increased to 0.014 and 0.027 mm, atesgdg. In other words, the surface

became rougher during the experiments. This inereasoughness is most likely due to the
coal swelling and differential volume changes lsstw coal and mineral matter [49] and/or
dissolution of minerals. In addition, fast pressteduction may cause matrix damage and,
consequently, surface damage due to the fast est&®..

Figs. 3.2 (a) and (c) illustrate the perpendicuiaw of the WL substrate surface before and
after the experiment, respectively. The differenteyg shades indicate the chemical
heterogeneity and the ash content. The 3D sidesvagwthe WL substrate surface before and
after the experiment are shown in Figs. 3.2 (b) @h)drespectively. From these pictures it
can be observed that the cleats in the coal sutfage become bigger after the experiment.
This is mainly accounted to the swelling of coaé da diffusion of CQ into the coal matrix
and differential volume changes between coal amgeral matter during the experiments.

Figs. 3.3 (a)-(d) show the side views of the SG A substrate surfaces before and after the
experiment. As it can be seen, the surface of thesWstrate (Fig. 3a) is rougher than that of
the SC sample (Fig. 3b) and became still roughter #ie experiments (Figs. 3c and d).

Note: The surface reconstruction of the contaabtgdavere conducted with the Leica Stereo
Explorer directly after the experiments. Sometinttés gives spikes that are attributed to
unwanted reflection of the water coming from thdnxa



Chapter 3 35

Fracture
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Figure 3.2. (a) Perpendicular view and (b) 3-D sidew of the WL sample surface before
experiments; (c) perpendicular view and (d) 3-Dawigf the WL sample surface after experiments.
These images are taken from the same sample WEHGA 3D stereo explorer. Point R is an artifact
as a result of reflection. The blue, red and griees give the orthogonal x, y, z directions used f
determination of the Factor.

(a) o1mm (D) =

(c) cimm  (d)

0.1mm

Figure 3.3. 3-D side view of the surface of (a) $dmple and (b) SC sample before the experiments
and (c) WL sample and (d) SC sample after the éaxpets.
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3.3.2. MICRO CT-SCAN

The mineral matter distribution in the coal sampié¢she micro level was determined by
means of a Phoenix Nanotom™ micro CT scanner baiséke density differences in the coal
samples (180 kV / 15 W nanofocus computed tomogrdpano CT) system). 2-D sections
through the WL and SC reconstructed CT images dfterexperiments show the heavier
minerals as red areas and the fracture networkcasks as blue areas; the green shades
represent the coal matrix (Fig. 3.4). In this clkapfor clarification purposes, the original coal
part represented by grey scales was replaced ley gigades. This was only for visualization
purposes and not for quantification. Meanwhile ctiromparison between the green shades
of two different images was not possible, becaushffarent grey-scale calibrations were
used for different images. The side of the samplested with a stabilizing epoxy layer
shows ellipse-shaped voids of various sizes.

~1.9mm (a) ~1.9 mm (b)

EPOXY LAYER EPOXY LAYER

MINERAL (ML1) MINERAL

Figure 3.4. Side view of the (a) WL and (b) SC darafter the experiment, using a Phoenix Nanotom
micro CT-scanner. The images have a 10um resolution

The distribution of mineral matter on the sampled aontact surfaces is shown in Fig. 3.5.
Although the mineral content of the used WL sulbstra higher than the one of the used SC
substrate (Figs. 3.5 (a) and (b)), it should betroaad that it cannot explain differences in
the wetting behavior of these two different kindsoal. In order to examine the influence of
the mineral content on the wetting behavior, theeral content of the surface, on which the
bubble sits, needs to be compared (Figs. 3.5 (d) (d)). However, the analyses of the
mineral-matter content of both contact surfaceswshehat there are no considerable
differences.

The spatial distributions of voids before and a#ieperiments (Fig. 3.6) clearly show that a
fracture pattern, comparable to a face/butt-clgae tof system, developed in the SC-sample
(Figs. 3.6 (a) and (b)). The medium rank WL coalvg$ that the void volume increases sub-
parallel to the coal layering (Figs. 3.6 (c) any.(d
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(b)

Figure 3.5. Distribution of mineral-matter contedgtermined with the micro-CT scanner: (a) 3-D
view of the SC sample, (b) 3-D view of the WLpdasn (c) 2-D view of the SC contact surface, and
(d) 2-D view of the WL contact surface. The recharghow the heavier minerals (i.e. silicates,
carbonates, oxides, etc.) and blue areas show srack
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(a) (b)

(c) (d)

Figure 3.6. Three-dimensional view of the voidribstion (dark blue) in (a) SC sample before the
experiment, (b) SC sample after the experimentMclkample before the experiment and (d) WL
sample after the experiment. Note that all obvigliptic bubbles are in the epoxy.
The resolution is 10pum.
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3.4. RESULTS AND DISCUSSIONS

3.4.1. EFFECT OF TIME ON CONTACT ANGLE

Figs. 3.7- 3.9 show the contact angles and dimaless radius of either the G@r the
synthetic flue gas bubble versus logarithm of tioe a Warndt Luisenthal coal at a
temperature of 318 K.
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Figure 3.7. CQ contact angle®) and dimensionless radius (r) as a function okt 318 K and
3.2 MPa; Aging time=11 min. The lines are drawmgtode the eye.
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Figure 3.8. Synthetic flue gas contact ang® énd dimensionless radius (r) as a function oktimh
318 K and 3.2 MPa; Aging time=4 min. The lines drawn to guide the eye.
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Figure 3.9. Synthetic flue gas contact ang® énd dimensionless radius (r) as a function oktimh
318 K and 14.0 MPa; Aging time=14 min. The lines drawn to guide the eye.

The contact angle of a G@ubble at 3.2 MPa and 318 K increases with timeoreeft
becomes stable after about 11 min at a value afl@Jarticular, shortly after the bubble has
been released, the non-stable contact angle fiesti{&ig. 3.7). This can be explained by the
two parallel mass transfer processes; @@nsfers from the bubble into the liquid phasd an
water from the liquid phase into the gas bubbles Ttter process induces an increase in the
density of the gas bubble. This further causesaedse in the bubble volume; which was
observed during the experiments. Yang et al. [48leoved a similar phenomenon. They did
similar experiments with COand carbonate rock samples, which is describethefrsg
intermediate-wet and having been drilled from theyurn oil reservoir. According to Yang
et al. [48], the volume reduction of the bubble wad solely due to the mass transfer as
described above, but also partly due to imbibiaod sorption of C®on the rock surface; in
this case a carbonate [48]. In order to figurewléther these processes occurred during the
current study, microscopic images of the coal swdawere taken before and after the
experiments (Fig. 3.2). From these images it iemhsed that indeed G@& imbibed into the
coal samples which leads to growth of the fractimeébe coal surface during the experiment.

Fig. 3.8 illustrates the effect of residence tinmetloe contact angle for the synthetic flue gas
on Warndt Luisenthal coal at temperature of 318 ikl 8.2 MPa pressure (the same
conditions as for Fig. 3.7). A shorter aging tiMieabout 4 min and a smaller contact angle of
63°than the one for the pure GBubble were obtained at the same temperature r@ssyre.

A possible explanation for this can be providedréferring to the smaller total amount of
CQO; in the synthetic flue gas mixture, expressed mmaller partial pressure of GQess
sorption of CQ to the coal and very low solubility of,Nh water. Thus, the required aging
time is mainly determined by the concentration gnatdof CQ in the bubble as well as in the
liquid phase. Fig. 3.9 shows the evolution of thatact angle and the flue gas bubble radius
at total pressure of 14.0 MPa, corresponding toCa fartial pressure of 2.8 MPa. In this
condition the stability time increases to 14 mitjat is longer than that found for pure £0
in Fig. 3.7. This can be explained by the fact taathe total pressure of 14 MPa, the
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solubility of CG in water is higher than that at 3.2 MPa. The that the contact angle for
the flue gas at 14 MPa is about 78°, which is lothan that for CQat 3.2 MPa, shows that
the contact angle is not solely determined by tBe €ntent.

3.42. CO,WETTING BEHAVIOR ON A WET COAL SAMPLE
3.4.2.1. High volatile bituminous (hvBb) coal

Injection of a gas bubble into a pre-equilibratgdtem, which consists of water and £0O
induces an initial fluctuation of the determinechtaxt-angle values. However, due to the fact
that the overall composition is within the two-pbasgion, the releasing of a new gas bubble
only gives a small disturbance of the equilibriutnietr does not last long. There is a constant
or stable contact angle at the end of each coatagie measurement. The measured stable
contact angles of the G@vater-hvBb coal system at a constant temperatti&l8 K are
depicted in Fig. 3.10. The contact angl, increases with pressure: i.6=(78.49+
3.4)+(0.34xP [MPa]). The square of the correlationfficient, R* (Pearson’s correlation), is
equal to 0.94. The wetting behaviour of WL coal rapes from intermediate-wet (contact
angles between 7%o0 105) towards CQ-wet with increasing pressure (contact angles targe
than 108). This means that the coal surface becomes hydpHhg >105") at pressures
higher than 8.5 MPa and a temperature of 318 Ks Waittability alteration versus pressure is
also clearly visible from the images in Fig. 3.11.

The measured contact angles are of the same ofdeagnitude as the one determined by
Siemons [20]. The wettability alteration was alsetedted from capillary pressure
measurements, where at lower pressures water weasvekting phase while for pressures
higher than 8.7 MPa Cecame the wetting phase [50].

Siemons found that the contact angle was constamtalue of about 8%p to a pressure of
8.7 MPa. At a pressure of 10.0 MPa a contact asfggdout 120was observed. For pressures
higher than 10.0 MPa, the contact angle steaddyemsed up to about 148t a pressure of
15 MPa. A possible explanation for the differenoethe contact-angle behavior might be
attributed to the experimental conditions choserSkigmons, where the GMvater solution
was not pre-equilibrated and thus, the mass tran$f€0, and water could interfere with the
measurement of the contact angle. This explanasosupported by the fact that the gas
bubble disappeared in Siemons’ experiments [20jhénwork presented here (Fig. 3.10), the
experiments were conducted with a fully £€turated aqueous phase to eliminate the effect
of any changes in the composition of the agueoasghnd to minimize the dissoluion effect.
As a result, a continuous change of the contackeavgysus pressure was observed without
disappearance of the bubble.
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Figure 3.10. Stable contact angle as a functiopreksure at 318 K for COwet WL coal system

Figure 3.11. Digital images of Cubble on the WL coal surface in the presence téves liquid
phase at 318 K; (a) P=0.65 MPa and (b) P=11.0 MPa

According to Chun and Hebach [51, 52] the wettabdgilteration is mainly attributed to the
formation of a C@enriched aqueous phase. However, analysis of @edénsity [53], the
solubility of CQ, in water [54] and the sorption of GOn wet WL coal [20] with increasing
pressure shows that all these properties mightelsponsible for the wettability change
(Fig. 3.12). The above-mentioned properties arectip as relative properties in Fig. 3.12;
therefore the value at a certain pressure is divige the respective maximum value in the
pressure range up to 20 MPa. The maximum of the €o@ption on the coal sample and the
wettability alteration from water-wet to gas-wee abserved in the same pressure range. In
this pressure range, it can be observed that thsitgeand the solubility of C@strongly
increase before they become almost constant aehjgiessures; similar to the contact angle
(Fig. 3.12). All these factors together might bensuarized as a water film stability between
the bubble and the surface as discussed by Siefp0Ohs
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Figure 3.12. Dimensionless density [53], C&lubility in water [54], stable contact angle ikhwork)
and sorption of C®on wet WL coal [20] at a constant temperature B8 X and a pressure ranging
from atmospheric up to 20 MPa.

3.4.2.2. Semi-anthr acite coal

The contact angles of the @@ater/semi-anthracite coal system at a constampeeature of
318 K are depicted in Fig. 3.13. The contact arj@jecan be described by a positive linear
correlation (regressiof=92.84(+4.3)+0.42xP [MPa]R? = 0.94). The wetting properties of
SC coal change from intermediate-wet towards,-@@t with increasing pressure at a
temperature of 318 K. The coal surface becomesopydibic at pressures higher than
5.7 MPa. The implication on field scale could battfor CQ storage in semi-anthracite coal,
the injection pressure has to overcome a preshugshold of 5.7 MPa to wet the surface and
thereby to enhance the storage capacity.
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Figure 3.13. Stable contact angle as a functiopreksure for the wet SC coal system with, @Ca
temperature of 318 K. The dashed line gives thelinesr fit through the data.
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This behavior is partly in contrast with the comtangle experiments of Siemons et al. [45]
and the capillary-pressure experiments of Plug.[3®@cording to Plug’s experiments the
wettability of the same high-rank coal, SC, is&@t during primary imbibition experiments
from low pressures up to 9 MPa. This is in agreeméti the contact angle data of Siemons
et al. [45]. Regarding the fact that both Plug &neimons conducted their experiments using
water which was not fully saturated with gQne may attribute this observation to the
dissolution of CQ in the aqueous phase. The comparison of the S@atoangles resulting
from the work of Siemons et al. [45] and from thierk (Fig. 3.14) shows that the values of
Siemons are generally higher than those of thiskwbr Siemons’ experiments the SC
samples behave as ¢@et already at pressures above 0.26 MPa, withacbaingles varying
between 100 and 140 degree. The contact anglekisnwork show a relatively steady
increase from 90 to 120 degree versus pressurasailfle explanation for the difference in
the contact-angle behavior might be attributech different experimental conditions of the
two studies. In the work of Siemons the solutiorC&@)» and water was not pre-equilibrated
and thus the mass transfer of £&ahd water into the aqueous and the gas phase hagket
possibly interfered. This explanation is also supgzb by the fact that in the experiments
conducted by Siemons the gldubble disappears within 60 min at low pressuresiambout
20 to 30 min at high pressures and that the coatagle data of Siemons strongly scatter
upon increasing pressure [45]. Siemons et al. #bwed that the disappearance of the CO
bubble was due to dissolution and not due tg &gption on the coal surface.

Throughout this research, the system was alwayfuibr equilbrated before a Gubble
was released for the measurement. This bubble weddesthroughout the contact-angle
determination at that specific pressure. It onlsappeared when the pressure of the system
was changed. However, even with this cautious niethavery slight initial change in the
contact angle was always observed caused by shiiatl pressure fluctuations and/or mass
transfer as mentioned above.
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Figure 3.14. Comparison of determined contact angleles for the C® wet SC coal system.
Triangles display the work of Siemons et al. [46f which the aqueous phase was not saturated with
CO,; diamonds give the data of this work in a pre-éQjtated aqueous phase. Lines are the best

linear fits through the experimental data.
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Fig. 3.12 shows the relation bewteen wettabilityhef wet WL system and the GQensity,
the solubility of CQ in water, and the sorption of GOn wet WL coal. The same relative
properties have been plotted for the wet SC coatesy (Fig. 3.15) and show that the
wettability alteration and the maximum of the £€brption are also observed in the same
pressure range as for the WL experiment. In conwahk the wet WL system, the change in
the density and the GGolubility in water do not coincide in the samegsure range. This
leads to the conclusion that the sorption of,@@ the wet coal determines the wettability
behavior rather than the GQ@roperties, such as density and solubility. Theelopressure
range (light blue area) for wettability alterationa wet SC-system is due to the higher coal
rank.

Wettability Alteration Range
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Figure 3.15. Dimensionless stable contact anglis thork), sorption of C&on wet SC coal [20],
density [53] and solubility of C{J54] at a constant temperature of 318 K and pressu
ranging from atmospheric up to 20 MPa. Values &lative values divided by the respective
maximum value in the pressure range up to 20 MPa.

3.4.3. SYNTHETIC FLUE GASWETTING BEHAVIOR ON A WET COAL SAMPLE
3.4.3.1. High volatile bituminous (hvBb) coal

The stable contact angles of the synthetic fluevgater-nvBb coal system as a function of
pressure at a temperature of 318 K are depict&igin3.16. In general, the contact angles of
the flue gas on wet WL coal are smaller than tladS80,. As it can be observed, the contact
angle,0, increases with pressure, starting with a cordaagfe of about 6Uat low pressures
and a contact angle of about°8& 16.0 MPa. The linear relatioh= (60.5f+ 2.9) +
(1.61x P [MPa]) describes the change of the coratagle versus pressure with a square of
the correlation coefficienf?, equal to 0.95. Thus, the wettability of WL coalhages from
strongly water-wet (at low pressures) to intermediget (at pressures higher than 10.5 MPa).
This wettability alteration is found at higher topaessures than those for the £€ystem.
This can be explained in terms of the partial pressf CQ. It is worthwhile to note that the
contact angles of the flue gas are of the samer afdmagnitude as the contact angles of the
pure CQ system; if the absolute pressure of the,G{stem is compared to the respective
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partial pressure of COn the flue gas system. Even though the contaglearare of the same
order of magnitude, the contact angles of the flas bubbles are all smaller. This might be
explained that in fact more G@ dissolved in the aqueous phase because ofigherttotal
pressure. In general, the sorption of nitrogenaad and the solubility of nitrogen in water are
much smaller than for COTherefore, the influence of nitrogen on the cleaafjthe contact
angle is assumed to be small and the variationkeo€ontact angle is dominated by the,CO
behavior.
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Figure 3.16. Stable contact angle as a functiopreksure for flue gas- wet WL system at 318 K

3.4.3.2. Semi-anthr acite coal

A series of experiments were performed to recogthizewetting properties of flue gas on a
wet semi-anthracite coal. The stable contact angfethe synthetic flue gas/water/semi-
anthracite coal system as a function of pressura abnstant temperature of 318 K are
depicted in Fig. 3.17. Similar to the WL resultsg tontact angles of the flue gas on wet SC
coal are smaller than those of £€Ohe experiments reveal that the wettability ofaBe
Cornish coal is intermediate-wet at all pressufBse increase in contact angle at low
pressures is stronger (red dashed line) than thpteasures above 2.5 MPa (green dashed
line). For pressures below 2.5 MPa, the contacteaimgreases with an inclination of about
2.88 degree/MPa, while for pressures above 2.5 MiEa).41 degree/MPa.
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Figure 3.17. Stable contact angle as a functiopressure for the wet SC coal system with synthetic

flue gas at a temperature of 318 K. The dasheddines the best linear fit through the data and is
used to guide the eye.

For the relevant in-situ pressures, it can be caled that the contact angle slightly increases
with increasing pressure. Thus, the wettabilityS& coal with flue gas injection remains
intermediate-wet at all pressures between 0.2 &nRa. The contact angles of the flue gas
bubbles are all smaller than those of the,®Gbbles. This is visible from the images shown
in Fig. 3.18. This phenomenon could be explaineddnsidering the ratio of 20 mol% G®

80 mol% N in the flue gas bubble.

Figure 3.18. Digital images of gas bubble on thec®@l surface in the presence of water at 318 K
and 5.25 MPa; (a) Cobubble,8,,;=104.F, and (b) flue gas bubblé,,,~89.9
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3.4.4. COMPARISON OF RESULTSWITH RESPECT TO COAL RANK

The values of the determined contact angles fagla-tank and a medium-rank coal samples
with similar vitrinite contents are given in Figl13.
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Figure 3.19. Contact angle as a function of presdor coal samples of different ranks;
against (a) CQand (b) synthetic flue gas.

The following observations can be made from Fi@93.

* For the hvBb rank WL sample and injection of pur®,Cthe wettability of the coal
surface changes from intermediate-wet to,@@t at 8.5 MPa.

* For the same WL sample when injecting the syntHitee gas, the alteration from water-
wet to intermediate-wet was observed at pressin@geal 0.5 MPa.

* For the semi-anthracite rank SC sample, it is fotihad the contact angle increases with
pressure against pure gé&hd the wettability alteration occurs at aroundNdHa.

» Experimental results with synthetic flue gas regdahat the wettability of Selar Cornish
coal is intermediate-wet at all pressures and tmact angle only slightly increases with
pressure.

» It is observed that hydrophobicity (the contactlahgf a coal sample increases with the
coal rank and pressure, which confirms previoudifigs by Gutierrez-Rodriguez et al.
[28] and Sakurovs and Lavrencic [40].

* For the semi-anthracite sample, the wettabilitgralion against Cfoccurs at a lower
pressure than that for the lower rank hvBb sample.

« The contact angles on the semi-anthracite Selami§fosample against flue gas are higher
than those on Warndt Luisenthal coal.

* For the Selar Cornish coal sample the pressurktlligffects the wettability whehter GO
or flue gas has been injected. Warndt Luisenthal dmecomes apparently more
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hydrophobic with increasing pressure. In other wprdoal rank is a parameter that
controls the degree of pressure dependency of dtiaility.

