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An Investigation into the Pore-Scale
Mechanisms of Capillary Trapping:
Application to Geologic CO:
Sequestration

Chapter 1. Introduction

1.1 The role of capillary trapping in geologic CO, sequestration

Geologic sequestration of carbon dioxide (CO,), also known as carbon capture and storage
(CCS), has been proposed as a climate change mitigation strategy to limit carbon emissions from
large point sources. CCS entails capturing CO, gases from the effluent of energy production
plants, pressurizing the CO, into a supercritical fluid at conditions representative of geologic
conditions, and pumping the supercritical-phase fluid into a saline aquifer or other geologic
storage reservoir. Once injected into the subsurface, accurate prediction of the transport and
trapping of supercritical CO,, fluid is crucial because buoyant migration of un-trapped CO; fluid
could result in leakage back to the atmosphere or groundwater contamination.

Once underground, CO, can be trapped via four different mechanisms: structural trapping,
dissolution trapping, mineral trapping, and capillary (also known as residual) trapping. Structural
trapping, also called hydrodynamic trapping, utilizes a caprock or impermeable layer to prevent
the buoyant CO, plume from mobilizing upwards to the surface. Dissolution trapping occurs
when supercritical CO; fluid dissolves into the resident brine of the formation and forms aqueous
carbonate species; mineralization trapping occurs when these carbonate species precipitate out
from solution to form a solid phase. Capillary trapping occurs when small clusters of the
supercritical CO; fluid are isolated along the trailing edge of the migrating CO, plume due to

capillary interactions between the CO,, resident brine, and rock surface. Capillary trapping is an



advantageous trapping mechanism because (1) it is a more secure form of trapping than
structural trapping as it is less susceptible to failure due to geologic events (e.g. earthquakes) or
unmapped preferential pathways (e.g. abandoned well bores or fault lines); (2) it has the potential
to trap large fractions of the injected CO, tens to thousands of years earlier than dissolution or
mineralization trapping; and (3) capillary trapping breaks up the larger CO, plume into small
bubbles with large surface-to-volume ratio facilitating subsequent dissolution reactions (Figure
1-1, [IPCC, 2005]).
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Figure 1-1. Subsurface storage mechanisms of CO, trapping
are evaluated on the relative security of the trapping process
and the time required for significant amounts of CO; to
become immobilized [IPCC, 2005].

During immiscible multiphase flow, drainage is the process of nonwetting (NW) fluid invading
the pore space and displacing wetting (W) fluid, and imbibition is the process of W fluid
invading the pore space and displacing NW fluid; supercritical CO, fluid is expected to be the



NW fluid in the sedimentary reservoirs considered for storage scenarios (e.g. Krevor et al.
[2012]). Capillary trapping of CO, occurs in two steps: first, CO, is injected into a saline
reservoir, displacing the resident formation brine (drainage); then, as the buoyant CO, plume
migrates away from the injection site, brine re-enters the pore space (imbibition), filling small
pore throats and isolating CO; clusters in the pore bodies of the porous medium. CO; that is

present at the endpoint of the drainage-imbibition cycle is thus capillary trapped (Figure 1-2).

\ CO, injection

Figure 1-2. Schematic of CO; capillary trapping. CO is injected and
subsequently buoyantly migrates away from the injection well (dark
blue). Light blue represents residually trapped CO,. The zoomed-in
view shows an x-ray tomographic image of bubbles of nonwetting
(NW) fluid (black) that have been capillary trapped in the pore space of
sandstone (intermediate gray color) by wetting (W) phase (light gray
color). Modified from an image by Ruben Juanes, MIT.

Many engineered processes in the subsurface require fundamental understanding of drainage and
imbibition processes and the accompanying NW phase capillary trapping; for example, during
oil recovery operations, remediation of non-aqueous phase liquid (NAPL) contaminants in the
subsurface, or gas-liquid mass transfer processes in the vadose zone. In these examples, water is
generally considered to be the W phase, while oil/NAPL/gas are the NW phase. Consequently,
comparisons can be made between previous oil/NAPL/gas-water studies and CO, sequestration.