* For the samples used in this work the mineral-maib&tents in the contact surface are
comparable. In this study, the WL coal sample dastenore total mineral matter than the
SC coal sample. However, the difference betweererairmatter content of the two coal
surfaces is negligible. Although in general a amih a higher content of mineral matter
is more water-wet [43], the results of this studyrbt allow one to attribute the variations
in the wettability of the used samples to the am@fimineral matter in the coal, because
the mineral-matter content on the surface of thedusoal samples was too low and
similar.

3.4.4.1. Effect of coal surface charge

The observed wettability behavior of the coal ranked in this work is related to the different
surface chemistry of the coal samples. AccordintheoDLVO theory [55, 56] and electric
double layer effects, the wettability alterationdaincrease in contact angle are due to the
decrease the stability of the water film on thefaee. Any reduction in the negative surface
charge of coal particles reduces the electrostapealsions and consequently decreases the
stability of the water film covering the surfaceowkver, electrochemical properties of the
coal and the aqueous interface are mainly detednryecoal functional groups and surface
chemistry. Metoxy-, hydroxyl-, carboxyl- and carlybngroups are hydrophilic, while
paraffin, graphite and naphtalene groups are hyaroie [57]. Due to coalification, coal loses
its hydrophilic functional groups and the coal stue enriches in aromatic carbon.
Therefore, the content of phenolic groups decregssgually with increasing coal rank. This
leads to an increasing hydrophobicity with incraegsiank [37]. The fact that the hvBb-rank
coal (WL) is more water-wet is due to hydrophilun€tional groups, mainly carboxylic and
hydroxyl groups, which are more abundant in thebhwdhk coal [34, 39].

It is found that the maximum sorption of €©n the coal types used in this study and
wettability alteration occur in the same pressuaage. The effect of pressure on the
wettability of coal samples and its effect on theximum sorption might be also explained by
the difference in coal electrochemical propertigse increase of contact angle with pressure
has been attributed to the decrease of surfacgehsrder the acidic pH of G&equilibrated
water [58]. The pH of the aqueous phase influerthessurface charge of the particles. In
water/CQ solution, pH decreases from 7 to 3 by Qissolution in water. Wen [59] found
that the negative surface charge of bituminous aualeases with increasing the pH and
oxidation in air. The pH reduction leads to a dezlin the negative surface charge of particles
and thereby reduces the electrostatic repulsiows séability of the water film. The zeta
potential and surface charge determination of gaaticles are highly dependent on the
functional groups, the coal type and coal rank. Seguently, it is expected that the point of
zero charge, which corresponds to the minimum widtar stability, occurs at different pH
(and pressures) for different coal samples. Accgydio the results (Fig. 3.19(a)) the
minimum stability of the water film for the semithracite rank SC and the hvBb-rank WL
samples are around 5.7 MPa and 10.5 MPa, respigctMereover, the coal surface charge
influences the adsorption of gas on the coal &mdiht pH values [60]. This may explain the
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occurrence of the wettability alteration and maximsorption in the same pressure range. To
prove these findings, more investigations on thea zpotential and surface charge
determination of these samples versus pH are needed

3.4.5. IMPLICATIONS FOR CO, STORAGE IN CBM

To assess the displacement and capture efficiemoynonly the so-called capillary number is
used. A large capillary number means that by imgc€QO, water is displaced easily during
CO, capture [61]. The capillary number is defined as:

WXV

N., = (3.1)

YwgXxcos@

wherep is the viscosity of the aqueous phase anmgl the injection velocity of the gas. At a
constant temperature, the equilibrium interfagision,yq, between the aqueous and the gas
phases of the CQwater system decreases with the pressure, whichss®ciated with
increasing solubility of C@in water [48]. In addition, the water contact angl in the water-
CO,-coal system increases with pressure at a conttengerature (see Fig. 3.19(a)). As a
consequence, cds decreases. Combining these observations, it cacobeluded that the
adhesion force (product of contact angle and iateaf tension) decreases with pressure at a
constant temperature. Thus, with increasing presatirconstant temperature, the capillary
number increases. This means that by injecting GD a higher pressuré is easier to
displace water through the cleat system of the.ddahce, with increasing pressure, more
CO, can be injected into the coal and the,Cfforage capacity increases. Therefore, the
alteration of the wettability of the coal from watget to intermediate or gas-wet increases
the efficiency of the C@storage. Comparison of the contact angles detexnny CQ with
those determined by synthetic flue gas shows thattion of pure C®is more efficient for
medium rank hvBb coal, since the nitrogen in thetlsgtic flue gas is not participating in the
process. However, because the sorption on coattendolubility in water for nitrogen are
lower than those for CQone might consider to inject the flue gas andtbheanedium (coal)

as an in-situ separation unit [47- 49].

It is thus expected that the behavior found in #tigdy is generally applicable to coals with
the same rank and with similar compositions disigg the ash content of the coal.
However, other types of coal might show a differé@haviour due to their different
mineral/aliphatic/aromatic surface compositions.

3.5. CONCLUSIONS

Two coal types were studied with respect to thesttiwg properties when injecting GOr
flue gas at various pressures, ranging from 016tMPa, at a constant temperature of 318 K.
The results show that at a given temperature aedspre the non-stable contact angle
increases with time up to a constant value; thierlas the stable contact angle. The aging
time (time to reach stability) was much shortertfor synthetic flue gas bubbles than for,CO
bubbles. From this study it was found that:
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* In general, the stable contact angles of, @®well as the synthetic flue gas increase with
pressure. The rate of increase is influenced by dbal rank and the gas bubble
composition.

* When injecting C@ the wettability of the semi-anthracite coal sogfachanged from
intermediate-wet to Cfwet at a pressure around 5.7 MPa. The implicatiofield scale
could be that, for C@storage in semi-anthracite coal, the reservoisge has to
overcome a pressure threshold of 5.7 MPa to westinece and thereby to enhance the
storage capacity.

* Results with injection of synthetic flue gas reeehlthat Selar Cornish coal is
intermediate-wet at the investigated pressures thatlthe contact angle only slightly
increases with pressure. For field-scale applioatithis implies that there is no pressure
threshold to wet the surface with the flue gas.

» For both coal samples the contact angles of theedhs bubbles are smaller than those of
the CQ bubbles. Based on this wetting behavior, injecbbpure CQ into SC and WL
coal could be more efficient than injection of flges.

» For the synthetic flue gas, the contact-angle trsndominated by the Gbehavior.
Nitrogen does not dissolve in water and sorbs théocoal to a lesser degree than,CO
The behavior of the synthetic flue gas system atedain CQ partial pressure is
comparable to the behavior of the £€§stem at the same (total) pressure.

* The pressure has less effect on the contact anglése semi-anthracite sample than on
those on the Warndt Luisenthal sample independém=tiver CQ or flue gas has been
injected.

* In general, the hydrophobicity of the coal sampheseases with coal rank and pressure.
This behavior can be related to the different siafahemistry and electrocchemical
properties of the two coal samples used.

* The fact that the wettability of different coal kanchanges differently reveals that on field
scale coal wettability is definitely important ftre evaluation of the efficiency of GO
storage process.
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CHAPTER 4
Wettability Evaluation of CO,-Water-Bentheimer

Sandstone System: Dissolution, Interfacial

Tension, Contact Angle and Bubble SizeD

ABSTRACT

The success of COstorage in deep saline aquifers and depletednuil gas reservoirs is
largely controlled by interfacial phenomena amonisid phases and rock pore spaces.
Particularly, the wettability of the rock matrix sia strong effect on capillary pressure,
relative permeability and the distribution of praseithin the pore space and thus on the
entire displacement mechanism and storage capd&igcise understanding of wettability
behavior is therefore fundamental when injecting ,Ci®to geological formations to
sequestrate C{and/or to enhance gas/oil production. In this tdaghe interfacial tensions
and contact angles of Bentheimer sandstone/waterf@Cflue gas have been evaluated
experimentally using theaptive-bubble technique in the pressure range fiéhto 15 MPa.
The experiments were conducted using different asitipns of aqueous phase with respect
to CO, i.e. unsaturated and fully saturated. In an wmagtd system, two dissolution regimes
are observed. Based on a diffusion model, it isvshthat, in the so-called short-time regime,
the effective diffusion is about an order of magdé larger than expected from the molecular
diffusivity of CO, into water; this may be explained by density-dniveitural convection. In
the other regime, over longer times, molecularudifin is the controlling mechanism for
mass transfer. It has been shown that a reliabteacbangle determination needs to be
conducted using a pre-equilibrated aqueous phaskntnate dissolution effects. In the fully
saturated aqueous phase, the Bentheimer sandstates/system is (and remains) water-wet
even at high pressures against,G@d/or flue gas. In these systems, the data oftéhige
contact angle demonstrate a strong dependencesdyutible size, which can be explained by
the buoyancy effect on bubble shape. However, tinace non-ideality and roughness have
significant influence on the reliability of the dawot-angle determination. For systems
characterized by Bond numbers less than 0.9, theence of the bubble radius on the contact
angle becomes insignificanthe experimental results show that the phase tranf CG
from subcritical to supercritical has a negligibédfect on the contact angle of the
Bentheimer/CQ@water system.

KEYWORDS: Wettability; Dissolution; C@ Bentheimer sandstone; Contact angle; Flue gas;
Bubble size; Line tension; Bond number; Interfatégsion; Roughness.
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4.1. INTRODUCTION

CO, storage in depleted or almost depleted gas reisergan attractive option for GO
sequestration and storage, because gas recovemhaced (EGR), the underground and
surface infrastructures are already available aedkhowledge of the reservoir is quite well
characterized due to the data acquired duringxpiation stage [1].

In deep saline aquifers, GQs initially stored as a gas or supercritical dlujphysical
trapping). Part of the injected G@emains in the reservoir either in the residuagghnear
the well or in pore spaces (residual/capillary piag) and some in the mobile phase below
the cap rock (structural/stratigraphic trapping)th€ trapping mechanisms are mineral
trapping, where C@reacts with minerals in the rock, and solubilitggping, where C®
dissolves in the aqueous phase. In general, difeteapping mechanisms occur
simultaneously [2-4].

To identify the most secure and best strategy 05 i@jection, not only the wettability and its
relation to fluid distribution, but also the physiof the trapping mechanisms, need to be
understood. Capillary trapping occurs when,@mmobilized in the rock pores by capillary
forces. This process depends on the wettabilityhef rock, the interfacial tension (IFT)
between the C@rich and the aqueous phase (brine) and the ppeedsstribution (Chapter 1,
Eq. 1.1) [5, 6]. For a brine-saturated caprock,clvhtonsists of a low-permeability porous
material saturated with brine, interfacial-tensiand contact-angle data are the crucial
parameters for the evaluation of the capillaryisgaéfficiency. The hypothesis is that the
caprock acts as the primary seal to prevent urald@sirmigration and leakage. However,
capillary leakage occurs when the pressure in tlB-i€h phase increases above the
minimum pressure which is required to initiate theplacement of brine within the caprock.
The caprock sealing efficiency can thus be regamedCQ storage capacity [7]. In the
literature, a large amount of data related to mesewith respect to COstorage in depleted
gas reservoirs and aquifers can be found. Curpenisfis on geochemical modeling, aquifer
and reservoir simulation, long-term reservoir imiggand risk assessment. Only a very
limited amount of literature data with focus on tivej properties of aquifers and gas
reservoirs at high pressures and elevated tempesattan be found [6, 8-12]. A reliable
experimental method to determine the wettabilityaibig step towards understanding the
physics of this phenomenon, which should subsetule@d to successful GQtorage. In the
CCS field application, the amount of capillary-ppead CQ depends on the wettability of
reservoir rocks.

The main purpose of the study at hand is to exathi@avettability behavior of the system of
Bentheimer sandstone/water in the presence of &@levated pressure [2@ata on the
contact angle were considered for the evaluatiom@fwettability of this system because: 1)
values of the contact angle and the interfaciaditen particularly in the pressure range where
CO, is supercritical, are necessary for the evaluatbithe capillary trapping (Chapter 1,
Eq.1.1) [7], and 2) when dealing with supercriticaD,, wetting properties cannot be
determined by the Amott-USBM method due to the faet this method cannot be used at
high pressure. To this end, contact-angle measurasmeere conducted for different
compositions of the agueous phase, i.e. fully s&drand not fully-saturated (unsaturated)
with respect to Cg) at a constant temperature of 318 K and at presstarying between 0.2
and 15 MPa. When the aqueous phase is not compkgirated with Cg) the injectivity
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and the gas distribution in the reservoir are my mfluenced by the rock properties but also
by the diffusion of CQ@ into the agueous phase. After the aqueous phaseden saturated
with CO,, the injectivity is mainly determined by the wegiproperties of the rock. Before
the method can be applied in the field, it is thmportant to evaluate the dissolution effects
and the wettability for short and long periods. sSThan be done by conducting experiments
with an unsaturated aqueous phase, representirghtiieterm behavior, and with a saturated
aqueous phase representing the long-term behavior.

In addition, the wettability behavior of the Berither sandstone/water system has been
evaluated for synthetic flue gas (80%/20% CQ). Direct injection of flue gas into a
reservoir eliminates the need for £€€&paration prior to its injection into the fieloreover,
nitrogen stripping can recover considerably morehiar@e than reservoir pressure depletion
alone [13, 14]. Nevertheless, flue gas injection zduce the structural trapping capacity for
CO, by reducing the density of GOThis reduction is undesirable for CCS volumecagficy.

To understand this process in more detail, flue iggection has been evaluated from a
wettability point of view, which is missing in théerature. In this study, the interfacial
tension and contact angle of a synthetic flue ga®Bentheimer sandstone system are
determined at high temperature and elevated pressur

4.2. THEORETICAL REVIEW
4.2.1. CONTACT ANGLE AND DROPLET/BUBBLE SIZE

The application of Young equation (Chapter 1, Ef) lequires well-defined conditions, such
as an ideal and perfectly smooth solid surface. Ybeng contact anglé}y, is exclusively
determined by the liquid/solid, liquid/gas, and/gabd interfacial properties. Therefore, it is
a single and unique contact angle and independehéanass and volume of the bubble/drop.
However, extensive experimental results found eliferature show that, for some cases, the
contact angle of a captive bubble/sessile dropiet biorizontal surface is not only a physical
property of the gas, liquid and solid materialg, &lgo varies with the bubble/droplet size [15-
18]. To address this phenomenon, several explarsatiave been offered in the literature, i.e.,
surface roughness and hysteresis [15, 19], linsidan[17, 20] and gravity effects on
droplet/bubble geometry [21].

Good and Kog18] presented the concept of line tension to explagnvariation of the contact
angle with drop size. The so-called line tensioddBned as the excess Gibbs energy per unit
length of the contact line between three coexispihgses. Including the concept of line
tension, which gives the dependency of the corgagte on bubble sizg5, 17, 18, 22, 23]
leads to the modified Young equation:

Yiw X cost + % =Ysv — Vst » (4-1)

whereg is the line tension (J/m) and R is the radius @¢frthe solid-liquid contact circle that
is the cross-section of the bubble which is captuoa the surface (Fig. 4.1). For an
axisymmetric bubble on a homogeneous, smooth amdmbal surface, the three-phase
contact line is a circle. If the bubble is extreynkrge (i.e.,R — o), the modified Young
eqguation reduces to the original Young equation:

Yiv X €050 = Vs — V1 (4-2)
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whereéd,, is the contact angle for the bubble wiRk> co. Combining Egs. 4.1 and 4.2 yields
to an expression describing the contact angle fartdle with a finite radius:

c0s0 = oS0y — — (4.3)

RYw

The infinite contact angle and the line tension bandetermined at a constant temperature
and pressure from a plot ofs6 versusl/R

Rock Substrate

Gas Bubble

Figure 4.1. Schematic of a captive bubble explamproperties such as contact angle, interfacial
tensions and dimensions of the bubble.

In the literature, there are a number of experiestudies on determining the line tension;
however, the reported values vary widely in eithrergnitude or sign. This variation can be
attributed to 1) typically small values of thesegmaeters, in particular of the contact line
length, which are used to determine the line tensaod/or 2) the fact that line tension is new
introduced physical property that is difficult toeasure and based on highly uncertain data
[21, 24]. Moreover, incorporation of the line temsito describe the non-ideal (non-smooth or
heterogeneous) surface is very complex and noigbktfarward [25]. The difficulties of
contact-angle determination, i.e., contact-anglstdrngsis and surface non-homogeneities,
lead to the huge variation of line-tension valuEsen a small amount of surface non-
homogeneity can lead to a considerable overestmati the line tension, which might even
lead to a sign conversion. Values of the line mmd$ound in the literature are both negative
and positive and vary in the range of absolute aslbetween I6" and 10° J/m. Recently,
Liu et al. [26] reported that the linear relatioigsbetweencosfé and1/R, which is normally
used for the line-tension determination, is inccrrat the nanometer scale. In addition, by
using the roughness model, Lin et al. [15] showhkdt tthe experimentally observed
fluctuations of apparent contact angles, whichracge scattered than the prediction of the
modified Young equation for a smooth surface (Ex.ade attributed to surface roughness.
They concluded that the modified Young equatiomnappropriate to interpret the contact
angle and bubble size relation on a rough surfa8g [
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These contradictory results about the line-tengletermination led to a search for other
approaches, which can be also applicable for neatlidind complex systems. The other
explanation for addressing the contact-angle vanawith droplet size might be provided by
considering the effect of gravity on the dropleaph [21, 24]. Pethica and Pethica [27] and
Leja and Poling [28] formulated a model explainthg influence of gravity on the contact
angle. Vafaei and Podowski [21, 24] introduced noder two different droplet geometries.
They showed that the contact angle for elongateglels is size-independent and can be
described by the original Young equation. Accordiagheir model, axisymmetric droplets
are size-dependent and cannot satisfy the origfftalng equation [21, 24] but can be
described by:

2y, TR? 8 1 sin 6
V=Vlv_(%_|___ )

pig \2¥w Ry R (4.4)

This approach is based on a liquid droplet surrednibly a gas phase. Eq. 4.4 represents a
relationship between the volume of a dropM]}, (the radius of the contact circl&®)( the
contact angled), the radius of the curvature at the ap®y,(the location of the apexX), and

the properties of the droplet, such as dengity, &nd surface tensions between the coexisting
phasesy;,) (Fig.4.1).

With this model, the contact angle of axisymmetirioplets can be predicted for a given mass
of the droplet and any combination of components amxtures forming the droplet and
substrate:

1
3V ] /3 sin2 O

sinf = [
1 (2+cos B5)(1—cos Os)? R

: (4.5)
whereV is the volume of a dropleR is the radius of the contact circle afids the contact
angle for a spherical droplet, which is independsdrthe spherical droplet volume [21, 24].
Osis determined by extrapolating the determined arrdagles at various droplet volumes to
a droplet with zero volume.

The description of the effect of gravity on the tamt angle of a liquid droplet surrounded by
a gas phase is based on the two main forces amtirige droplet, i.e., the surface force and
the gravity, which are considered to be independgneach other. If the gravity force
dominates, the contact angle is influenced by tiopldt volume. For a smaller droplet, the
effect of gravity decreases and surface tensionefordominate; with decreasing droplet
radius, the droplet shape asymptotically approaehsgsherical shape. The contact angle for a
spherical droplet is exclusively determined by tliid/solid, liquid/gas, and gas/solid
interfacial properties and the properties of thag@s such as density, and is independent of
the droplet volume, therefore fulfilling the Youeguation.

To identify whether surface forces or gravity fa@ominate, the Bond number is used. The
Bond number is a dimensionless number described by:

Bo = 2p9L (4.6)
Y

whereAp is the density difference between the liquid dreldas phase amndis characteristic
length, which is the appropriate linear dimensieor. bubble (droplet) systems, characteristic
length is bubble diameteMp in Fig. 4.1) [29]. A high Bond number indicatesathhe
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system is relatively unaffected by surface tens$oroes; a low number indicates that surface
tension dominates. Intermediate numbers indicateomtrivial balance between the two
forces.

Nevertheless, there are still discussions surragnainether the contact angle of a liquid on a
solid is influenced by drop size and gravity. Henzpand Marian [19] showed experimentally
that the contact-angle variation with the drop sies generated by hysteresis rather than by
gravity. In addition, Blokhuis et al. [30] showedadytically that the Young's contact angle is
independent of the strength of the gravitatioreltfi

Fujii and Nakae [31] quantitatively calculated #féect of gravity on the contact angle using
a precise drop-shape model. They showed that graag no effect on the equilibrium contact
angle. They concluded that the effect that Pethitd Pethica [27] and Leja and Poling [28]
attributed to gravity, indeed originates from thiéedence between the droplet shape assumed
in their models and the actual droplet shape. HeweS8akai and Fujii [32] subsequently
found that the solid—liquid tension was enhancedtayity when gas was adsorbed at a rough
solid interface. Accordingly, they concluded tha&e tapparent contact angle on rough
surfaces, which was considered not to be influemgedravity in a previous publication [31],
can be changed by gravity.

Letellier et al. [33] used another approach deswgilbhe equilibrium of a droplet on a solid

substrate based on the conceptaf-extensive thermodynamids this approach, the contact
angle changes with the drop volume according toveep law. Letellier et al. [33] concluded

that the non-extensive thermodynamics approachiges\wdescriptions of all systems found in
the literature, i.e. systems which are describetfdiyng’s law, modified Young’s law, and by

other methods such as Wenzel and Cassie—Baxterafr@ach also allows the description
of complex cases such as systems with rough areddgetneous surfaces.

4.2.2. INTERFACIAL INTERACTIONS OF CO/WATER/ROCK OR MINERAL
SYSTEMS

In the last decade, a few studies have focusedenvettability of CQwater-rock/mineral
systems [6, 7, 12, 34-37]. A number of authors hauélished experimental data for
interfacial tensions between an agueous phase (@vittvithout electrolytes) and GQCat
reservoir conditions [3, 10, 38-44jowever, there are no experimental data availabléhe
interfacial tension of flue gas and water in therfture. Published data on interfacial tensions
(IFT) between C@-rich and aqueous phases (with or without elediesly were
experimentally determined using different technguee., the pendant-drop method, the
sessile-drop method and the capillary-rise tectmidtor the pendant-drop method, a small
COx-bubble is released from a needle-like inlet ite CQ-saturated aqueous phase at the
desired pressure and temperature. The IFT is detednirom the analysis of the drop shape
and the density difference between the,@Ch and the aqueous phask) Literature data
on the CQ@-water IFT are scattered and occasionally contradich other, in particular those
close to the critical point of GOThis can be explained by the strong dependendtiyeofFT

on equilibration conditions, i.e., phase composgi@nd accounting for the G@issolution
into the water phase, the presence of impuritied accuracy of the density difference
between the C@rich and the aqueous phases. Additionally, thegeranalysis method used
and the accuracy of the temperature measuremeatdmimpact on the determined values. In
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particular, the position of the thermocouple in gwgiipment needs to be close to the bubble
surface, so that the temperature is accuratelyrdeted [43].

Chalbaud et al. [10, 39] extensively studied irateidl tensions of brine-COsystems at
different pressures, temperatures and salinitied #re representative of GGstorage
operations. Their results show that reliable wéltgltata are crucial for the accurate design
and optimization of C@sequestration strategies [39]. They also studietiability alterations
using 2D glass micro-models allowing the trackirdlwd distribution at different pressures
and temperature conditions and different wettabgitenarios. They found that @@oes not
wet a strongly hydrophilic porous medium, where&s €an wet a rock if the solid surface is
oil-wet or intermediate-wet [10].

The wetting properties and the interfacial intaaw between (reservoir) brine, carbonate
reservoir rock, and Cf&rich phase at various temperatures and pressuees studied by
Yang et al. [34]. They applied an axisymmetric dedfape analysis (ADSA) technique for
image analysis to determine the dynamic and egqjuhip (static or stable) contact angles.
They found that the dynamic contact angles remianost constant at a given pressure and a
constant temperature because the sessile brinendr®gaturated witGO,. It was also found
that the equilibrium contact angle increases wittspure and decreases with temperature. It
was assumed that this might be attributed to tbetfeat the solubility of C@in the aqueous
phase is higher at higher pressures and lower textyves.

Espinoza and Santamarina [12] collected literatdeda and conducted a number of
experiments at pressures up to 20 MPa and a tetoperaf 298 K to obtain data on
interfacial tensions, contact angles and diffusfion systems with Cg saline water and
different substrates (amorphous silica, calcite,licasi coated with oil, and
polytetrafluoroethylene (PTFE)). They found that ttontact angles on amorphous silica and
calcite substrates remained nearly constant wigkgure while dissolved NaCl in the agqueous
phase increased the contact angle by approxima®lyfor SiQ and approximately 4° for
CaCQ[12].

The contact angle of GQon mineral samples consisting of quartz, orthesldabradorite,
calcite and biotite was determined by Mills etualing the captive bubble technique [6]. Their
findings show strongly water-wet to water-wet cdiadis for all experiments for which GO

is in the gaseous or supercritical state (5.5-MF& at 313 K). Their data shows that mica
and calcite substrates become more water-wet &syee is reduced, whereas quartz and
biotite substrates become more water-wet with Bmireg pressure. Comparison of the
determined contact angles for Bnd CQ bubbles shows that the system containing O
less water-wet than one containing &t low pressure; no clear trend was observed with
increasing pressure. Although they reported comdiagiies as a function of contact circle
radius, they did not draw any conclusion with respe this dependency.

Jung and Wan [36] studied the wettability altenagiof silica surfaces, aqueous phase and
CO, system under pressures from 0.1 to 25 MPa whdeN&Cl concentration in the aqueous
phase varies from 0 to 5.0 M. They found that,resgures higher than the critical pressure of
CO; (larger than 7.39 MPa), the contact angle incieaseeply with increasing pressure up to
a pressure of 10 MPa. For pressures below thealrpressure and pressures above 10 MPa,
the contact angle remained almost unchanged. Ti@yes] that the contact angle increased
with ionic strength.
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Ameri et al. confirmed that the phase transitio©€@k from a subcritical gas to a supercritical
gas affects the wettability of a hydrophobic Benttex Sandstone [45]. However, when £0

was either subcritical or supercritical, no sigrafit influence of pressure on the wetting
properties of the hydrophilic Bentheimer was obedrv

Saraji et al. [37] showed that G@hase change and pressure variation do not signtfy
influence the water receding contact angles on dhartz surface. However, the water
advancing contact angles increased frdhto5L2 with increasing pressure and temperature.
They concluded that supercritical @Changes the wettability of the quartz surface tdwa
less water-wet conditions compared to subcritic@h.C

In our previous works, we have investigated thectfof pressure on the wettability behavior
of two samples of coal of different rank and Bentlex sandstone [35, 46, 47]. We observed
that the supercritical CCrould alter the wettability of coal from intermati-wet to C@wet
[46, 47]. However, no clear trend of contact angiih pressure was observed for £®@ater-
Bentheimer sandstone system [35].

Although the wettability of idealized quartz suadhas been experimentally investigated by
several researchers [6, 12, 37, 40], the resultiypeontradict each other, particularly
concerning the effect of the transition of £@®om subcritical to supercritical and the
influence of pressure on wettability. These disagrents are mainly due to differences in
experimental set-ups and methods, the preparatmh teeatment of mineral plates, the
presence of contaminants and mostly the equilibraomdition of the aqueous phase with
respect to the dissolution of GOMoreover, to the best of our knowledge, therenty a
small amount of experimental data available fortaohangle determination on natural rock
samples [34, 35, 45-47] due to the complexity af #xperimental determination of the
contact angle on natural rock. In addition, therdimited information of wettability in the
presence of flue gas [46, 47] and hardly any dedaagailable on the effect of dissolved £0
in the aqueous phase on the wettability of sandsteservoirs at high pressures and elevated
temperature. In our study, the contact-angle detations have been performed using natural
rock surfaces without any chemical treatment. Témults of these experiments might be a
step forward in understanding the displacement \Wbehaf fluids in sandstone reservoirs.
Ultimately, this leads to a more accurate estinmatbthe CQ storage capacity in depleted
gas reservoirs and saline aquifers.

4.3. EXPERIMENTAL

4.3.1. MATERIALS

CO, with a purity of 99.7 mol% and a synthetic fluesgansisting of a mixture of 20 mol%
CO, and 80 mol% M were used (Linde Gas Benelux). Since the percentad the other

components (i.e. NOand SQ) usually found in industrial flue gas are in thergentage to

ppm range[47], they were ignored in order to establish a tamlity behavior without

complicating it by reacting systems.

The rock slabs were taken from a sawed Bentheiar@stone block from the Bentheim-area
(Germany). XRD and XRF analyses of the samples weed to reconstruct a qualitative and
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guantitative mineral composition (Tables 4.1 ari?).4The samples are mainly composed of
quartz (~96%), which isomogeneously distributed throughout the rock matri

The average porosity and permeability of Bentheiszgrdstone were about 20% and around
2 to 3 Darcy, respectively. The rectangular samptesd in this study were 30 mm by 6 mm
by 12 mm. Prior to the experiment, one side ofrhek slabs was polished with a diamond

paste of 10 to 250m, in order to minimize the effect of surface rongbs on the contact
angle. After that, the surface roughness was datedrusing a LEICA 3D stereo explorer.
Additionally, a Phoenix Nanotom scanner was useatktermine the grain framework, as well
as the voids distribution of the sample at the miewel (6 pm voxel size).

Table 4.1. Synthetic mineral reconstruction of Bemher sandstone

Mineral Conc. wt (%)
Quartz 91.70
Kaolinite 2.50
Montmorillonite 0.18
Orthoclase 4.86
Dolomite 0.26
Calcite 0.15
Hematite 0.16
Rutile 0.03
Pyrite 0.01
Ca-Phosphate 0.07
Halite (NaCl) 0.03

Table 4.2. XRD analysis of Bentheimer sandstone

Compound Name

Conc. wt (%)

Absolute Error (%)

Al,04 1.931 0.04
CaO 0.208 0.01
Cl 0.020 0.004
Co;0, 0.001 0.0008
Cr,0; 0.005 0.002
Fe,0; 0.172 0.01
K0 0.827 0.03
MgO 0.064 0.008
Na,O 0.022 0.004
NiO 0.002 0.001
P,Os 0.030 0.005
PbO 0.003 0.002
SO 0.020 0.004
SiO, 96.616 --
SrO 0.002 0.001
TiO; 0.072 0.008
Zn0O 0.002 0.001
Zro, 0.004 0.002
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4.3.2. MICROSCOPIC IMAGE ANALYSIS

Prior to the wettability experiment, 2-D and 3-Dcnoiscopic images were taken from the
surface using a LEICA 3D stereo explorer. From 8B images, surface profiles were
obtained, which were used for thgfRctor determination. The characterization ofsbeace
roughness is based on thg fActor, which is calculated according to an indionally
recognized standard (EN ISO 4287), used to chaiagtthe surface profiles. A more detailed
description on determination of ¥alue is given in Chapter 2.

For different Bentheimer sandstone samples, th&asurroughness was characterized by
means of their Factors. The smoothest sample with the smallgsa®or was selected for
the experiments to minimize the effect of roughr@sshe determination of the contact angle.
3-D images of samples with different factors are shown in Fig. 4.2.

1mm (a) 1mm (b)

Figure 4.2. 3-D side view of the contact surfacBefitheimer sandstone samples with different
roughness values (a) 0.032 mm and (b) 0.059 mmpithees were taken with a LEICA 3D stereo
explorer. The blue, red and green lines give thtbagonal X, y, z directions used for the

determination of factor P

After the experiment, the surface roughness ot#mple was again determined to investigate
the degradation of the sample during the experim&he R factor for the smoothest
Bentheimer sample was 0.032 mm before and 0.035aften the experiment. The minor
increase in surface roughness during the expersramild be within the accuracy range of
the experimental method to determine the surfaaoghoess or may have been the result of
mineral reactions with water and @@However, in comparison with samples of other rock
types, like shale and coal, the increase in surfaaghness was negligible. Therefore, it is
considered that the roughness of Bentheimer samelstemains constant during the
experiments, even at high pressures.

4.3.3. MICRO CT-SCAN

The void distribution of the sample at the micreelewas determined with a Phoenix
Nanotom (180 kV/15 W nanofocus computed tomogra@aynoCT) system. Fig. 4.3 shows
the spatial distributions of voids and the surfacaghness of the Bentheimer sandstone
sample. In this figure, the effect of polishingtbé surface is visible when the polished and
unpolished sides of the substrate are compared.
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Polished Side

0

Unpolished Side

Figure 4.3. Three-dimensional view of side surfamfahe Bentheimer sample used. Note the sharp
edge on the top side and many indentations ondtterh side (6 um voxel size).

4.3.4. EXPERIMENTAL SET-UP AND PROCEDURE

In this study, the captive-bubble technique in adamt-drop cell is used to capture £O
bubbles under different natural sandstone surfatesrying pressures up to 15 MPa and a
constant elevated temperature of 318 K. A schentliiwving of the experimental set-up is
given in Fig. 4.4. The detailed description of #gerimental setup and procedure can be
found in Chapter 2.

Constant Temperature Cahin

Pistan
Pump

Water

Figure 4.4. Schematic of the modified Pendant-DEefi (PDC) experimental set-up
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4.4, RESULTSAND DISCUSSIONS

4.4.1. EXPERIMENTAL DETERMINATION OF INTERFACIAL TENSION

A modified version of the pendant-drop techniqueswaed to experimentally determine the
interfacial tension (IFT) between the gas bubbld #re (pre-)saturated aqueous phase. A
small gas bubble was released from a needle iet&€M-saturated aqueous phase at various
pressures and a temperature of 318 K. During tfeetkperiment the bubble needs to stay
attached to the needle. The IFT was determined thenanalysis of the bubble shape and the
density difference between the gas and the aqueloase 4p) using the DSA4 KRUESS
software (Chapter 2). To validate the experimentdédtermined IFT values of flue gas, the
IFT of the CQ/water system was first determined and thereafierpared to literature data
[40, 42, 44] (Fig. 4.5). In this comparison, litene data which did not clearly indicate the
experimental conditions were excluded. The IFT ealof this study are in good agreement
with those reported in literature in the pressargge investigated.
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Figure 4.5. Interfacial tension as a function oépsure. Violet circle: IFT from this study at 318 K
blue rhombus: data of Chun et al. at 318 K [44]d sxjuare: data of Chiquet et al. at 323 K [40] and
green triangle: data of Kvamme et al. at 323 K [42]

According to Fig.4.5, the IFT of the GAvater system decreases dramatically with increasin
pressure up to 10 MPa. This behavior can be egidny increasing the density of the £0
rich phase and the aqueous phase due to an indrealsility of CQ in the aqueous phase
(see also Fig. 4.6). The IFT is proportional to temsity difference of the two coexisting
phases. Thus, if the density difference decredbedFT decreases. Only when the solubility
of CO, in the aqueous phase remains constant, alongtietldensity of the aqueous phase,
the IFT between the CAich and the aqueous phase appears to approdebla galue (see
Figs. 4.5 and 4.6).
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Figure 4.6. Normalized values of €@ensity [48], the solubility of COn water [49] and IFT at a
constant temperature of 318 K as a function of gues. Dimensionless parameters are obtained by
dividing the actual value by the respective maximmalae in the given pressure range.

Fig. 4.7 illustrates the IFT data for syntheticeflgas/water, C&water and Wwater systems
at a constant temperature of 318 K and variousspres. The IFT values of the
nitrogen/distilled water system were obtained fréam et al. (2001).
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Figure 4.7. Comparison of experimentally determiti€ts for flue gas-water, C{vater and

N,/water systems at a constant temperature of 318 K.
Data of nitrogen/distilled water system are froom¥& al. (2001).
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According to results in Fig. 4.7, the interfaciahsion between flue gas and water is more
similar to that of N than to CQ. This can be explained by the density data in &i§, where,
due to the high content 0,80 mol%) in flue gas, the bulk density of fluesga close to the
density of nitrogen. Consequently, by considerimg proportionality of IFT and the density
difference (Young-Laplace equation), and from teeadity data (Fig. 4.8), it is expected that
the IFT of a flue gas/water system behaves in alainway to an Nwater system.
Accordingly, the IFT of these systems decreasedotfimhowith increasing pressure, because
of the slight changes in densities with pressuge (8g. 4.8).

Fig. 4.9 shows a buoyant bubble of £® flue gas in pre-saturated agqueous phase atugri
pressures. Fig. 4.9 (a) was taken at a pressude3d¥1Pa, which is smaller than the critical
pressure of Cg and Fig. 4.9 (b) at a pressure of 15.1 MPa, wihsclbove the critical
pressure of C® The IFT of the latter is clearly smaller thanttb&the first one. However,
the shape of the flue gas bubble showed no recaigleizhange from sub-critical (Fig. 4.9(c))
to super-critical (Fig. 4.9 (d)) pressure. This edsp be seen in the way in which the bubbles

are attached to the tip.
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Figure 4.8. Density and interfacial tension varats with pressure in flue gas/water, S@ater and
NJ/water systems at a constant temperature of 318 K.
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(b)

C))
—

Figure 4.9. Digital images of a buoyant gas bulibla pre-saturated aqueous phase at a constant
temperature of 318 K (0.1 K) and various pressufay CO, bubble at 0.30 MPa, IFT=67.2 mN/m,
(b) CO, bubble at 15.11 MPa, IFT=27.6 mN/m, (c) flue gablide at 1.32 MPa, IFT=69.9 mN/m and

(d) flue gas bubble at 14.92 MPa, IFT=57.5 mN/m.

44.2. CONTACT-ANGLE DETERMINATION OF CO; IN UNSATURATED
AQUEOUS PHASE

Two different types of contact-angle data are reggbin the literature, namely stable (steady)
and dynamic (transient or non-stable) contact anf}lé, 47, 51]. Variation of the contact
angle with time is generally regarded as indicatifgon-stable’ or ‘dynamic’ contact angle.
If the contact angle experiment is conducted withile CQ-saturated aqueous phase,
variation of the contact angle over time is maidiye to the surface heterogeneity and
roughness. In the case where the aqueous phastfidin saturated with C¢) the change in
contact angle is related to the dissolution of,@Othe aqueous phase or water in the,CO
rich phase [34, 47]. The second class of data gesvimportant information on the interfacial
interactions between the present phases, and npedfisally, mass transfer between the
liquid and the gas phase. In the unsaturated systenthange in contact angle is influenced
by a number of mechanisms such as dissolution abtlé size variation, rather than by the
wetting properties of the surface alone.

Fig. 4.10 shows the dynamic contact angles angdDBble radius at the apex as a function of
time for different pressures. In the unsaturatestesy, the injected CCbubble completely
dissolves in the aqueous phase and disappeargy.l4.EO (a), it can be seen that the bubble
dissolution time depends on the initial radius tté bubble. However, comparison between
experimental dissolution curves at 4.9 and 6.7 MPaals that if the initial bubble size is the
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same, pressure has no significant effect on thélbubissolution behavior. This also confirms
that the diffusion coefficient in the liquid phasandependent of pressure [52]. The change in
the contact angle and droplet size over time (Fi§j0) can be divided into two regimes: the
first regime (regime 1) where a G@ch bubble dissolves quickly in the aqueous phase
the second regime (regime Il) where C@adually diffuses into the aqueous phase. For
example, at 0.58 MPa after 180 seconds, 94% ofnitial bubble volume dissolves in the
fresh aqueous phase (Fig. 4.11), while dissolutiotine rest of the bubble (6% of the bubble
initial volume) takes 2300 seconds. This dissofutiend over time at 0.58 MPa is shown in
the sequential digital images of the captive,@Qbble in Fig. 4.11. In the first regime, the
contact angle increases continuously with timeluntieaches a transition point. After this
point and in regime Il, the contact angle changely slightly with time. The transition
between fast and slow dissolution regimes is cfedsdible, which allows the definition of a
transition point, a transition time and a transitradius. The so-called transition pointhe
crossing point of the tangents to the curves inmegl and Il which can be determined
experimentally according to the evolution trendred bubble size and contact angle with time
at each specific pressure. According to Fig. 4th6, transition from a strong change to an
almost constant value (regime | to regime Il) oscat the same time for both contact angle
and bubble radius, which can confirm the hypoth#si the contact angle depends on the
bubble size.

The change in the contact angle over the time dammoelated to the wettability alteration of
the surface from strongly to less water-wet. Thétaidity behavior of a surface is a material
property. This means that the wettability does datnge due to bubble shrinkage. The
increase of contact angle with time, as seen in &0 (b), can be explained by bubble
volume reduction (shrinkage) due to £dssolution in the aqueous phase. Because of the
dependency of the contact angle on the bubble(sexdion 4.4.3), the bubble shrinkage has
an effect on the change in the contact angles timté.