However, the study of CO, sequestration introduces three new complications to the study of NW
phase trapping: (1) the geologic matrix surface may exhibit intermediate or CO,-wet wettability,
or progressively transition to a different wettability upon exposure to the supercritical CO,-brine
fluid mixture [Chalbaud et al., 2007; Chiquet et al., 2007b; Kim et al., 2012]; (2) the
supercritical state of the fluid results in highly variable fluid properties (viscosity, density,
interfacial tension, solubility) as a function of pressure and temperature [Chiquet et al., 2007a;
Bachu and Bennion, 2008, 2009; Bachu et al., 2009]; and (3) both the drainage process (CO,
injection) as well as the imbibition process (subsequent waterflood or natural groundwater flow)
can be manipulated; whereas in oil recovery or NAPL remediation applications, NW fluid is

initially present in the medium and only the imbibition process can be engineered.

The research presented in this dissertation examines the individual and interrelated effects of
these three factors (fluid property variation, and initial-residual relationships, and wettability
state) on capillary trapping and pore-scale multiphase flow patterns with application to geologic
sequestration of CO,. Flow and trapping of the NW phase is characterized on a pore-scale basis
using x-ray microtomography (x-ray CMT), which allows for three dimensional (3D) in-situ
visualization of the W, NW, and solid phases. We investigate the fundamental mechanisms of
capillary trapping as a function of fluid properties and pore-scale forces, initial system state, and
medium wettability via ambient pressure and temperature condition systems of NW phase (air)
and W phase (brine) in Bentheimer sandstone and glass beads. We also present results of
supercritical condition CO, and brine experiments in Bentheimer sandstone and relate the results

to previous ambient condition studies.

1.2 Document Organization

Chapter 2 presents a brief overview of the basics of multiphase flow (Chapter 2.1) and capillary
trapping in terms of fluid properties, the initial state of the system, and wettability state of the

medium (Chapter 2.2). Chapter 2.3 provides an introduction to x-ray CMT imaging, which is the



primary experimental technique utilized for pore-scale investigations comprising the research of

this dissertation.

To explore the impact of fluid property variation on capillary trapping, Chapter 3 presents a
study investigating dominant fluid properties and pore-scale forces in ambient condition
experiments of multiple fluid pairs in a glass bead porous medium; in Chapter 4 an approach for
analysis and characterization of pore-scale force dominance is demonstrated, which explains the
behavior of the glass bead system as compared to that of a natural geologic medium (Bentheimer
sandstone). Also in Chapter 4, the relationship between the system initial state and NW capillary
trapping is also explored via an analysis of initial NW phase connectivity and topology in an
ambient condition Bentheimer sandstone system. Medium wettability effects are investigated in
the study presented in Chapter 5, which details an ambient condition experimental study of flow
patterns and capillary trapping of NW phase in wettability-altered Bentheimer sandstone.
Chapter 6 showcases our supercritical experimental set-up and the results of our first
supercritical experimental run and demonstrates how supercritical and ambient condition
experiments can be related via nondimensionalization of fluid properties. Finally, Chapter 7
provides summary and conclusions of this research, as well as future work that is intended on

these topics.



Chapter 2. Background
2.1 Basics of Multiphase Flow

The wettability of a medium surface describes the affinity of a solid surface for one fluid relative
to the other fluid in an immiscible multiphase system. The wettability of a surface is quantified
by the contact angle that is created by the tangent line of the fluid-fluid interface drawn to the
intersection point of the fluid-fluid-solid phases (Figure 2-1). In geologic applications (e.g. an
oil-water or CO,-brine system), the contact angle is generally measured through the aqueous
phase. For a solid medium in the presence of two fluids, the fluid that preferentially spreads
across the surface is termed the wetting fluid, and the other fluid is the nonwetting fluid. In the
examples in Figure 2-1, a contact angle (measured through the aqueous phase) near 0° indicates
that the surface is water-wet, a contact angle near 180° indicates a CO,-wet surface, and an angle
between these extremes (e.g. an angle of approximately 75-105°) indicates intermediate-wet
conditions [Treiber and Owens, 1972; Anderson, 1987].

Brine

(a) (b) (c)

Figure 2-1. Contact angles, measured through the brine phase, of three idealized CO,-brine
systems: (a) illustrates a brine-wet medium, (b) an intermediate-wet system and (c) a CO,-wet
system.