Table 4.3 summarizes the effect of pressure ari@litiubble size on the contact angle and
transition time. In this tabledyn is the contact angle of the bubble with the initbabble
radius of R, andfnaxis the last accurate detectable contact arkgle bubbles with a volume

of less than 0.2 mi the contact angle determination is not reliable do the limited
resolution and, thus, the high uncertainty in théolde profile description. The data in
Table 4.3 show that the transition time and radiufe transition zone for all experiments are
in the range between 3 and 5 minutes, and 0.37 nthD&3 mm, respectively, regardless of
the initial bubble size and pressure. Unfortunatélym the data at hand, the dependency of
the contact angle at the initial bubble radi}g, on the pressure cannot be deducted because
the initial bubble sizes are not the same at diffepressures.

Fig. 4.12 illustrates the evolution of the contangle and the bubble parameters (i.e., bubble
radius at apex, bubble height, diameter of theamntircle of three phases (base diameter),
and aspect ratio (base diameter/bubble height)) time at a pressure of 0.58 MPa and a
temperature of 318 K. Only the curves at a pressti@®58 MPa are presented here, as the
general behavior is the same at different press#tesshown in Fig. 4.11 (a), the contact

angle increases continuously to reach the tramsitione after about 180 seconds. In this
region, the bubble height, bubble radius at apeklmse diameter decline at approximately
the same rate (Fig. 4.12 (b)). The bubble shrinkegresented by a continuous reduction in
the contact length (base diameter) and bubble heaid due to the dependency of the
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contact angle on the bubble size, has an effeth@mhange in the contact angles with time.
Consequently, if the contact-angle determinatiopedormed in the first regime, the results
are highly affected by the bubble size. In the sdcaegime, the contact angle and bubble
parameters vary with time at a much slower ratg.(Bi12). This confirms that a reliable

experimental contact-angle determination has tedr&ucted in a saturated (fully or quasi)
aqueous phase (Chapter 2, Fig. 2.4) to minimizeetfeet of dissolution (for a more detailed

discussion see section 4.4.3).
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Figure 4.10. (a) Dynamic contact angle and (b) Belbiadius at apex over time for different
pressures and at a constant temperature of 318 K.
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t= 89 sec t=136 sec t= 180 sec

(h) t= 1007 sec i t= 1870 sec

Figure 4.11. Sequential digital images of the capCQ—rich bubble on a Bentheimer surface at
0.58 MPa and 318 K: (a) t=1 secgR.30 mm, V=7.71ul, 6=16.3, (b) t=15 sec, R=1.18 mm,
V,=5.99ul, 6=17°, (c) t=47 sec, 0.97 mm, ¥=3.36 ul, =22°, (d) t=89 sec, R0.71 mm,
V=137 ul, 6=24.3, (e) t=136 sec, &0.54 mm, y¥=0.621ul, 6=28.9", (f) t=180 sec, 0.48 mm,
V,=0.46 ul, 6=30.4°, (g) t=307 sec, 0.44 mm, ¥=0.35ul, =32.5°, (h) t=1007 sec, 0.35 mm,
V,=0.182ul, 6=34.2°, (i) t=1870 sec, R0.24 mm, Y~0.053ul,

f=n.a. (due to the resolution limitation.)

Table 4.3. Contact angle and other parameters@f gas bubble at various pressures and a constant
temperature of 318K

Pressure Rj,Bubble 0., O max Transition  Radiusat transition Initial CO, bubble

(MPa) (mm) ) ) time (sec) point (mm) =S o) (\:/vca)ltzesr]O zumtgll;tk);)lP
0.58 1.300 16.3 34.6 180 0.47 0.060 0.1219
2.7 1.765 14.4 47.8 200 0.50 1.018 0.5117
4.9 1.411 19.5 52.5 240 0.41 1.082 0.8193
6.7 1.424 154 59.8 250 0.53 1.783 1.0052
10.2 0.573 2436 64.53 180 0.37 0.361 1.1923
12.0 0.850 20.85 66.37 320 0.47 1.472 1.2199

* Duan et al. [53]
* My=pce* Vo
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Figure 4.12. Evolution of (a) the contact angle ghyibubble parameters with time
at 0.58 MPa and 318 K.

4.4,2.1. CO, bubbledissolution

To better understand the origin of the two regim@sserved at various pressures
(Fig. 4.10 (a)), the mass transfer between thebgable and aqueous phase was calculated
based on a mass balance of the bubble interfacg #sck’s law. The equations and their
derivations are given in Appendix 4.1 and Appertdix

It becomes clear from Fig. 4.10 (a) that the bulvhtbus decreases significantly in regime |,
i.e., has a sharp slope at early times of the @xpet. However, the slope of the curve
decreases with time, meaning that the mass-traraieidecreases. The mass-transfer process
experimentally observed over the complete timeagoe(Fig. 4.10 (a)) cannot be described
using a single mass-transfer or diffusion coeffiti€Considering mass transfer separately in
the two regimes, the curves could be representddtive general mass-transfer model using
two different mass-transfer coefficients iles, andk».
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The mass-transfer coefficients were obtained friasndf the model to the experimental data
using Eq. A1.8. Comparison of the mass-transfeffictents obtained (Fig. 4.13) reveals that
the mass-transfer coefficient describing the bedravi regime 1,k 3, is about two orders of
magnitude larger than the mass-transfer coeffictkascribing the second regime, Two
different mass-transfer regimes were also detedtgdVasconcelos et al. [54] in the
dissolution of single bubbles of low-solubility @ssin water with very little contamination.
The results of the system at hand are in good agree with the trend observed by
Vasconcelos et al. [54], which quantitatively comfs the fast dissolution regime observed in
the experiments.

Further, the diffusion of COinto the aqueous phase is described using Fidkss law
(Appendix 4.2). Fig. 4.14 shows the curves of thblte radius as a function of time. The
blue triangles display the experimental values tinedred solid line is the description with
Fick’s law using a single diffusion coefficient 807x10° m%s for both regimes and for all
pressures at 318 K [55]. The two cases are descnibAppendices 4.1 and 4.2, respectively.
According to Fig. 4.14, Fick's law cannot represém experimental data using a single
effective diffusion coefficient; the experimentaltd of the bubble radius in regime | decrease
much faster than predicted by the model. This igditation of an accelerated mass transfer
of CO, into the water in regime |, which cannot simplyeoglained by the diffusion process.
However, by separately considering the short-temthlang-term mass-transfer behavior, it is
possible to describe the regimes individually viitio effective diffusion coefficients.

Applying this method, the bubble radius as a fuorcidf time could be described very well
with Fick’s law (green dashed and dark blue dotddslines in Fig. 4.14). All parameters,
both obtained from the fit and taken from the &tere, are summarized in Table 4. In this
table,k 1 andk , are the mass-transfer coefficients determined flitsnof the model to the
experimental data arid, is the effective diffusion coefficient used fognme | obtained from

a fit of Fick's law to the experimental dat&3,, is the concentration of GCat the bubble
interface, i.e., the solubility of GQOn water at the specific pressure taken from titeeature
[53]. chgz gives the C@concentration in the bulk phase in regime Il amdbtained from the
best fit of Fick’s law to the experimental dataisltassumed that the GGoncentration in the
bulk (Cfgz) is initially zero in regime |. Based on the slolgsolution rate of regime I, this
regime is mainly considered to be a diffusion-deaminprocess. Therefore, the effective
diffusion coefficient of regime 11@,) is assumed to be 3.07x10n%s, according to the
diffusion coefficient of CQinto the water at 318 K [55].

Comparison of the data in Table 4.4 reveals that:

* The short-term mass-transfer coefficiekt) is about 1% to 2 orders of magnitude larger
than the mass-transfer coefficient of G@regime Il & 2). In addition, the adjusted short-
term effective diffusion coefficientdg) is about three times larger than the molecular
diffusivity of CO, in water D) found in the literature [55]. These findings domf
guantitatively that, under the conditions consider@ second process in addition to the
diffusion mechanism contributes to the £ddssolution regimes.

* For bubbles with similar initial radii, the valuebtained from fits fok, ; andD; increase
with increasing pressure. This behavior is in agre®& with the trend observed by
Farajzadeh [56].
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From the data at hand, it can be concluded thattass-transfer coefficiek is not
affected by pressure. This is in agreement withfélse that, in general, the diffusion of a
gas into a liquid phase is independent of the presgb2]. This pressure independency
confirms the assumption of a diffusion-dominantoass in regime Il.
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Figure 4.13. Bubble radius as a function of tim@aious pressures and a constant temperature of

318 K. The symbols display experimental data aadities give the fit of the mass-transfer model

(as given in Appendix 4.1) to the experimental degd dot-dashed line: fit to data of regime | ahe

blue dashed line fit to data of regime II.



Wettability Evaluation of C@Water-Bentheimer Sandstone System

76

1.4
A Experimental data at 0.58 MPa
1.2 :\ Diffusion Model, Cb=0, D=3.07e-9 m2/s
T a -==-Regime |, Cb=0, D=1.05e-8 m2/s
_E. 1 — - Regime Il, Cb=97%Cs, D=3.07e-9
3
-9
@ 0.8
-
©
w
2 06
-
S
2 04 A ke
L2 .M'A'A
2 =-. .
@ ~.
0.2 AL
~
0
0 500 1000 1500 2000
Time (sec)
1.6
A Experimental at 4.9 MPa
14 A —— Diffusion Model, Cb=0, D=3.07e-9 m2/s
T “.‘ -==-Regime |, Cb=0, D=1.5¢-8 m2/s
f_ 12 \ — - Regime Il, Ch=98%Cs, D=3.07e-9 m2/s
x A
a 11
© \
®og
R
Bos i
K4 ]
]
S04 o,
3 \ YV -
02 A
o~
, (@
0 500 1000 1500 2000 2500 3000 3500
Time (sec)
0.6
A Experimental at 10.2 MPa
05 '\ Diffusion Model, Cb=0, D=3.07e-9 m2/s
B \
‘g A ~==-Regime |, Cb=0, D=7e-9 m2/s
_E_ ‘I — - Regime Il, Ch=96%Cs, D=3.07e-9 m2/s
x 0.4 \
o \
& W
~a\ |
f 03 Il S -
S e
3 o~ .
B i~
o 02 ~x.
- \A
o ¥
E 3
@ 01
L (@)
0 500 1000 1500 2000 2500 3000 35(
Time (sec)

Bubble radius at apex (mm)

Bubble radius at apex (mm)

Bubble radius at apex (mm)

2
A Experimental data at 2.7 MPa
18 A Diffusion Model, Cb=0, D=3.07e-9 m2/s
16 A -===-Regime |, Cb=0, D=1.75e-8 m2/s
14 H — - Regime |, Cb=98%, D=3.07e-9 m2/s
TN
12 4
\
14
A
A
0.8 :
A
06 | A
—“A yw
0.4 = as.
A — e
0.2 T,
(b) ~
0
0 1000 2000 3000 4000 5000
Time (sec)
1.6
A Experimental at 6.7 MPa
14 Diffusion Model, Cb=0, D=3.07e-9 m2/s
x\ -=---Regime |, Cb=0, D=1.8e-8 m2/s
A
12 ' — . Regime I, Cb=98%Cs, D=3.07e-9 m2/s
\
1414
\
M
0.8 i
)
A
0.6 '.
\
0.4 S E T
A= =
A Al
0.2
(d)
0
0 500 1000 1500 2000 2500 3000 3500
Time (sec)
1
A Experimental at 12.0 MPa
09 Diffusion Model, Cb=0, D=3.07e-9 m2/s
0.8 ----Regime |, Cb=0, D=9e-9 m2/s
\ — - Regime Il, Cb=96%Cs, D=3.07e-9 m2/s
07 ¥
\
0.6
0.5
0.4 O
0.3
0.2
0.1
f
,
0 500 1000 1500 2000 2500 3000 3500
Time (sec)

Figure 4.14. Bubble radius as function of time atious pressures and a constant temperature of
318 K. Blue triangles display experimental data #mellines give the description with Fick’'s lawdse
also Appendix 4.2); red line: description with Fkaw assuming a bulk phase of pure water (ng CO

initially dissolved in the aqueous phase) and usingolecular diffusion coefficient of G@ water,

D, from [55]; green dashed line: description of ne | with Fick's law assuming a bulk phase of
pure water. For regime |, D is obtained from thestoi with the experimental data; the blue dot-dot

dashed line: description of regime Il with Fick&a with assumption of diffusion-dominant process

(D from[55]). For regime II, the C@concentration in the bulk is obtained from thetlig®f the
model to experimental data.
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Table 4.4. Experimental and model parameters obthinom the description of the bubble radius as a
function of time at various pressures and a temipeesof 318 K.

Pressure k;;x10° k. ,x10' D;x10° C%z szzlcgoz Rio Transition Radiusat Transition
(MPa) (m/s) (m/s) (m?s) (nmol/L) ) (mm)  Time (sec) Time (Ry) (mm)
0.58 1.05 3.69 1.05 0.118 0.98 1.30 185 0.48
2.7 1.27 1.81 1.75 0.498 0.97 1.76 200 0.74
4.9 1.20 2.35 1.50 0.805 0.98 1.41 240 0.39
6.7 1.50 2.30 1.80 0.981 0.98 1.42 250 0.47
10.2 1.21 6.06 0.70 1.141 0.96 0.57 180 0.35
12.0 1.23 3.69 0.90 1.167 0.96 0.85 320 0.43

In order to explain the accelerated mass trandieerwed in regime |, different mechanisms
have been considered, i.e., spontaneous imbikafid®O, into the rock pores, density-driven
natural convection [56-58], the effect of surfacatamination (stagnant-cap model) [54], the
relative motion between the bubble and the aqupbase when a bubble rises through the
aqueous phase (internal circulation theory) [53] 8arangoni effect [57, 58]. CQas the
least wetting phase, cannot overcome the capipaggsure and consequently penetrate into
pore spaces [35], at least for this bubble sizerdiore, accelerated mass transfer, observed
in regime |, cannot be originated by the spontasembibition of CQ into the pores.

The onset of natural convection is determined ey Rayleigh numberRa and density-
driven natural convection occurs in bulk solutiomsen Ra>2100. The calculation of this
dimensionless number for the system at hand (AppeAd) reveals that diffusion is
accelerated by density-driven natural convectioregime |. Considering the dimensions and
conditions of the system at hand, it is expected the entire bubble dissolves quickly by
natural convection sincRa>2100. However, after a certain time, known as tthesition
time, dissolution becomes less convection-dominated more diffusion-dominated. The
density difference in regime Il is smaller, but @ating to this criterionRa>2100), natural
convection should occur in regime Il as well. Nibredess, the results indicate that the rate of
mass transfer is what one would expect for diffasioth no convection. The sudden change
in the mass-transfer rate might be attributed éopitesence of a small amount of impurities in
the aqueous phase. The measured 273 ppm Ni angné4£p may block the interface. After
accumulation of the contaminant material at thebieilsurface, the mass-transfer area of the
bubble decreases, which causes a reduction of #ss mmansfer at the interface (stagnant-cap
model) [54].

Finally, in regime Il, molecular diffusion is theomtrolling mechanism for mass transfer
between the C&bubble and the aqueous phase. Due to the formatiarthin CQ-saturated
water film around the bubble, the driving forcer{centration gradient) for diffusion reduces.
Consequently, the dissolution of the bubble takagér than the dissolution of the bubble in
the pure water phase. According to the fit of Fécldw with the experimental data, the £O
concentration in the bulk phase in regime (Ifoz, is about 97%1% of the maximum

solubility of CG, in water at the given temperature and pressuresd findings are in good
agreement with the experimental results of Far&hkd86].
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4.43. CONTACT-ANGLE DETERMINATION OF CO, AND FLUE GAS IN
PRE-EQUILIBRATED AQUEOUSPHASE

Fig. 4.15 shows the evolution of the bubble radind contact angle with time at 0.58 MPa
for different phase conditions and overall composg of the CQwater system. To
determine whether the system is in the one-phas@mphase region, the phase diagram of
the CQ/water system is used from the literature (ChagieFig. 2.4). For an unsaturated
system (one-phase region), the amount of @Othe system is smaller than the maximum
amount which can be dissolved in the agueous patsegiven temperature and pressure.
Hence, when adding a G®ubble, the bubble dissolves completely in theeags phase
(Fig. 4.15 (a)).

If the amount of C@ in the system, before releasing a new bubble,ush ghat the
composition describes a point on the phase envdlop®e describing the border between
one-phase and two-phase region), then the systemfdged to as quasi-saturated in this
work. In this system, by adding a €Bubble, the pressure is initially slightly incredsDue

to the fact that the amount of @@hich can be fully dissolved in the aqueous pliaseases
with pressure, the addition of G&vould mean that the overall system composition ésov
slightly from the phase envelope to the one-phagéen (unsaturated case). Therefore, one
refers to this case as ‘quasi-saturated’. The dhtav that, for this situation, the bubble
dissolution rate is smaller than the dissolutiote ria the unsaturated system. In the quasi-
saturated system, the bubble initially dissolvesvgl and the bubble size decreases. When
equilibrium is established, the bubble size remaomsstant (Fig. 4.15 (b)). The time to reach
equilibrium depends on the initial composition @£n the water-rich phase.

In the fully-saturated system, equilibrium is atigaestablished when injecting G@to the
system. Still, releasing GOn the equilibrated system causes a slight distucb, which can
be recognized by an initial volume reduction of théoble with time (Fig. 4.15 (c)). After
introducing the C@bubble, mass transfer occurs between the bubbleh@ndqueous phase.
The driving force for this process is the differena chemical potentials of each specific
component in the two coexisting phases. The tinqpired to reach a stable bubble size
depends on the chemical potential gradients inwleephases. Since adding a £laubble to
the equilibrated system only disturbs the equilibbrislightly, the mass transfer between the
bubble and the aqueous phase is negligible and mimteaffect the contact angle so that the
wetting properties of the substrate are determifed.such a system, any variation of the
contact angle with time can be attributed to swfaeterogeneity and roughness.

According to Fig. 4.15, the contact angle variatisrproportional to the change in bubble
volume which shows the dependency of the contagieaon the bubble size in the system at
hand. These observations are in agreement withethdts discussed in section 4.4The
error bars in these figures are given based onsthledard error of the values which are
calculated by:

STDEV

Vn !

where S.E. is the standard err8f,DEVis the standard deviation and n is the numberatd d
points.

S.E.=

(4.7)
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In Table 4.5, the basic parameters allowing thealicomparison of experiments in the
unsaturated, quasi-saturated and fully-saturatetesy at 0.58 MPa are givefi, is the
contact angle of the initial bubble with the radafsR,. In the unsaturated system, the CO
bubble disappeared after 2700 seconds. In the -gaasiated system the bubble first shrank
and then became stable after 4800 seconds. Inutlyeshturated system, the stable bubble
was obtained after 180 seconds. In the two laytelems Rrinal anddring arethe bubble radius
and the contact angle after establishing the dayatied bubble.

Table 4.5. Parameters characterizing the experiman0.58 MPa in
the unsaturated, quasi-saturated und fully-satutagstem.

Rio Onmin Reinal Ofina Time
(mm) (degree) (mm) (degree)  (sec)

Aqueous Phase Condition

Unsaturated (fresh water) 1.18 17 0 35.1 2700
Quasi-saturated with GO 1.02 17.3 0.62 26.06 4800
Fully-saturated with C© 1.23 16.7 1.21 20.4 180

From the data at hand, it can be concluded thatigbte contact-angle determination should
be conducted in a pre-equilibrated (fully or quasturated) aqueous phase to eliminate
dissolution effects. Dissolution affects the contmugle determination due to the constantly
changing bubble size; this means that the systemincmusly changes its conditions, thereby
changing the contact line and the contact angle.

Therefore, all contact-angle determinations in thark were performed using a fully GO
saturated aqueous phase to evaluate the wettingpemies of Bentheimer
sandstone/water/C@xcluding dissolution effects. Fig. 4.16 illustathe effect of pressure
on the stable contact angle at a temperature ofk318he values of the contact angle in
Fig. 4.16 are scattered so that the derivation r@lation between pressure and contact angle
cannot be formulated in straightforward manner. fifaximum variation of the contact angle
of about 13 degrees was observed for experimedt®@atMPa. Another large variation of ca.
10 degrees was found for the experiments at 1.04.Mere is extensive experimental
evidence in the literature confirming that the @mhtangle of a captive bubble/sessile droplet
on a horizontal surface not only depends on thaiphlyproperties of the gas, liquid and solid
phases but also varies with the bubble/droplet Eizel8]. In Fig 4.17, the stable contact
angle is plotted as a function of bubble radiugalt be seen that the contact angle decreases
with bubble size. Furthermore, since the bubblee sibes not depend on the pressure
(Fig. 4.18), it explains the scattering of the @mhtangle as function of pressure (Fig. 4.16).
Fig. 4.19 shows the sequential digital images & @Q-rich bubble captured on the
Bentheimer rock at 4.97 MPa and 318 K. It can lentbat when the bubble size decreases,
the bubble shape asymptotically approaches a gjathshape.