In an immiscible multiphase system in a porous medium, a curved interface may be formed at
the boundary between two fluid phases. In a static system at equilibrium, the interfacial tension
forces creating this curvature are balanced by a pressure difference across the interface, defined
as capillary pressure, P; [Anderson, 1987]. The Young-Laplace equation states that the capillary
pressure is a function of the interfacial tension between the wetting and nonwetting phase fluids

(o), the contact angle (0), and the effective radius (r) of the interface:
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Capillary pressure can also be thought of as the pressure difference value that must be exceeded
in order to mobilize NW phase fluid through a constriction (pore throat) of radius r. Equation 2.1
dictates that NW phase fluid can more easily pass through pore throats with larger radii, while

higher capillary pressure is required to mobilize NW fluid through smaller pore throats.

The dependence of capillary pressure on r explains the shape of a capillary pressure-saturation
(Pc-S) curve for a porous medium comprising a range of pore body and throat sizes (Figure 2-2).
For a medium undergoing drainage, some finite capillary pressure is required to introduce NW
phase into the pore space (the “entry pressure”). As capillary pressure increases, NW phase
invades smaller and smaller pore bodies and throats until all available wetting phase has been
displaced from the medium. For a system undergoing imbibition, W phase first fills the smallest
constrictions in the porous media and requires lower capillary pressure (higher wetting phase
pressure) to invade the larger pore bodies and throats. Imbibition capillary pressures are reduced
relative to the drainage capillary pressure for the same saturation value; the difference in
drainage and imbibition curves is termed P.-S hysteresis (e.g. Selker et al. [1999]). The
difference in W phase saturation between the start of the primary drainage curve and the
endpoint of the secondary imbibition curve is equivalent to the capillary trapped NW phase

saturation.
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Figure 2-2. Capillary pressure-saturation (P.-S) relationship for
primary drainage and secondary imbibition in a porous medium.
The difference in saturation between the start of drainage and the
end of imbibition is equivalent to the amount of pore space
occupied by trapped nonwetting (NW) phase.

Because W phase fluid is continuous through small constrictions while NW phase resides in
larger pore spaces, upon imbibition, W phase will flow via films on the medium surface and
invade the small pore throats surrounding NW fluid, thereby disconnecting NW phase clusters
from the mobile NW fluid flow paths. This is termed “snap-off” and is a major mechanism
contributing to capillary trapping; alternatively, W fluid may circumvent NW fluid clusters

(“bypassing”), which also results in capillary trapped NW fluid [Chatzis et al., 1983].

2.2 Factors Impacting Capillary Trapping

Given the controls on multiphase flow described above, there are three factors that warrant

investigation in regards to capillary trapping of supercritical CO,; these are introduced below.



2.2.1 Supercritical CO, Fluid Properties

Supercritical CO, fluid properties are highly sensitive to pressure and temperature conditions.
Figure 2-3 shows values for CO; (a) viscosity and (b) density as a function of pressure and
temperature [Bachu, 2003]; these parameters generally increase as pressure increases and
decrease as temperature increases. CO, solubility in brine also increases with pressure increase
and decreases with temperature increase; additionally, CO, solubility decreases as brine
concentration increases (e.g. Iglauer 2011). Interfacial tension between CO, and brine is also

dependent on brine composition, as well as temperature and pressure (Figure 2-4).
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Figure 2-3. Variation of (a) viscosity and (b) density of CO; as a function of pressure and
temperature [Bachu, 2003].
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Figure 2-4. Interfacial tension (IFT) of CO, and brine as a function of pressure (P), temperature,
and brine salinity: (a) 75,780 mg-L™, and (b) 282,770 mg-L™. Reprinted with permission from
Bachu et al. [Bachu et al., 2009]. Copyright (2009) American Chemical Society.

Multiphase fluids flowing through porous media are subject to capillary, viscous, and
gravitational forces; and the relative importance of these forces is dependent on fluid properties,
including W and NW viscosity and density, and W/NW interfacial tension. Dimensionless
numbers have been developed which combine fluid flow parameters to allow comparison of
different systems. The capillary number (Ca) describes the ratio of viscous force to capillary
forces, and although there are numerous formulations of Ca [Chatzis and Morrow, 1984;
Jamaloei et al., 2012; Armstrong et al., 2014], we define it as follows:

v
Ca = .Un\n?% (eqn. 2.2)
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where y;yy 1S the invading phase viscosity, v,y is the invading phase pore velocity (the Darcy
velocity divided by the porosity of the medium), and o is the interfacial tension between the

wetting and nonwetting phases.