To understand the observed contact-angle dependentye bubble size, different scenarios
have been considered, i.e., surface roughness wgstérésis [15, 19], gravity effects on
droplet geometry [21] and line tension [17, 20]glexations in Chapter 4.2.1pue to the
contradictory results regarding the line-tensiotedaination in the literature and following
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on from the results at 1.04 and 4.97 MPa, whichgaren in Appendix 4.4, the line-tension
concept is not considered a proper method to desthie dependency of the contact angle on
the bubble size for the system at hand, since cairfeon-ideality and roughness have a
significant influence on the reliability of this thed [15].
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Figure 4.16. Stable contact angle (fully-saturagydtem) as a function of pressure at a temperatfire
318 K. The error bars show the standard error & #alues.

30

25 §§§
20 {
5 ¢

- ;#‘;{i\
3 50

R*=0.666

¢

¢

10

~
~
~

N $8
&

0.5 0.7 0.9 1.1 13 1.5 1.7 1.9 2.1

Stable Contact Angle (degree)

Bubble Radius at Apex (mm)

Figure 4.17. Stable contact angle as a functiothefbubble radius at the apex at various pressures
and a temperature of 318 K. The error bars showstaedard error of the values.



Wettability Evaluation of C@Water-Bentheimer Sandstone System 82

1.7

1.4

11

Bubble Radius at Apex (mm)

Pressure (MPa)

Figure 4.18. Bubble radius at the apex as a fumctibpressure at a temperature of 318 K.

Figure 4.19. Sequential digital images of the capCQ-rich bubble on the Bentheimer rock at
4.97 MPa and 318 K: (a) )®1.90 mm, ¥=32 ul, 6=3.1°, (b) R=1.73 mm, ¥=23.56ul, 0=4.5°,
(c) R=1.55 mm, ¥=16.52ul, 6=6.5° (d) R=1.34 mm, ¥=11.974l, 6=11.3, (¢) R=1.08 mm,
Vp=9.09ul, 6=13.6°, (f) R=0.77 mm, ¥=1.93 ul, 6=22.8".
Each picture was taken 30 seconds after the relebfee bubble. When the bubble size reduces, the
geometry of the bubble approaches a spherical shape

4.4.3.1. Surface roughness

Surface roughness and/or heterogeneity decreaseatiaracy of the contact-angle
determination and increase the chance of hystefe3fisTo minimize the effect of roughness
in this work, fine-polished samples were used. 3indace roughness was characterized using
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the so-calledP, factor which was determined using the Leica 3Dresteexplorer (see
section 4.3.2). The results in Figs. 4.16-19 wdr@ioed by contact-angle determination on a
sample with aP, of 0.032 mm. However, to identify the contributioh roughness on the
contact-angle and the bubble-size relation, theeexyents were repeated using a sample
which was only roughly polished®4=0.059 mm, see Fig. 4.2(b)).

Although the roughly polished sample is approxityatevo times rougher than the fine-
polished sample, it is still significantly smootheéhan the original rock surface
(P:=0.272 mm). Figs. 4.20 (a) and (b) give the stalgetact angles on the less-polished
surface as a function of pressure and bubble radespectively. The range of the values of
the contact angle is wider and contact-angle hgsigrincreases: the contact angle scatters
when plotted as a function of pressure (Fig. 42)0. (The larger contact angle of the less-
polished surface is attributed to the smaller siz¢éhe bubble in this system. However, the
contact angle of the less-polished surface (Fig0@#)) behaves similar to the contact angle
on the smooth, polished surface (Fig. 4.17) evesudh the square of the correlation
coefficient for the linear regression?, increases from 0.67 for fine-polished substrate
(Fig. 4.17) to 0.86 for less-polished substratey.(F.20(b)). The comparison of the data
allows the conclusion that surface roughness gledfécts the contact angle and its variation
with the bubble size in the system at hand.
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4.4.3.2. Effect of gravity on bubble geometry

In this section, the contact-angle variation witibble size is evaluated while the effect of
gravity (buoyancy) on the bubble shape is takem amicount [21, 24, 60, 61]. As a reference,
the analytical model of Vafaei and Podowski (E4.)4vas used, which allows the calculation
of liquid droplet volume from a given contact angénd radius of the contact area). This
model has been adapted for a captive gas bubliensys/ considering the effect of buoyancy
force on the bubble contour (Appendix 4.5). Fig14(a) and (b) compare the bubble
volumes calculated from the analytical expressideried in Appendix 4.5) against the
volumes computed from the experimentally capturadges, at pressures of 1.04 and 4.97
MPa. The experimentally determined volumes (blueases in Fig. 4.21) were obtained from
the numerical solution and consecutively integatime bubble profile based on the Young-
Laplace description of the bubble image (KRUESBop Shape Analysis [62]). The bubble
radius at apexRp), obtained from the numerical solution of the beltrofile, along with the
values of the contact anglé)(and contact radiusRj, were used to calculate the bubble
volume in analytical expression, Eq. A4.8 (redrtgke in Fig. 4.21). The contact angt® (
and contact radiusRj were obtained from the intersection of a tander on the bubble
profile and the base line describing the surfacecan be seen from Fig. 4.21, the results of
experimentally and analytically determined volunaes in good agreement with each other,
confirming that the contact-angle variation witle thubble volume can also be described with
the analytical expression. There are slight difiees between the experimentally determined
volumes and the results of the analytical modetHerlarge bubbles with small contact angles
at 1.04 MPa. This difference might be attributedltpthe uncertainties in the contact-angle
determination of a strongly water-wet system wignywvsmall contact angles, which directly
influence the bubble volume calculations using aalyical model (Chapter 2), and/or
2) deviation of the actual bubble curvature frorairale at the horizontal cross sections for
large bubbles (Appendix 4.5).

Bubble Volume {mm?3)

45 20
40 A ¢ Experimentally Determined 4 Experimentally Determined
A Analytical Expression { A Analytical Expression
33 = <&
o A E D A
30 E
e @ x
¢ 5 10
20 A S ¢
a
15 ¢ 2 A®
‘ = ‘0
10 ," @ 5 A :
5 A‘ ¢ &
@) ¢ b) AR
0 0
0 5 10 15 20 0 5 10 15 20 25
Contact Angle (degree) Contact Angle (degree)

Figure 4.21. Bubble volume as a function of thet@cinangle at a constant temperature of 318 K and
pressures of (a) 1.04 and (b) 4.97 MPa. Red triasghow the results obtained with the analytical
model (Eqg. A4.8) and blue squares are determinad the images of the bubble.
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Based on the discussion with respect to the effect of gravity (buoyancy) on the bubble shape
(section 4.2.1), it is expected that the bubble shape asymptotically approaches a spherical
shape and, accordingly, the contact angle no longer depends on the bubble volume. This can
also be seen in Figs. 4.19 a-f, where the variation of the contact angle with the bubble volume
is given at a pressure of 4.97 MPa. These sequential digital images of the captinebGl@

show that when the bubble size decreases, the contact angle increases and the bubble shape
approaches a sphere. However, in order to identify whether surface forces or gravity
(buoyancy) forces dominate, the Bond number (Eq. 4.6) is calculated and used for the
presentation of the contact angle. In Figs. 4.22 (a) and (b), the stable contact angles are given
as a function of the Bond number for various bubble sizes at pressures of 1.04 MPa and
4.97 MPa. The experimentally-determined IFT data (section 4.4.1) were used for calculation
of the Bond numbers (Eqg. 4.6). As mentioned in the experimental section, the density of the
agueous phase was determined with a vibrating-tube density meter (see schematic of the
setup, Fig. 4.4). The Span-Wagner EOS was used to calculate the density of;thehCO
bubble assuming that the water concentration in the bubble is negligible. With this, the
density difference between the aqueous phase and@éble Ap) at pressures of 1.04 and

4.97 MPa were calculated to be 1.046 and 0.957 g/ml, respectively. Following this, Bond
numbers were calculated to range between 0.3 and 3.2.

Theoretically, Bond numbers smaller than one indicate that surface forces are dominant rather
than gravity forces. Combining this knowledge with the fact that a decreasing bubble size
results in a bubble shape approaching a sphere, it would be expected that the contact angle
does not change with bubble size for small Bond numbers (smaller than one). In Fig. 4.22 (a),
the contact angle as a function of the Bond number is given at two different pressures. When
Bond numbers are larger than one, the contact angle significantly changes with the Bond
number which means that, the gravity (buoyancy) force is more dominant than surface force.
However, this variation decreases for Bond numbers less than 0.9. Based on the data from
Fig. 4.22 (a), pressure has no effect on the contact angle of the bubbles with a Bond number
larger than 1. However, the contact angle of the bubbles with a Bond number less than 0.9
increases by abouf @hen the pressure is increased from 1.04 MRA97 MPa. Fig. 4.22 (b)

shows Bond number values as a function of the bubble radius at pressures of 1.04 and
4.97 MPa. For bubbles with a similar radius, the Bond number at a pressure of 4.97 MPa is
larger than that at 1.04 MPa. Although the density difference of two coexisting phase
decreases with increasing pressure, the influence of interfacial tension reduction is more
highlighted; this resulted in the larger Bond number at 4.97 MPa. The variation of Bond
number with bubble radius confirms that the influence of the bubble radius becomes less
significant when the Bond number reduces.

According to the results presented in Fig. 4.22 and section 4.4.3.1, it can be concluded that the
dependency of the contact angle on the bubble size in the system at hand can be explained by
the effect of gravity (buoyancy) on bubble shape. However, the surface non-ideality and
roughness have significant influence on the reliability of the contact-angle determination. This
variation becomes insignificant for Bond numbers less than 0.9 (bubble maximum diameter of
about 2.3 mm).
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Figure 4.22. (a) Stable contact angle as a function of the Bond number for various bubble sizes, and
(b) Bond number as a function of the bubble radius, at a constant temperature of 318 K and two
pressures of 1.04 MPa (blue squares) and 4.97 MPa (red circles).

4.4.3.3. Effect of pressure on the contact angle in the Bentheimer/ CO,/ water system

In the CCS field application, the amount of capillary-trapped @€pends on the wettability

of reservoir rocks at reservoir conditions, i.e. high pressures. To identify the effect of pressure

on the contact angle, only those bubbles with a Bond number smaller than 0.9 were

considered (see section 4.4.3.2). In this way, the effect of gravity could be excluded and the
influence of the bubble size on the contact angle became insignificant. Fig. 4.23 represents the
contact angle as a function of pressure for experiments which were characterized by Bond

numbers of approximately 0.90.02).

Fig. 4.23 shows that the contact angle of the Bentheimei@r system slightly increases

with pressure. This slight rise (max) Snight not be correlated to the effect of pressure, since

it is within the experimental error range. This assumption is supported by the results of
Espinoza and Santamarina [12], who observed that pressure does not have a significant effect
of on the wettability of quartz surfaces. However, several studies have reported the wettability
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alteration of quartz surfaces from strongly to lesder-wet in contact with supercritical @O
[6, 7, 36, 37, 63]. This inconsistency originatesnt differences in the surface charges of
quartz and Bentheimer sandstone. Although Bentlresaadstone is mainly composed of
quartz, even a low content of clay (i.e. 2.5% Kwaitdi and etc.) plays an important role in the
surface charge of particles [64].
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Figure 4.23. Contact angle as a function of presedor bubbles with Bond numbers of about
0.9 (#0.02) for the Bentheimer/G@vater system at 318 K.

For the quartz surface, an increase in contacteawgh pressure has been attributed to the
decreased charge of the silica surface under tisicguH of the CQ@—equilibrated aqueous
phase [7, 63, 65]. The pH of the aqueous phaseaenfes the surface charge of the particles.
According to Tokunaga [65], the surface charge ofjumartz particle is negative and
approaches zero for a pH of 3. In waterf&0lutions, the pH decreases from 7 to 3 due to the
dissolution of CQ in the aqueous phase [7]. The pH reduction resnlts decline in the
negative surface charge and thus, reduces therastatic repulsions. Consequently, the
stability of the water film covering the surfacecdsases, which leads to a wettability
alteration and thus an increase in contact andget(ec double layer effects, DLVO theory)
[65].

Unlike quartz, the surface charge of Bentheimedsteime approaches zero at a pH of 8 [62].
At low pH , the charge of a Bentheimer sandstoméase becomes more positive so that the
stability of the water film increases [64]. Thisams that the pressure induced by the injection
of a CQ bubble has no effect on the stability of the wéiter and thus the wettability of the
Bentheimer sandstone (as seen in Fig. 4.23). B24. ghows the sequential digital images of
the CQ bubble with similar sizes on the Bentheimer rodksab-critical (2.83 MPa),
approximately critical (7.51 MPa) and super-criti€e2.74 MPa) pressures. The comparison
of the data allows the conclusion that Ghase transition has no effect on the wettahility
the Bentheimer sandstone/water system.
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(c)

Figure 4.24. Sequential digital images of the captCQ bubble with similar size on
the Bentheimer rock at a constant temperature 8fl8and various pressures.

4.4.3.4. Effect of pressure on the contact anglein Bentheimer/flue gas/water system

The stable contact angles of the flue gas/Benthéivager system at a temperature of 318 K
are presented in Figs. 4.25 and 4.26 as a funofipnessure and flue gas bubble radius. As in
the CQ system (Figs. 4.16 and 4.17), the contact anglethe flue gas/sandstone/water
system are influenced more by bubble size than regspire. However, the contact angle
values of flue gas bubbles are all smaller thasehaf the C@ bubbles (see Figs. 4.16 and
4.25). This can be explained by the ratio of 20%& G, to 80 mol% N in the flue gas
bubble and the higher IFT values in flue gas sys(Eig. 4.8). To evaluate the effect of
pressure on contact angle, the contact angle dafiaun specific pressures were extracted
from Fig. 4.26 and shown in Fig. 4.27. The compmaribetween data reveals that the contact
angle remains relatively unchanged, within the esng@f the error bars, with pressure
variations (Fig. 4.27). Thus, it can be concludesat foressure has a negligible effect on the
wettability of the flue gas/water/Bentheimer sandstsystem.
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Figure 4.25. Stable contact angle (in pre-Cfturated aqueous phase) as a function of pressiae
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4.5. CONCLUSIONS

In this work, wettability of the Bentheimer sandstone/water/CO, and/or flue gas system has
been experimentally evaluated using the captive-bubble technique in a pressure range from
0.2 to 15 MPa (2 to 150 bar). The CO, experiments were conducted using different water-CO,
mixtures, i.e. unsaturated and fully saturated, in order to evaluate the dissolution effects and
wetting properties for short and long periods. In this study, contact-angle determinations were
performed using natural rock surfaces which had not been treated chemically. The results of
these experiments could be a step forward in understanding the displacement behavior of
fluids in sandstone reservoirs. The results are summarized as follows:

» The COy/water interfacial tension decreases with increasing pressure. The considerable
change occurs in the lower pressure range up to 10 MPa. At higher pressures, the
interfacial tension decreases at a very slow rate. The flue gas/water IFT decreases slightly
with pressure for al pressure ranges. The IFT trend for this system is similar to that of the
nitrogen/water system and is attributed to the density variation with pressure.

» For experiments in the unsaturated aqueous phase, two dissolution regimes were observed:
(2) the first regime where CO, dissolves quickly into the almost pure aqueous phase and
(2) the second regime where CO, gradually diffuses into the agueous phase. In the first
regime, the contact angle increases continuously until it reaches the transition point. After
this transition point, the contact angle changes slightly with time but is almost constant.
Analysis of the data showed that this behavior cannot be caused by wettability alterations
of the surface from strongly to less water-wet, but by bubble volume reduction due to CO,
dissolution in the agueous phase. Because of the dependency of the contact angle on the
bubble size, the bubble shrinkage results in aterations of the contact angle over time.

* Results obtained from experiments with an unsaturated agueous phase provide important
information on the interfacial interactions and mass transfer between the agueous and CO-
phases. In the unsaturated system, the change in contact angle is influenced by a number of
mechanisms such as dissolution and bubble size variation, rather than by the wetting
properties of the surface alone.

» A reliable contact-angle determination should be conducted using a pre-equilibrated (fully
or gquasi-saturated) agqueous phase to eliminate dissolution effects. Due to dissolution, the
bubble size continuously changes, so that a reliable and reproducible contact-angle
determination is not guaranteed.

* Experimentsin the fully-saturated system show that Bentheimer sandstone is (and remains)
water-wet against either CO, or flue gas, even at supercritical pressures. However, al
contact angles of the flue gas bubbles are smaller than those of CO,. The data for the
apparent contact angle of these systems show a strong dependence on the bubble size.

* Anaysis of the experimental data shows that this dependency can be explained by the
effect of gravity (buoyancy) on bubble shape. However, the surface non-ideality and
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roughness have significant influence on the reliability of the contact-angle determination.
The influence of the bubble radius on the contact angle of the CO, system becomes
insignificant for bubble diameters smaller than 2.3 mm (Bond numbers less than 0.9).

* The results of this study confirm previous findings by Vafaei and Podowski [21, 24] that
axisymmetric droplets are size-dependent and cannot satisfy the original Y oung equation.
In addition, it isin a good agreement with results of Sakai and Fujii [32], which shows that
the apparent contact angle on rough surfaces can be changed by gravity.

» The surface roughness as used in this study can be improved. Its influence can be
investigated in more details by using surfaces polished at different degrees.

* To identify the effect of pressure, only results with Bond numbers smaler than
0.9 (negligible dependency to the bubble size) were considered. From this, it could be
deduced that there is no significant effect of pressure on the contact angle of the
Bentheimer/CO,/water system. Based on the literature data we concluded that this can be
explained by the change in the charge of the rock due to interactions between components
of the rock surface and the acidic agueous phase containing CO..

* In the CCS field application, the amount of capillary-trapped CO, depends on the
wettability of reservoir rocks. Results of this study show that there is no significant effect
of pressure on the wettability of the Bentheimer/water/CO, or flue gas system. Even at
high pressure, the Bentheimer sandstone remains water-wet to either CO, or flue gas.
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APPENDICES:

Appendix 4.1: Mass-transfer model at the bubbleinterface

A mass balance on the bubble interface gives:

d
Neo,Ap = _E(pCOZVb) , (Al.1)

whereNco, is the molar flux of C@[mol/(m?.s)].V, andA, are the C@-rich bubble volume
and the gas-liquid interfacial area, respectiv@ly,, is the density of C®in the bubble
pressurePy,. The total pressure in the bubble is given by

Py = b, + s (A12)

b

whereP, is the pressure determined in the aqueous phgsg; is the water-C@interfacial
tension at pressufg andryis the bubble radius.

With the assumption of a spherical bubble, the bulsblume and the interfacial area between
the liquid and the gas phase can be obtained from

v, = gr,f [2 + 3cos B —cos? 6] (A1.3)

Ap = 21 (1 + cos 6,) (Al1.4)

wherebs is the contact angle for a spherical bubble. Vegeumption of a spherical bubbfe,
is equal to the experimentally determined contagtea

Mass transfer from Cg@rich bubble to the aqueous phase can be deterrayned
Neoz = ki (€S, — CE,,) (A1.5)

Where Nco, is the molar flux of C@ [mol/(m?.s)], k. is mass-transfer coefficient in the
aqueous phase [m/d];,, is the concentration of GGt the bubble interface [molfingiven
by Henry's law at the temperature and pressurbe)‘systemcf(,Zis CQO concentration in the
agueous phase and is assumed to be negligible.

Combining Egs. A1.1 and A1.3-Al1.5 yields

To- s (A1.6)

dt Pco,

with the initial condition

t=0,1,=R; (A1.7)
Integration of Eq.(A1.6) with initial condition E(AL.7) yields
1, = Ry — 2% (A1.8)

Pco,
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Appendix 4.2: Steady-state diffusion through the bubble variable area

In this section | follow the derivation for steadtate diffusion through the spherical bubble
variable area into an infinite body of liquid [6&Jnd then scale the mass flux by the fraction
of the full spherical surface represented by the Bble against the solid surface. Diffusion
of CO, from a CQ-rich bubble into the aqueous phase is describied) sck’s first law [66].

A mass balance is written at a thin spherical sheh the thickness okr around the bubble
(Fig. 4.2A.1). Since the bubble dissolves in tlguill phase, the diffusion area cannot be
considered constant and changes along the diffuirection ¢) and also with time [65]. In
this case, at any instant in timigthe CQ bubble radius is.

S
-

Nco-

r+4r

Figure 4.2A.1. Mass balance in the r-direction &ocaptive bubble through the variable area

A steady-state mass balance (zero accumulatiopaatéhe spherical shelkf) gives [66]

d
——(4p X Neo, )=0, (A2.1)
which yields

Ap X N¢o, = Constant = W (A2.2)

W is the constant molar rate of mass transfer. i ¢hse, it is assumed that water diffusion
into the CQ-rich phase (bubble) is negligible because of tmalsdiffusion coefficient of
water into CQ. Therefore, the system is considered as diffusfd@O, through non-diffusing
water. According to Fick’s law:

Neo,—- D =22 (A2.3)

where D is CG diffusion coefficient into water. It should be ndté¢hat D depends on
temperature but not greatly on pressie3.07x10° m?/s at 318 K) [52].
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Combining Eqg. A2.2 and A2.3 yields:

— 4, x Do (A2.4)

dr

In this case, initial and boundary conditions are:

Cco, = Cép, at T =1 (A2.5)
Cco, = Clo, at 7= o (A2.6)
r =Ry, at t=0 (A2.7)

By assuming a spherical shape for the bubble (&teacby the solid surface):

v, = gr,f [2 + 3cos B —cos? 6] (A2.8)
Ap = 2mrZ(1 + cos 6;) (A2.9)
Integrating Eg. A2.4 with boundary conditions (B&.5 and A2.6) yields

W = 2r(1 + cos 65)D (C;, — Co,) X Ty (A2.10)

W s the constant molar rate of mass transfer (nfalarx area, Eq. A2.4) and is equal to the
rate of dissolution of the bubble at any instant:

dmb _

d
W=-—t= —E(pCOZVb) (A2.11)

Combining Egs. A2.8, A2.10 and A2.11 gives

dT‘b

—[2 + 3cos 85 —cos® 651 X pco,Ti X —

= 2m(1 + cos65)D (C;, - Co,) X1,  (A2.12)

Integrating Eqg. A2.12 with initial condition (Eq.247) yields

(CgOZ—Cé’OZ)xD ( 2(14cos 65) )

2 2
Tp° = Rip" — 2
b to (2+3cos B5 —cos3 85)

(A2.13)

Pco,

In regime |, it is assumed that the £€dncentration in the buIICfOZ) far from the bubble is

zero. The C@ concentration in the bulk phase in regime Il isagled from the best fit of
Eq. (A2.13) to the experimental data.

In this model, the bubble geometry is assumed tepberical. This may have caused an error
in calculations, in particular for larger bubbl&he average deviation for the volume of
bubbles compared to spheres, at 0.58 MPa, was 5.31%
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Appendix 4.3: Rayleigh number calculation for a captive-bubble system

The onset of natural convection in the porous nmmadaidetermined by the Rayleigh number
(Ra), which is dependent on the properties of thelfland geometry of the system:

kApgL
wherek is the permeability of the porous mediufyg is the density difference between the
boundary layer fluid and that far awag;is the local gravitational acceleratioh;is the
characteristic length-scale of convectignis the porosityu is the dynamic viscosity ard
is the diffusivity of the characteristic that isusing the convection. In porous media the
interfaces will be unstable for Rayleigh numbers\aain? ~ 40 [67].

For bulk solutions Eq. (A3.1) converts to:

Ra = A%Ls (A3.2)

In these systems, density-driven natural conveamurs wheriRa>2100.
Accordingly, for the captive-bubble system at OMi#Ba and 318K, Eq. A3.2 gives:

B (1060—1000)(kg/m3)><9.8(m/52)><(2><10_2)3(m3)

Ra = =24 x 10% > 2100
¢4 (0.65x1073)(*9 /py 5 )x (3x10-9)(M*/s) g

Therefore, the calculation of this dimensionlessnbar for the system at hand reveals that
diffusion is accelerated by density-driven natucahvection in regime |. The density
difference in regime Il is smaller, but accordimgthis criterion, natural convection should
occur in regime Il as well. Nonetheless, the rssimdicate that the rate of mass transfer is
what one would expect for diffusion with no convent(section 4.4.2.1).
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Appendix 4.4: Line-tension deter mination for a CO,/water/Bentheimer system

The line tension is determined using the contagteadata as a function of bubble size and
the length of the contact line (section 4.2.1). Buhe pressure dependency of the interfacial
tension, the line tension is also a function ofsptee. Therefore, to identify the dependency
of the contact angle on the bubble size and linsit& determination, the pressure effect has
been excluded by using only results of the contaggle at a constant pressure of either
1.04 or 4.97 MPa (Figs. 4.3A.1a and 4.3A.1h).
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Figure 4.3A.1. Contact angle versus bubble radiuthe inverse length of the contact line at two
different pressures: (a, c) at 1.04 MPa and (ba}.97 MPa. Error bars are obtained based on the
standard error calculation.

The line tensiong, has been derived based on the data given in Eig@é.1c and 4.3A.1d
and using Eq. 4.3. At constant pressures of 1.04 kil 4.97 MPa, the line tensions were
1.921 x 107° (J/m) and2.46 x 107¢ (J/m), respectively. However the intercepts oflthear

fit betweencosf and1/R,which give the contact angle for the infinite latggbble R— ),
were more than one, i.e. 1.018 and 1.067 for cahgta@essures of 1.04 MPa and 4.97 MPa,
respectively. A value ofos@ larger than one is mathematically impossibleriginates from:

1) the fact that the contact angle of the veryda@f) bubble on Bentheimer sandstone is
zero, which means that the system is absolutelgmaet and there is no three phase contact
line in this case, and/or 2) the uncertainty indleéermined values of the parameters used for
the calculation of the line tension such as contagjle and length of the contact line.
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Nevertheless, no data of line tension are founthénliterature on Bentheimer sandstone to
provide a comparison with previous studies.

In addition to the contradictory results regardlimge-tension determination (section 4.2.1),
for such a strongly water-wet system like Bentheis@ndstone with small contact angles
(<20°), the bubble profiles near the solid surface sometimes blurry and indistinct. In this
system, even a small error in the detection oftthieble contact with the solid surface may
cause errors in the determined contact angles (€h&p section 2.3.4.1). This uncertainty
may lead to overestimation in the infinite contangle determination. Following these
results, it can be concluded that the line-tensioncept may not be a proper method to
describe the dependency of the contact angle obuhble size for the system at hand, since
surface non-ideality and roughness have a signifitafluence on the reliability of this
method.
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Appendix 4.5: Theoretical analysis of gas captive bubble on a horizontal substrate

The following theoretical analysis and derivati@ans based on the analytical model of Vafaei
and Podowski [24], which allows the calculation lmfuid droplet volume from a given
contact angle (and radius of the contact areahdin approach, the droplet is circular in all its
horizontal cross sections. This assumption doesppty to vertical sections. This model has
been adapted for a captive gas bubble system suledby the aqueous phase by considering
the effect of buoyancy force on the bubble contéiarces in the z-direction acting on an
axially symmetric captive bubble, as shown in Bighd.1, should be considered.

A < > > I
FO(Z,B) FD(Z)
S $ dz

Fo(z+dz, 0+d0)

Figure 4.A4.1. Force balance in the z-direction éocaptive bubble.

The force balance for a slice between z and z sdz i
dFy — dF, + F,(2) — F,(z + dz) — F,; sin 0 (z) + F; sin(6 + d6) (z + dz)

—P, 2nrdr =0 (A4.1)
where the individual forces are:

the gravity force

dFy = pggnr?(z)dz (A4.2)
the buoyancy force

dF, = p,gnr?(z)dz (A4.3)
the pressure force

E,(2) = p(2)nr®(2) (A4.4)
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the surface tension force
E;(2) = y2nr(2) (A4.5)
where the vertical pressure distribution is givgn b

p(2) = pygz + P, + 22 (A4.6)
Ro

whereP_ is the pressure determined in the aqueous plpgses the liquid-vapor interfacial
tension at pressufd ; R, is the bubble radius at apex gngis the density of the bubble.

By accounting the individual forces, Eq. (A4.1) gsv

dr

d .
(o1 — pg)gnr?(z) = -— [p(2)r?(z) — v, 2nr(2) sin 6 (2)] — P, 2nr — (A4.7)
Integrating both sides of Eq. (A4.7) yields
S T 2y P, R*m
v, = 24 =—[R2< 0) + P ”)— 2R si 9]— L
b fom” z Apg pgg % (0) + L+R0 YwZR sin Apg
_ 2ywmR? ( 1 sin 9)
=0 (R % (A4.8)

where é is the location of the apexip is the density differences between the bubble and
agueous phase; amlis the radius of the contact circle. Data of tlatact angle §), the
radius of the curvature at the ap&) and the radius of the contact circk) @re obtained
using the numerical method from the Young-Laplagscdption of the bubble profildp and

¥, are determined experimentally at the specific quesand temperature.
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CHAPTER 5

Evaluation of Interfacial Interactions between
Crude Oil-Water-Sandstone with CO, or Flue Gas

using Surface Free Energy Analysis

ABSTRACT

Wettability plays a significant role on the perfante of enhanced oil recovery techniques
because of its effect on fluid saturations and fleehavior in porous media. This study is
directed towards determining contact angles, i.ettaility, in systems with water, an oil-
saturated rock, and carbon dioxide or synthetie fias. Two situations are considered: Rock
system | is partially water-wet, whereas rock systeis effectively oil-wet. Contact angles
have been determined experimentally as a functiopressure using pendant-drop shape
analysis. The experiments were carried out at steaaohtemperature of 318 K and pressures
varying between 0.1 and 16.0 MPa in a pendant-detip

For rock system |, i.e., partially water-wet subattfwater/CQor flue gas, the dependence on
pressure is very small. The results show that lbathon dioxide and flue gas are the non-
wetting phase in the pressure range studied. ®tiawor can be quantitatively understood in
terms of the expected dependencies of the threefactal energies in Young’'s equation on
pressure.

For Rock system I, i.e., effectively oil-wet sutade/water/C@ the dependency of contact
angle on pressure is considerable. This study grtvet carbon dioxide becomes the wetting
phase at pressures higher than 10.0 MPa. BeyofidMBa, i.e. in the supercritical region,
the contact angle remains practically constant. él@w, rock system Il is intermediate-wet
with water and synthetic flue gas (20 mol% £&d 80 mol% B) at low pressures. In this
system, the contact angle increases slightly witsgure. These behaviors can again be
guantitatively understood based on expected traidthe three interfacial energies that
determine the contact angle.

To describe the wetting properties of the surfagea dunction of pressure, a surface-free-
energy analysis is used based on an equation & @#®S). Following this approach, a
modified equation of state is proposed to desctitee contact angle of a liquid/gas/solid
system at various pressures. It is also shownubabf the equation of state method makes it
possible to approach the experimental data quéaétg, if a number of reliable contact-
angle and interfacial-tension data are availablafsystem of interest.

KEYWORDS: Wettability; Contact angle; Surface free energaglgsis; Equation of state; Oll
recovery; CQ storage; Synthetic flue gas.
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5.1. INTRODUCTION

Carbon dioxide injection, either miscible or imnmiide, has been recognized as an efficient
method to enhance oil recovery and to reduce @@ission [1-3]. By performing an exergy
analysis Eftekhari et al. [4] showed that the adsteparation of C®from flue gas and re-
injection is comparable to the benefit from oiloeery. Therefore, to make the gBased oil
enhanced oil recovery process economically moreiefit, the recovery process should be
optimized to maximize oil recovery and to minimgerage costs. GOnjection is typically
applied after water flooding where a significantwoe of oil is left behind due to capillarity.
However, the unfavorable gas-oil mobility ratio atite rock heterogeneity contribute to
fingering and channeling, which results in poorwoktric sweep efficiency. To improve the
mobility ratio between the injected fluid and thé water and CQ are usually injected in
alternating slugs [5, 6]. It has been shown byedédht studies that the chemical composition
of the agqueous phase has significant effect opénrmance of such a process [7-9]. At the
same time this may lead to trapping of a significaslume of oil in the form of ganglia
surrounded by thin water films. Consequently, thedted gas may not directly contact the
trapped oil [10]. For such a condition, the intéi@ats between oil, water, GGnd the rock
surface determine the flow characteristics of th&tesn. One practical approach to analyze
and understand the flow behavior of such a compiestem is through investigation of the
dynamic interfacial interactions between rock, éri€Q, and oil at reservoir conditions. In
this study, rock wettability is investigated, whichntrols the transport properties, viz. the
relative permeability, the capillarity, and theidesl saturations of brine, GOand oil in the
reservoir rock. This is important for the contrdl tbe performance of any GQOnjection
process.

The wettability is determined by the relative sagaenergy of, e.g., two fluids on a solid
surface [11]. Contact-angle determination is thestmadely accepted method for determining
the average wettability of a specific surface aereoir conditions [12]. Although this method
is strongly influenced by several parameters inagdsurface roughness, viscous effects,
contact line fluctuations, and vibrations, it isatevely easy to conduct and can be applied at
high pressures and temperatures. By definitionctir@act angle is determined through the
densest phase. A reservoir rock is considered twdier-wet when the contact angle of a
water droplet on the rock surface is in a rangaveeh 0° and 70°. If the water droplet has a
contact angle in the range between 75° and 1058uHface is considered to be intermediate-
wet. Finally, when the contact angle is in the mbgtween 105 and 180° the rock is oil-wet.

In general, for a C@liquid-solid system, C®is assumed to be the non-wetting phase. For
most practical conditions, the injected £©in its supercritical state. Therefore, disrelyay

the possibility of partial wetting of COnay lead to an underestimation of the efficienmy f
oil recovery and storage implementation. Recenegrpents and observations for different
fluid-solid combinations reveal that G@an be considered as wetting or partially wetting
phase with partial water saturation [13-15]. Yarigak [16, 17] addressed the effect of
temperature, pressure, g@issolution and diffusion on the wetting propesta the system

of reservoir crude, reservoir brine, reservoir roakd CQ. The authors showed that €O
injection can alter the wettability of a limestomeck slice and thus will significantly
influence the oil recovery and GQtorage efficiency. Chalbaud et al. [18, 19] candd
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interfacial tension experiments for brine-£€ystems at different pressures, temperatures and
salinity conditions representing a ¢€®torage operation. The authors concluded thatafor
strong hydrophilic porous medium, the £@oes not wet the solid surface, whereas if the
porous medium is less hydrophilic the £€ignificantly wets the surface. Chiquet et al.][20
conducted a series of contact-angle experiments weitious brine solutions and ¢@s the
fluid phases, and as solid substrates mica or zjwanich are water-wet in the presence of
hydrocarbons. The experimental data revealed tieatwetting properties of mica changes
from water-wet towards intermediate-wet at pressimgher than 10.0 MPa. In addition, the
wettability alteration is a consequence of QIysolution, which leads to a decrease in the pH
of the aqueous phase. Shojai Kaveh et al. [21,pE@}ed that CQ®can change the wetting
properties of a medium rank high volatile BitumisainvBb) coal from intermediate-wet to
gas-wet. For the injection of a synthetic flue gdksyol. % CQ and 80 vol. % K a change
from water-wet to intermediate-wet was observed.tRe high rank semi-anthracite coal, the
wettability alteration from intermediate-wet to gast with CQ injection was observed at
pressures above 5.7 MPa.

Moreover, direct injection of flue gas into a res®r eliminates the need for GQ@eparation
prior to its injection into the field. Flue gaseaction in heavy-oil reservoirs is investigated as
an option to enhance oil recovery [23, 24]. In tighl reservoirs, this process may be a cost-
effective gas displacement method, particularly law-porosity and low-permeability
reservoirs [24]. Despite its importance for improwal recovery and C@storage, there are
limited experimental data in literature concerniing wettability behavior of the system
consisting of crude oil, rock, water, and £gnd/or flue gas at reservoir conditions. Most of
the previous studies on this topic concerned thiérvgebehavior of the system consisting of
rock, brine, and C@as function of pressure, temperature and salikibyvever, even though
the system including crude oil with rock, aqueobsge, and COis more realistic for the
industry, only limited experimental data on theggteams are available in literature and hardly
any data exists with flue gas. To our knowledge,work conducted by Yang et al. [17] is the
only published research that attempts to idenkiginterfacial interactions between crude oil,
carbonate, brine, and GO

The main purpose of this study is to extend theaeh of the previous studies. To this end,
different substrates with different wetting propestare studied experimentally. A modified
experimental procedure, which simulates the realditons in CQ injection process, is
applied to evaluate the wetting properties of desysconsisting of crude oil, water, rock, £0
and/or flue gas. Equilibrium contact-angle expentsewere conducted using a modified
pendant-drop cell (PDC) technique at high pressaneselevated temperature using oil-wet
and water-wet sandstone rock slabs. The contadt-ah@fa are then described using an
eqguation of state approach which is the subjeciuofierous studies, being carried out mostly
by Neumann et al. [25-27]. Following this approaahmodified equation of state is proposed
to describe the contact angle of a liquid/gas/se}stem at various pressures.
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5.2. EXPERIMENTAL
5.2.1. MATERIALS

Two rock slabs were obtained from a Bentheimer stam& block. Each slab has dimensions
of 30 x 12 x 6.0 mrh The Bentheimer sandstone is composed of 95%zB%4 of clay, and
less than 2% feldspars and is naturally water-Wée average porosity is 21% and the
permeability is around 1.5 Darcy. Carbon dioxideriy 99.7 %) is obtained from Linde Gas
Benelux. Two crude oil samples, crude A and B, wlifferent physical properties (Table 5.1)
were used.

Table 5.1. Physical properties of the oil samplesdiin the experiments

; MW Density Acid Number Base Number
Qil . . C7+ (Wt 0/0) C11+ (Wt %)
(g/gmal) (g/ml) (mg KOH/g ail) (mg KOH/g ail)
A 223.04 0.8376 0.24+0.02 0.294+0.01 96.38 77.57
B 223.98 0.8532 3.52+0.05 1.46%0.05 95.42 78.44

5.22. METHODOLOGY

In this subsection the experimental procedureithased to determine the wetting properties
of the system rock, oil, water, G@nd/or synthetic flue gas is explained. Thereyyical in-
situ conditions that might be encountered in @ection processes are established. The
main advantage of the proposed procedure is thatedperiments can be conducted at
realistic conditions of the most common £i@jection scenarios, i.e., tertiary gas injection
after water flooding and water-alternating-gasatign processes.

Prior to the experiments, one side of each rock slas polished to mitigate the effect of
surface roughness on the contact-angle determmalioe characterization of the roughness
of the surface is based on the calculation of tbecadled P, factor (a more detailed
description is in Chapter 2). Then the rock slalksendried in an oven at 333 K for 48 hours.
SB-1 was saturated with crude A without any treatinaand filtration. The substrate was then
aged at room temperature for at least six weeksd€B was used to saturate the substrate
SB-5. This substrate was aged with crude B for 2atims at 333K (Table 5.2). This was done
to allow investigating the effect of aging time amitlproperties on the wetting properties of
the surface. It is expected that the Bentheimedstane sample that was only “briefly”
exposed to crude A, i.e., SB-1, is no longer cotebtenvater-wet, but exhibit a finite contact
angle in the water-C£oil saturated substrate system. The substrateésterd patches of oil
and rock. The sample that was exposed to cruderBnfech longer times, i.e., SB-5, is
considered to be completely oil-wet, i.e., an iihfhas formed between the rock andL£LO

For each run, a saturated rock slab was placedentie cell and leveled horizontally
(Fig. 5.1) before the cylinder was closed and migdd-free. Subsequently, the cell was
placed in the oven and was aligned with the cantkeagndoscope and the light source. Next,
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the cell was vacuumed to remove air. Then, thebgéfer cell was filled and pressurized with
gas to make sure that enough gas is available ¢onmglete experimental run. The whole set
up was then pre-heated to a temperature of 318ft€r Aeaching the desired temperature, the
temperature in the oven was kept constant at 318r lall experiments. Thereatfter, the cell
was filled with distilled water. Subsequently, thgstem pressure was increased to the test
pressure by injecting CQOnto the cell from the gas buffer cell at a lowwl rate. Based on
the decrease in pressure in the gas buffer celaingber of moles of C{£added to the cell is
calculated using the Span-Wagner reference equaifostate [28]. The compositional
information is necessary to make sure that the agu@hase has been fully saturated with
CO,. Moreover, a density meter inside the oven mositbe density of the mixture. A stable
density value at constant pressure and temperahoes that the system is in equilibrium.
Once equilibrium had been reached, a gas bublkereCQ or flue gas, was injected into the
cell via the capillary tip which is positioned &tetbottom of the cell (Fig. 5.1). Successive
images of the bubble captured on the surface vakentand then used as input of image-
analysis procedure to determine the contact afkglethe image analysis, the Young-Laplace
equation was used to describe the bubble profilee details of the image processing and
contact-angle determination can be found in Chéahter

Having completed the test at the first pressurellemore CQ was injected into the cell to
increase the system pressure to the next pressteke The system was allowed to settle for at
least 6 hours to reach the new equilibrium stafeerAequilibration, a gas bubble was injected
into the cell, placed against the rock surface @edcontact angle determined with image
analysis. This procedure was repeated in presseps sround 1.5 MPa, up to the maximum
pressure of 16.0 MPa, at a constant temperatu@®K. This procedure was repeated for all
experiments conducted in this study (Table 5.2).

Table 5.2. Summary of the experiments

. Crude N Aging
Sample Wettability oil Aging time temperature (K) GasPhase AqueousPhase
_ CO;and/or
SB-1 water-wet A six weeks 298 distilled water
flue gas
, CO,and/or
SB-5 oil-wet B 22 months 333 distilled water
flue gas

In this study all contact-angle determinations wpegformed using a fully C&saturated
agueous phase, so that the mass transfer invatvéiek iprocess is negligible and the contact-
angle determination is not affected by dissolution.
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Figure 5.1. Digital photograph of the inside of timedified pendant-drop cell with a Bentheimer
Sandstone sample mounted inside.
At the bottom the injection tip with an outer didereof 1.8 mm is observed.

5.3. RESULTS AND DISCUSSIONS

5.3.1. EFFECT OF PRESSURE

Fig. 5.2 shows the C(stable contact-angle data as a function of pressurpartially water-
wet (SB-1) and oil-wet (SB-5) substrates. It carobserved from Fig. 5.2 that for a partially
water-wet sample the contact angle remains nearhstant and is less than 75° in the
pressure range studied. The contact angle neveedgc/0° and the surface remains partially
water-wet when the pressure increases from 0.54t0 MPa. These results are not in
agreement with the data from the work of Espinokzale [14] for a hydrophilic-quartz
surface. This disagreement is attributed to thegree of oil patches on the surface which
make the wetting properties of clear and untreasaddstone different than that of
briefly-aged substrate.

Three different regions can be identified for thantact-angle data of an oil-wet system.
(1) For pressures up to 4.0 MPa the contact amgleeases slightly from 95° to 100°. This
pressure range corresponds to gaseous &@18K. This region is called the sub-critical
region. (2) In the pressure range between 4.0 Mi@aG0 MPa, i.e., near-critical conditions
for CO, at 318K, the contact angle increases sharply 667 to 140° and the substrate turns
from intermediate-wet to CAwet. This phenomenon could be attributed to tmnédion of a
layer of dense COon the solid and a large decrease in }h¢29]. Because high-energy

fluids, for example water, tends not to spreadam-énergy surfaces, the presence of a low-
energy CQ layer on the surface will cause the £€bntact angle to increase in order to
reduce contact between these two phases. In adldihe decrease iy, will cause 6 to

increase further above 90° to increase the inteffacea between water and £@3) For

pressures higher than 9.0 MPa, the contact anglatlglincreases with pressure from 140° to
145°. This region corresponds to supercritical dioas of CQ at 318K. These results are in
agreement with the experimental data from Dickdaad.413] for a hydrophobic glass surface



Chapter 5 111

where the authors showed that the,@Ontact angle remains almost constant with pressur
even if the system pressure increases to aboveVi®0

Fig. 5.3 illustrates the synthetic flue gas contawjles for partially water-wet (SB-1) and oil-
wet (SB-5) substrates as a function of pressueeta@mperature of 318 K. In both systems, i.e.
SB-1 and SB-5, the contact-angle values of fluelydsbles are all smaller than those of the
CO, bubbles. For a partially water-wet sample (SBHi8, oil/sandstone/water/flue gas system
is (and remains) water-wet even at high pressurbe. experimental results show that the
pressure has no significant effect on the wettghatf this system (rhombus in Fig. 5.3). For
the hydrophobic sample (SB-5), the oil/rock/watgtetic flue gas system is intermediate-
wet at low pressures. In this system, the contagteaincreases slightly with increasing the
pressure and the substrate turns from intermediateto flue gas-wet at pressures above
14 MPa. The wettability behavior of these systemes, SB-1 and SB-5, with synthetic flue
gas can be explained by considering the wettinggraes of these samples with €&nd the
ratio of 20 mol% C@ to 80 mol% N in the flue gas bubble. In addition, the inter&hci
tension (IFT) between water and synthetic flue ghanges slightly with increasing the
pressure (Chapter 4, Fig. 4.7). Accordingly, leapact of pressure on the wettability of the
flue gas system can be expected. This trend isoddserved experimentally (Fig. 5.3).
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Figure 5.2. CQ contact angles for partially water-wet substre®®-1, and the oil-wet substrate,
SB-5, as a function of pressure at a temperatu@l8fK. The dashed lines give the best linear fit
through the respective data.
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Figure 5.3. Synthetic flue gas contact angles fotiplly water-wet substrate, SB-1, and the oil-wet
substrate, SB-5, as a function of pressure at pégature of 318 K. The dashed lines give the best
linear fit through the respective data.

The primary objective of the SB-5 experiments wasxamine the effect of aging time on the
contact-angle measurements. To this end, a rocktrsud, viz., SB-5, was saturated with
Crude B and aged for 22 months at a constant teanyerof 333 K. As a result of the aging
procedure the wettability of the substrate charfgeh strongly water-wet to effectively oil-
wet. The change in the initial wettability was exaed by immersing the substrates in
distilled water to allow them to produce oil sporgausly. For this rock slab, i.e., SB-5, no oll
production was observed even after one month. titiad, digital images along with the
mass balance of the oil-wet and water-wet substraefore and after the experiments
revealed that for the oil-wet substrates no oil \ileerated during the spontaneous imbibition
test (see Fig. 5.4).

Figure 5.4. Bentheimer Sandstone samples: (apirsample, (b) sample saturated with oil before
experiment, (c) partially water-wet sample (SB-fi¢raexperiment, and (d) effectively oil-wet sample
(SB-5) after experiment.
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The contact-angle data show that even at low pressthe SB-5 system is intermediate-wet.
However, the wettability alters from intermediatetvio CQ-wet at pressures higher than
9.0 MPa. This means that @& able to enter the small pores, due to the sltange of
capillary pressure, and come into contact withdihé¢hat has been trapped by water after the
initial water flooding. The results of three-dimemsal random network model [30, 31] show
the implications of the oil-wet substrate experim&uicmez et al. [30, 31] showed that for
an oil-wet porous medium, the gas relative permiais lower in the presence of water than
oil because the gas is no longer the most non+wgefthase. For practical purposes this means
that an initially oil-wet substrate becomes B84kt at pressures relevant for €lased oil
recovery processes.

In Fig. 5.5 the digital images of the captured ,Qsdibbles on the oil-wet and water-wet
surfaces are compared. The images were taken abxapately the same pressure and
temperature and in presence of Z&aturated aqueous phase. It is obvious that @oilhwet
surface, carbon dioxide can wet the surface wlutetie water-wet sample G@ the non-
wetting phase even at high pressures. From an togpeahpoint of view, it is preferable to
inject CQ, at lower pressures because of compression andtiorjecosts. Because of
improved phase behavior with oil with increasingegaure, C@ is usually injected at
supercritical conditions for EOR [32]. The resuifsthis study indicate another advantage of
injection at supercritical conditions: it is expattthat CQ flooding of an oil-wet porous
medium, in the presence of water, results in marecticontact with the oil when the G@
injected at near-critical conditions. At these dtinds the rock is C@wet and the contact
angle hardly changes if the pressure increasdsefurt

Figure 5.5. Digital images of C{bubbles on an oil saturated-Bentheimer surfadg&epresence of
CO,-saturated aqueous phase at 318 K; (a) partiallyexavet (SB-1) sample at P=8.62 MPa,
6=63.02° and (b) effectively oil-wet (SB-5) sampi®a8.80 MPag =139.70°.
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5.3.2. EVALUATION OF CONTACT ANGLES BY SURFACE-FREE-ENERGY
ANALYSIS

The dependence of the contact angle on pressurbecarplained using surface-free-energy
analysis by investigating the dependency of theethnterfacial energies in Young’'s equation
(Chapter 1, Eq. 1.2), i.ey,, ¥, andy,,, on the pressure. In Young’s equatigy,and & are

parameters, which can be determined experimentdtiyever, y_, and y,, remain unknown.
In order to determine the unknowns, an additionairetation betweep,,y, and y, is

required. The most common method to derive sucbreelation is based on a surface-free-
energy analysis (SFEA), which is the subject of arous studies mostly carried out by
Neumann et al. [25-27]. This relation is calledeguation of state and is described by:

fuw Vs ¥s) =0 (5.1)

where y;,,, ¥, @nd yg; are the interfacial tensions or surface energiéaden the aqueous
phase and the gas phase, the solid and the gas, @mkthe solid and the agueous phase,
respectively. Surface energy is usually definethasamount of the required work to create a
unit area of surface of the object in its environimén other words, surface energy indicates
the work required to split a bulk sample to twofaces [33] in its environment. In case the
surfaces are not identical, the work of adhesi i€ considered as the energy of cleaving
species 1 from species 2 in a medium of species 3:

V\/12:y13+y23_y12 (5-2)

wherey,; andy,; are the surface energies of the two new spegi@sedium 3, ang;, is

the interfacial tension between species 1 and 2e@an the definition of cleavage work, the
cleavage energy of a single speci4:(= W,,) [33], the surface energy of each surface can
be written as:

Wi, =2y, (5.3)
W, =2y, (5.4)

For a captive-bubble system, free energy of adhgsér unit area of a solid-vapor paivs,,
is equal to the work required to separate a umia axf the solid-vapor interface [34j<(1,
s=2, I=3), which presented schematically in Fig. 5.6:

st:ylv+ysl_ysv (55)
By using Egs. (5.3) and (5.4):
Wss = 2ysl (56)

va = 2ylv (5 7)
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Figure 5.6. Schematic representation of work ofesiltn in captive-bubble system.

The interfacial adhesion work can be approximatdgithe cohesion work of a solid and the
cohesion work of the relevant gas phase. This idea proposed for the first time by
Antonow [35] and Berthelot [36]. Unlike Antonow’sile, Berthelot’'s combing rule has a
theoretical background and accounts for molecutéeractions of like pairs in terms of
London dispersion [36]:

& = \J€iug; (5.8)

where ¢;; is the potential energy parameter of unlike-pateriactions;e; and ¢;; are the
potential energy parameters of like-pair interacdioThe free energy is directly proportional
to the energy parametes, [37, 38], so that based on the Berthelot's comhinig, the
interfacial adhesion woyrW/;,,, can be described by the geometric mean of thestoh work
of the solid phasédy,,, and the cohesion work of the relevant gas phélse,

W,, = /W, W (5.9)

S§s” W

By further modification of the Berthelot hypothesisvok and Neumann [25] proposed an
alternative formulation of this combination rule:

Eij = (1_K(£ii _gjj )2)\/‘% gjj (510)
wherek is a fitting parameter.

In this study, the same approach as was applieddwnann et al. is followed to determine
¥,, versus pressure [26]. Based on the alternativadtation of combining rule, Eq. (5.10),

the free energy of adhesion for a solid-vapor gair(5.9) can be written as:

st = (1_ 0'2 (va - Vvss)z)\/ Wsszv (511)
wherea;is a constant. Replacing Egs. (5.6) and (5.7) in(Eq.1) gives:
st = 2[1_ :82 (ylv_ysl)z}\/ylvysl (512)

Using Eqg. (5.5) and (5.12) an alternative equatibstate can be obtained to determine the
solid-vapor interfacial tensiomp,,
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ysv:ylv+ysl_2 ylvysl[l_ﬁz(ylv_ysl)z] (513)

Combining this equation with Young’s equation (Cleap, Eq. 1.1,) yields:

cosd = - a/%[ Y5, G Va Y] (5.14)
v

wherep, is a constant. The basic assumption in this metedtiat ), remains practically
unchanged angr, only depends on the properties of the solid suréakthe gas phase used
in the contact-angle determination. The consfiarind ), are determined using Eq. (5.14) by

a least square fit of a given setélnd y,, data measured on one and the same type of solid

surface. It is important to note that this approeah only be applied for the same liquid phase
and if the solid phase is not altered due to smgllchemical reaction or mineral dissolution
so that the assumption of a constanis fulfilled. Once ), andp,are determined, they can be

used to determine the contact angle for the sami@cguand different liquid-vapor pairs. Then
it is possible to estimate the theoretical contajle and to provide a validation method for
contact-angle measurements.

In this study, a pair of experimental- y, data for the oil-wet system, SB-5, at low (0.5 MPa)
and high (10.0 MPa) pressures were used to cadcylgnd the constang, using Eq. (5.14).

For these calculations, the interfacial-tensionaddtave been interpolated from the
experimentally determined IFT values (Chapter 4gkgvant pressures and temperature. With
these data and Eq. (5.14), the and fitting parametef, for substrate SB-5/Csystem were

calculated to be 25.48 mN/m and 1.057%ien/mNY, respectively. For the SB-5/Flue gas
system, y,, and §, are 25.13 mN/m and 1.114x1Qm/mNY, respectively. The small

variation betweery, values in CQand flue gas systems can be attributed to therdifice in
composition of the C@saturated aqueous phase in the correspondingieqres.

These values, i.e.y, andp» were then used to compute the Cfd synthetic flue gas

contact angles of the oil-wet substrate SB-5 atekjgerimental temperature of 318K and
experimental pressures. Tables 5.3 and 5.4 sumenthve experimental and predicted £O
and synthetic flue gas contact angles for the eil-substrate SB-5/water/gas system. It can be
seen from these tables that Eg. (5.14) can repeothécwhole set of contact-angle data within
an acceptable range of accuracy (<5%). The congarisetween predicted and experimental
contact angles of C{and synthetic flue gas for the substrate SB-5hosvn in Figs. 5.7 and
5.8. According to Figs. 5.7 and 5.8, the model &équas able to reproduce the contact-angle
data in the range of pressures studied. In othedsydhe equation-of-state method can be
used to evaluate the wetting properties of a sjgesifrface, if a number of reliable contact-
angle and interfacial-tension data are availabletf® system under consideration. It is
worthwhile to note that any deviation between tbetact angles predicted by Eqg. (5.14) and
the experimental contact-angle values can be cdmgékde non-ideality of the rock surface,
i.e., roughness, heterogeneity, and/or the smalghs in theg with pressure.
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Table 5.3. Results of the contact-angle predictisimg the equation of state approach for
the oil-wet substrate (SB-5)/ GQlistilled water system

Pressure(MPa) ), (NN/m)®  Exp.CA%® ), (MN/m)  Model CA™

0.18 68.12 96.9 26.29 89.31
0.30 67.56 100.1 25.60 89.90
0.30 67.56 98.8 25.60 89.90
1.99 59.69 101.3 16.82 98.33
3.93 51.39 105.1 9.64 107.95
4.88 47.75 112.0 7.13 112.60
6.20 43.20 116.7 4.53 119.01
6.20 43.20 117.9 4.53 119.01
7.07 40.56 123.8 3.29 123.17
7.59 39.11 124.6 2.70 125.63
8.61 36.62 132.4 1.81 130.26
8.81 36.19 139.7 1.67 131.12
8.81 36.19 140.1 1.67 131.12
9.97 33.95 142.3 1.05 136.00
10.00 33.90 139.1 1.04 136.13
10.20 33.57 143.8 0.96 136.91
11.60 31.71 142.1 0.57 141.76
12.25 31.10 140.9 0.47 143.54
14.30 30.60 142.5 0.39 145.08
15.50 30.20 144.5 0.33 146.38

8 Experimental data from Chapter 4 5% CA- contact angle
Calculated using Eq. (5.13) Calculated using Eq. (5.14)

Table 5.4. Results of the contact-angle predictisimg the equation of state approach for
the oil-wet substrate (SB-5)/ synthetic flue gastilied water system

P(rl\ﬁ;;e Vi (MN/mM)® Exp.CA®  J,,(mMN/m)"  Model CA”™
0.75 70.50 82.0 30.76 85.42
0.82 70.33 79.9 30.52 85.60
1.60 68.57 83.6 28.13 87.49
1.58 68.61 86.0 28.19 87.45
2.62 66.60 83.4 25.59 89.61
3.90 64.61 89.0 23.15 91.76
4.95 63.32 91.5 21.64 93.16
5.94 62.35 92.5 20.53 94.23
6.74 61.71 93.9 19.82 94.94
7.87 60.98 98.6 19.03 95.74
8.66 60.56 99.1 18.59 96.20
9.85 60.04 92.9 18.04 96.79
11.72 59.32 101.2 17.29 97.60
12.66 58.93 100.8 16.90 98.03
14.17 58.17 104.7 16.14 98.89
15.33 57.40 110.6 15.39 99.77
15.90 56.94 108.9 14.94 100.31

8 Experimental data from Chapter 4 3% CA- contact angle
Calculated using Eq. (5.13) Calculated using Eq. (5.14)
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Figure 5.7. (a) C@Contact angle as function of pressure for thensk sample (SB-5) and water at a
temperature of 318 K. Symbols display the expetiah€ata; the line the prediction using Eq. (5.14).
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Having determined/, andg, , Eq. (5.13) was used to calculgie The results are depicted in
Fig. 5.9 and show that for both ¢@nd flue gasy, decreases with increasing the pressure.
However, the variation of,, with pressure for the flue gas system is smahiantthose for
CO,, which is correlated to the change jgf with pressure in these systems. The decrease in
¥, and a constant value ¢f, makes the numerator of Young’s equation more meait
increasing pressures. The decreasg inwill also makecos# more negative. Thus, both the

numerator and denominator of Young's equation doute to negative values of0S@
(increase ing) as the CQ@pressure increases. Fig. 5.9 also shows that@rsgstem above
10.0 MPa bothy, and y,, remain almost constant with increasing the pressiihis, a

constany,, explains the nearly constagt for the CQ/ oil-wet substrate SB-5/water system
as the pressure increases above 10.0 MPa. In@uditilow value ofy,, at pressures higher
than 10.0 MPa indicates that the surface becomesxe®©
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Figure 5.9. Calculated IFT-values versus pressoredO,/water/SB-5 systeny,, from Chapter 4,
Fig. 4.7 andy,, from Eq. (5.13) vs. pressure.
Y., was calculated for the oil-wet substrates (SB-%)@i&q. (5.13).

The evolution of the contact angle of the “parnjialivater-wet surface can be explained in the
same way. Eq. (5.4) was used with a pair of expantad 6 - );, data for the partially water-

wet substrate SB-1 at low (2.0 MPa) and high (IRr) pressures to calculajg and the
constanf,. The y, and constang, for the substrate SB-1/G@ystem were determined to be
2.88 (mMN/m) and 2.371xT0(m/mNY, respectively. The average deviation (error) amal t
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standard deviation are 4.04% and 5.89%, respegtiFelr the SB-1/Flue gas system, and
B> are 2.45 mN/m and 4.730x1@m/mNY, respectively. The small variation betwegn
values in CQ and flue gas systems can be attributed to therdiiice in composition of the
CO,.saturated aqueous phase in the corresponding engr@s.

For a strongly water-wet surfagg, is considered to be zero. The low valugygfeveals that
the surface is partially water-wet. Thereaftgy, for SB-1/CQ system was calculated using
Eg. (5.14) and is shown in Fig. 5.10 as triandkesan be seen that,, for the partially water-

wet substrate SB-1/CQlecreases from 22.05 to 14.03 (mN/m) as the presscreases from
1.0 to 15.0 MPa. The data fgr, and y,, reveal thaty, is negligible when compared 1g, .

Consequently, the main controlling interfacial iens in Young’s equation for the partially
water-wet system (SB-1) ane, and y;, .

The ratio betweery,, and y,, , i.e., y,,/ y, ., is also shown in Fig. 5.10 as squaré¥§ y2axis).
It is obvious that in the pressure range studiggd,/ y, slowly increases from 0.0 to

10.0 MPa. Consequently, the contact angle remamesh constant (Young's equation). The
experimental results of GQeported in this study are in agreement with tkgeemental and
theoretical data from Dickson et al. [13] for a hyghilic surface/C@water system. The
authors showed that even if bogfy and y;, decrease with pressure the ratio betwgerand

¥, remains approximately constant in the pressurgerdretween 0.1 MPa to 14.0 MPa and

hence the contact angle remains nearly constahtpséssure.
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Figure 5.10Calculated IFT-values vs. pressure for 8ater/SB-1 system,, data are from Chapter
4 andys, was calculated for the partially water-wet substréSB-1)/CQwater using Eq. (5.13).
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The wettability behavior of the oil-wet substrategter, and C@might be correlated to GO
solubility in water, the C@density, and the interfacial tension between ti@-fich gas
phase and the aqueous phase. Fig. 5.11 showstleaslonless solubility, density, interfacial
tension, and contact angle of the oil-wet sample&W@Q, system vs. pressure. These
dimensionless parameters are obtained by dividamh evalue by its respective maximum
value within the given pressure range. This maxinmaeurs at the highest pressure for all of
the quantities, except for the IFT for which thexmaum occurs at the lowest pressure.
According to Fig. 5.11, the contact angle becommsstant in the same pressure range in
which the interfacial tension, the density, and @@, solubility become nearly constant.
Present data do not allow determining the degreéepbrtance of each of these parameters
separately.
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Figure 5.11. Dimensionless density [28], C&lubility in water [39], IFT between G@nd water
and the stable contact angle on oil-wet Bentheisagidstone at a constant temperature of 318 K as
function of pressure. The stability point is thenp@bove which the contact angle remains constant.

Table 5.5 summarizes the fitting parameters of (&d4), i.e. y, andp,, calculated for the

effectively oil-wet (SB-5) and partially water-wgtB1) substrates with the average error and
standard deviation between the experimental andiqiezl contact angles (see Appendix 5.1
and Tables 5.3, 5.4).
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Table 5.5. The calculated y,; and 3, parameterswith error analysis for oil-wet and water-wet systems

Case Vo (Nm) g, (i AVErRgeETTor  Sd Dev”
CO,/ SB-1 (water-wet) 2.88 2.371x10 4.04 5.89
Flue gas / SB-1 (water-wet) 2.45 4.730%10 5.25 6.81
CO,/ SB-5 (oil-wet) 25.48 1.057x16 3.41 4.61
Flue gas/ SB-5 (oil-wet) 25.12 1.114%10 3.92 4.69

* Appendix 5.1

5.3.4. EFFECT OF BUBBLE SIZE

The effect of bubble size on the contact-angle determinations has been addressed by different
studies [40, 41]. However, the conclusions are not generally in agreement
(Chapter 4, section 4.2.1). Drelich et al. [40] derived advancing and receding contact angles
by analyzing the shapes of sessile drops and captive bubbles. The authors showed that for a
smooth and homogeneous solid surface the contact angle does not change with respect to the
bubble size. Analysis of the experimental data in Chapter 4 shows that this dependency can be
explained by the effect of gravity (buoyancy) on bubble shape. However, the surface non-
ideality and roughness have significant influence on the reliability of the contact-angle
determination. In this chapter, the effect of bubble size on the contact-angle determination is
examined for three different substrates with different degrees of roughness. Fig. 5.12 shows
the contact angle vs. bubble radius for different sandstone systems. The contact-angle
determinations were all performed at a temperature of 318 K. The contact-angle data for the
water-wet substrate with zero-oil saturation was already obtained in Chapter 4. It can be seen
from Fig. 5.12 that the contact angle is more dependent on the bubble size for the surface with
a higher P, (roughness) factor (section 5.2.2 and Chapter 2). This relation is highly
pronounced for the water-wet substrate with zero-oil saturation with roughness factor of
0.32 mm. However, for partially water-wet and intermediate-wet substrate®ywadues of

0.16 mm and 0.21 mm, the contact angle does not change much with the bubble radius.
Therefore, it can be concluded that the effect of bubble radius on contact-angle determination
becomes more important as the surface becomes rougher. These considerations confirm the
observations by Drelich et al. [40] for a smooth and homogeneous solid surface and also are
in agreement with the results of Sakai and Fuijii [32], which shows that the apparent contact
angle on rough surfaces can be changed by gravity (more details are in Chapter 4).
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Figure 5.12. Dependence of the stable contact angle as a function of bubble radius for
pure (Chapter 4) and oil-wet sandstone systems at a temperature of 318 K.

5.4. CONCLUSIONS

From this study it was found that:

It is possible to prepare both water-wet and oil-wet substrates by ageing Bentheimer
sandstone with appropriately chosen crude oils. The water-wet sample, which was obtained
after short exposure to the ail, is called rock system | and the oil-wet sample obtained after
long exposure is called rock-system Il. Rock system | is partially water-wet, whereas rock

system Il is effectively oil-wet.

For rock system |, i.e., a partially water-wet surface, the dependence of the contact angle
with pressure is very small for either €0r synthetic flue gas. Both carbon dioxide and
synthetic flue gas are the non-wetting phase. This behavior can be quantitatively
understood in terms of the expected dependencies of the interfacial tension on the pressure
(Fig. 5.9).

For rock system I, i.e. an effectively oil-wet surface, the dependence on pressure is more
considerable with C® The CQ becomes the wetting phase at high pressures. The contact
angle is initially 98 and increases only slightly in the range 0-4.0 MPa. Between 4.0 MPa
and 10.0 MPa the contact angle increases more or less linearly until it reaches a value of
150 (Fig. 5.2). Beyond 10 MPa, i.e. in the supercritical region, the contact angle remains
constant. The behavior can again be quantitatively understood based on expected trends of
the three interfacial tensions that determine the contact angle.
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For the hydrophobic sample, the oil/rock/water/synthetic flue gas system is intermediate-
wet at low pressures. In this system, the contact angle increases slightly with increasing the
pressure and the substrate turns from intermediate-wet to flue gas-wet at pressures above
14.0 MPa.

The wettability behavior of both hydrophilic and hydrophobic systems with synthetic flue
gas can be explained by considering the wetting properties of these samples »atidCO

the ratio of 20 mol% C@to 80 mol% N in the flue gas bubble. In addition, the interfacial
tension between water and synthetic flue gas changes slightly with increasing pressure.
Accordingly, less impact of pressure on the wettability of the flue gas system can be
expected. This is also observed experimentally (Fig. 5.3).

To describe the wetting properties of the surface as a function of pressure, a surface-free-
energy analysis can be implemented. Use of the equation-of-state method makes it possible
to approach the experimental data quantitatively. However, the improved EOS model used
in this thesis has to be validated for different brine salinities. Using a reliable relevant IFT
and contact-angle data is essential.
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Appendix 5.1: Error analysis

Average deviation and standard deviation in percentages are calculated using Egs. (Al1.1) and
(A1.2), respectively.

x100 (Al.1)

i=1

n | ABS(CA! —CA!
Average Deviation (%)_Ez{ ( C:pi- cal.)

n“ CA'

exp

. . 2
n | ABS(CA' —CA'
1 { ( exp-. cal. ) } % 100
1

Standard Deviation (%)= + (Al.2)

n-1
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CHAPTER 6

Conclusion

The results of this thesis give insight into the interfacial interactions and wettability of
different rocks in the presence of water and CO, and/or synthetic flue gas. Experiments were
performed at reservoir conditions: high pressures and elevated temperature. To describe the
wetting properties of the surface as a function of pressure, a surface-free-energy analysis has
been used based on an equation of state (EOS). Moreover, the dissolution and mass transfer
behavior of a CO, bubble in a water/Bentheimer sandstone system have been obtained at
various pressures. The observed behaviors have been incorporated into mass transfer models
to indicate the dominant mass transfer mechanism. This thesis consists of three main chapters.
The conclusions of each chapter are summarized here.

6.1. PART I: CO, ENHANCED COAL BED METHANE

Two coal types, i.e. hvBb and semi-anthracite, were studied with respect to their wetting
properties when injecting CO; or flue gas at various pressures, ranging from 0.1 to 16 MPa, at
a constant temperature of 318 K. The results show that at a given temperature and pressure the
non-stable contact angle increases with time up to a constant value; the latter is the stable
contact angle. The aging time (time to reach stability) was much shorter for the synthetic flue
gas bubbles than for CO, bubbles.

e In general, the stable contact angles of CO; as well as the synthetic flue gas increase with
pressure. The rate of increase is influenced by the coal rank and the gas bubble
composition.

e When injecting CO,, the wettability of the semi-anthracite coal surface changed from
intermediate-wet to CO,-wet at a pressure around 5.7 MPa. The implication on field scale
could be that, for CO; storage in semi-anthracite coal, the reservoir pressure has to
overcome a pressure threshold of 5.7 MPa to wet the surface and thereby to enhance the
storage capacity.

e Results with injection of synthetic flue gas revealed that Selar Cornish coal is
intermediate-wet at the investigated pressures and that the contact angle only slightly
increases with pressure. For field-scale applications this implies that there is no pressure
threshold to wet the surface with the flue gas.

e For both coal samples the contact angles of the flue gas bubbles are smaller than those of
the CO; bubbles. Based on this wetting behavior, injection of pure CO, into SC and WL
coal could be more efficient than injection of flue gas.

e For the synthetic flue gas, the contact angle trend is dominated by the CO, behavior.
Nitrogen does not dissolve in water and sorbs into the coal to a lesser degree than CO,.
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The behavior of the synthetic flue gas system at a certain CO, partial pressure is
comparable to the behavior of the CO, system at the same (total) pressure.

e The pressure has less effect on the contact angles on the semi-anthracite sample than on
those on the Warndt Luisenthal sample regardless of whether CO, or flue gas has been
injected.

e In general, the hydrophobicity of the coal samples increases with coal rank and pressure.
This behavior can be related to the different surface chemistry and electrochemical
properties of the two coal samples used.

e The fact that the wettability of different coal ranks changes differently reveals that on the
field scale coal wettability is definitely important for the evaluation of the efficiency of
CO, storage process.

It is thus expected that the behavior found in this study is generally applicable to coals with
the same rank and with similar compositions and maceral content. However, other coal types
and/or coal ranks may show a different behaviour due to different mineral, aliphatic and/or
aromatic surface compositions.

6.2. PART Il: AQUIFERS AND DEPLETED GAS RESERVOIRS

Wettability and interfacial interactions of the system Bentheimer sandstone/water/CO, and/or
flue gas has been experimentally evaluated using different water-CO, mixtures, i.e.
unsaturated and fully saturated, in order to evaluate the dissolution effects and wetting
properties for short and long periods.

e The CO,/water interfacial tension decreases with increasing pressure. The largest change
occurs in the lower pressure range up to 10 MPa. At higher pressures, the interfacial
tension decreases at a very slow rate. The flue gas/water IFT decreases slightly with
pressure for all pressure ranges. The IFT trend for this system is similar to that of the
nitrogen/water system and is attributed to the density variation with pressure.

e For experiments with an unsaturated aqueous phase, two dissolution regimes were
observed: (1) the first regime where CO, dissolves quickly into the almost pure aqueous
phase and (2) the second regime where CO, gradually diffuses into the aqueous phase. In
the first regime, the contact angle increases continuously until it reaches the transition
point. After this transition point, the contact angle changes slightly with time but is almost
constant. Analysis of the data showed that this behavior cannot be caused by wettability
alterations of the surface from strongly to less water-wet, but by bubble volume reduction
due to CO; dissolution in the aqueous phase. Because of the dependency of the contact
angle on the bubble size, the bubble shrinkage results in alterations of the contact angle
over time.

e Results obtained from experiments with an unsaturated aqueous phase provide important
information on the interfacial interactions and mass transfer between the aqueous and CO,
phases. In the unsaturated system, the change in contact angle is influenced by a number
of mechanisms such as dissolution and bubble size variation, rather than by the wetting
properties of the surface alone.

e A reliable contact-angle determination should be conducted using a pre-equilibrated (fully
or quasi-saturated) aqueous phase to eliminate dissolution effects. Due to dissolution, the
bubble size continuously changes, so that a reliable and reproducible contact-angle
determination is not guaranteed.
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e Experiments in the fully-saturated system show that Bentheimer sandstone is (and
remains) water-wet against either CO, or flue gas, even at supercritical pressures.
However, all contact angles of the flue gas bubbles are smaller than those of CO,. The
data for the apparent contact angle of these systems show a strong dependence on the
bubble size.

e Analysis of the experimental data shows that this dependency can be explained by the
effect of gravity (buoyancy) on bubble shape. However, the surface non-ideality and
roughness have significant influence on the reliability of the contact-angle determination.
The influence of the bubble radius on the contact angle of the CO, system becomes
insignificant for bubble diameters smaller than 2.3 mm (Bond numbers less than 0.9).

e The results of this study confirm that axisymmetric droplets are size-dependent and cannot
satisfy the original Young equation. In addition, they are in a good agreement with the
current literature that the apparent contact angle on rough surfaces can be changed by
gravity.

e To identify the effect of pressure, only results with Bond numbers smaller than 0.9
(negligible dependency to the bubble size) were considered. From this, it could be
deduced that there is no significant effect of pressure on the contact angle of the
Bentheimer/CO,/water system. Based on the literature data we concluded that this can be
explained by the change in the charge of the rock due to interactions between components
of the rock surface and the acidic aqueous phase containing CO,.

In the CCS field application, the amount of capillary-trapped CO, depends on the wettability
of reservoir rocks. Results of this study show that there is no significant effect of pressure on
the wettability of the Bentheimer/water/CO, or flue gas system. Even at high pressure, the
Bentheimer sandstone remains water-wet to either CO, or flue gas.

6.3. PART Ill: OIL RESERVOIR

In Chapter 5, both water-wet and oil-wet substrates were prepared by ageing Bentheimer
sandstone with appropriately chosen crude oils. The water-wet sample, which was obtained
after short exposure to the oil, is called rock-system | and the oil-wet sample, obtained after
long exposure, is called rock-system Il. Rock-system | is partially water-wet, whereas rock-
system Il is effectively oil-wet.

e For rock system I, i.e., a partially water-wet surface, the dependence of the contact angle
with pressure is very small for either CO; or synthetic flue gas. Both carbon dioxide and
synthetic flue gas are the non-wetting phase. This behavior can be quantitatively
understood in terms of the expected dependencies of the interfacial tension on the
pressure.

e For rock system Il, i.e. an effectively oil-wet surface, the dependence on pressure is more
considerable with CO,. The CO, becomes the wetting phase at high pressures. The contact
angle is initially 95° and increases only slightly in the range 0-4.0 MPa. Between 4.0 MPa
and 10.0 MPa the contact angle increases more or less linearly until it reaches a value of
150°. Beyond 10 MPa, i.e. in the supercritical region, the contact angle remains constant.
The behavior can again be quantitatively understood based on expected trends of the three
interfacial tensions that determine the contact angle.

e For the hydrophobic sample, the oil/rock/ water/synthetic flue gas system is intermediate-
wet at low pressures. In this system, the contact angle increases slightly with increasing
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pressure and the substrate turns from intermediate-wet to flue gas-wet at pressures above
14 MPa.

e The wettability behavior of both hydrophilic and hydrophobic systems with synthetic flue
gas can be explained by considering the wetting properties of these samples with CO, and
the ratio of 20 mol% CO, to 80 mol% Ny in the flue gas bubble. In addition, the interfacial
tension between water and synthetic flue gas changes slightly with increasing pressure.
Accordingly, less impact of pressure on the wettability of the flue gas system can be
expected which also observed experimentally.

e To describe the wetting properties of the surface as a function of pressure, a surface-free-
energy analysis can be implemented. Use of an equation-of-state method makes it possible
to approach the experimental data quantitatively, if a number of reliable contact-angle and
interfacial-tension data are available for a system of interest.

The results of this study prove that CO, can wet an oil-wet substrate in the presence of water.
CO, is and remains the non-wetting phase in the case of a water-wet substrate and in the
presence of water.

6.4. RECOMMENDATIONS

In this study, contact-angle determinations were performed using natural rock surfaces, which
were not treated chemically. The output of this study is a step forward in understanding the
displacement behavior of multiple phases in reservoirs. The results presented in this thesis can
be used as input parameters in reservoir simulations dealing with CO; or flue gas storage.
Additional research can be built on the results of this thesis. Relevant issues are:

e The presence of impurities in flue gas, like NOx and SOy, and their effects on the
wettability. These have to be determined and compared with the existing data on pure CO,
and synthetic flue gas.

e The wettability of different gases that are involved in CCS, like CH4 and Ny, has to be
determined through a similar procedure presented in this thesis.

e The improved EOS model used in this thesis has to be validated for different brine
salinities. Using reliable relevant IFT and contact-angle data is essential.

e The rock surface roughness as used in this thesis can be changed. Its influence can be
investigated by using surfaces polished to different degrees.

e More investigations on the zeta potential and surface charge determination of these
samples versus pH are needed.

e This thesis discussed the wettability of rock surface, fluid and gas. However, these
experiments need to be combined with additional data such as zeta potential and core
flooding measurements to provide information regarding the displacement behavior of
fluids in porous media.
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CCS
CA
DSA
ECBM
EGR
EOR
EOS
hvBb
IFT
PDC
SC
SFEA
S.E.
STDEV
WL

NOMENCILATURE

Carbon dioxide Capture and Storage
Contact Angle

Drop Shape Analysis

Enhance Coal-Bed Methane
Enhance Gas Recovery

Enhance Oil Recovery

Equation of State

High Volatile Bituminous (hvBb)
Interfacial tension

Pendant Drop Cell

Selar Cornish

Surface Free Energy Analysis
Standard error

Standard deviation

Warndt Luisenthal

Gas-liquid (bubble) interfacial area

Bond number

CO; concentration

CO, concentration at the bubble interface

CO; concentration in the aqueous phase (bulk)

CO; concentration in the bulk phase in regime |
CO; concentration in the bulk phase in regime II

CO; molecular diffusion coefficient into water
Effective diffusion coefficient in regime |
Effective diffusion coefficient in regime I1
Buoyancy force

Gravity force

Pressure force
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e

Surface tension force

Local gravitational acceleration

Contact angle hysteresis

Permeability of the porous medium
Mass-transfer coefficient in the aqueous phase
Mass-transfer coefficient in regime |
Mass-transfer coefficient in regime II
Characteristic length-scale of convection
Number of data points

Capillary number

Molar flux of CO,

in Chapter 3: Dimensionless bubble radius at apex
Sampling length

Bubble mass

Bubble maximum diameter

Vertical pressure distribution

Characterization factor of the surface roughness

Total pressure in the bubble

Capillary pressure

Pressure of the aqueous phase

Pressure of the non-wetting phase

Pressure of the wetting phase

in Chapter I: an effective pore radius corresponding to the narrowest pore
throat along the entire CO, flow path

in Chapter 4. contact radius; the radius of the contact circle
Bubble radius

Radius of curvature at apex

Initial radius of bubble at apex

Radius of bubble at apex at transition time

Bubble radius after establishing the equilibrated bubble
Rayleigh number

Time



Nomenclature 135

% Volume of a droplet
Vy Volume of a bubble
w in Chapter 4. Constant molar rate of CO,

in Chapter 5: Work of adhesion
Wy, Free energy of adhesion per unit area of a solid-vapor pair; Interfacial adhesion
work
Wes Cohesion work of the solid phase
W, Cohesion work of the vapor phase
VA Absolute ordinate value (height)

o A constant in Eq. 5.11

B> A constant in Eq. 5.12

€ Energy parameter

&j Potential energy parameter of unlike-pair interactions

i Potential energy parameters of like-pair interactions

K Fitting parameter in Eq. 5.10

0 Apparent contact angle (experimentally determined contact angle)

Oy Young’s contact angle

0, Advancing contact angle

0, Receding contact angle

0, Contact angle for a spherical droplet/bubble

O Contact angle for the bubble with infinite radius of the solid-liquid contact

circle

Omin Contact angle of the bubble with the initial bubble radius of Rj,
Omax Last accurate detectable contact angle

Ofinal Contact angle after establishing the equilibrated bubble
¢ Porosity of the porous medium
u Dynamic viscosity

Pco, Density of CO; in the bubble pressure
Py Density of the gas phase (bubble)

01 Density of the liquid phase
Ap Density difference between the bubble and aqueous phase
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Yaq.co, Interfacial tension between the aqueous phase and the CO,— rich phase
Yw,co, Interfacial tension between water and CO;
Yiv Interfacial tensions between the aqueous phase and the gas phase
Ywg Interfacial tensions between CO, and water
Ysv Surface energy between the solid and the gas phase
Vsl Surface energy between the solid and the aqueous phase
o Line tension

Bubble height; Location of the apex

v in Chapter 3: Injection velocity of the gas
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