In order to take into account the defending phase viscosity, upgr, We define the mobility ratio

(M, sometimes called the “viscosity ratio”) as:

_ Hinv

M (eqn. 2.3)

UDEF

The interaction between gravitational and capillary forces is described by the Bond number (Bo),

which we define as:

Ap - g d?
0= % (eqn. 2.4)

where Ap is the difference in W/NW densities, g is the gravitational constant, and d is a
representative length scale (for investigating capillary trapping on a pore-scale basis, we chose d

to be the representative grain/bead diameter of the porous medium).

Finally, the capillary and Bond numbers of a flow process can be combined in order to describe

the relative importance of gravitational and viscosity forces, as follows:

v
Ca-Bo™ ' = A‘Z”ﬁ (eqn. 2.5)

Note that this term is not independent of Ca and Bo. Previous studies of micromodels have
developed so-called fluid flow regimes which are defined by the combination of Ca and M
values of a drainage process [Lenormand et al., 1988; Zhang et al., 2011; Wang et al., 2012]
(Figure 2-5). Although analogous regimes are not well-defined for the imbibition process (during

which capillary trapping of NW phase occurs), similar flow behavior has been observed and
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qualitative descriptions have been developed. For low capillary number displacement, capillary
forces dominate, and the invading fluid flows in all directions, even against the direction of
injection. When capillary number increases, viscous forces become more dominant and the front
morphology is dictated by the viscosity ratio M (e.g. Lenormand et al. [1988]; Ferrari and Lunati
[2013]). For M>1 the invading fluid is more viscous than the defending fluid, the front is stable
and tends to remain compact. For M<1, the invading fluid is less viscous, and the front is

destabilized by viscous effects; and long, thin fingers of invading fluid develop.

0 +——— B ——
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Viscous ! ! Displacement |
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Figure 2-5. Flow regimes of nonwetting (NW) phase flow during drainage as a function of
capillary number (Ca) and mobility ratio (M) of the drainage process. These regimes are
developed from investigation of two-dimensional (2D) micromodel experiments originally
performed by Lenormand et al. [1988] and subsequently revisited by Zhang et al. [2011].
Depictions of flow regimes from Lenormand et al. [1988].
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Numerous studies have investigated the influence of fluid property variation during the
imbibition process on capillary trapping; generally, as capillary forces are reduced relative to
viscous or gravitational forces (i.e. as the imbibition capillary or Bond number increase),
capillary trapping is reduced [Chatzis and Morrow, 1984; Chatzis et al., 1988; Morrow et al.,
1988; Fry et al., 1997; Hughes and Blunt, 2000; Nguyen et al., 2006; Ding and Kantzas, 2007;
Cense and Berg, 2009]. However, there are exceptions and contradictions to these general
empirical relationships [e.g. Harper and Wildenschild, 2012; Geistlinger et al., 2014]. In
Chapters 3 and 4, two ambient condition studies are described which investigate the effect of
variation of fluid properties and dimensionless ratios, and an approach which utilizes what is
termed the “pore-scale force balance” is presented in order to characterize a system and allow for

prediction of the dominant controls on the resulting amount of NW phase capillary trapping.

2.2.2 Initial State of the System

Previous studies focusing on capillary trapping for oil recovery applications have demonstrated
that the residual NW phase saturation (i.e. the amount of NW phase present after imbibition) is
dependent on the amount of NW phase initially in the system [Land, 1968; Al Mansoori et al.,
2010; Akbarabadi and Piri, 2013]. For an oil recovery scenario, the initial NW saturation is
fixed, the initial NW saturation is simply the oil originally present in the reservoir. However, for
a CO, sequestration project, there is no CO; present in the original state of the storage reservoir,
and the initial saturation of CO, can be manipulated based on CO, injection parameters; this
allows for engineered manipulation of both the drainage and imbibition process. We refer to a
system prior to any injection as being the original state of the system; the end of the drainage
process (CO; injection) is the initial state; and the end of the imbibition process is the residual

state of the system (Figure 2-6).
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Figure 2-6. Nomenclature applied to a CO; sequestration processes: (a) original state, So:
reservoir prior to CO; injection; (b) drainage: reservoir during CO; injection; (c) initial state, S;:
reservoir just after CO, injection; (d) imbibition: reservoir during waterflood injection or natural
groundwater flow; and (e) residual state, Sg: final reservoir state after migration of mobile CO,
plume and reinvasion of the pore space by wetting (W) phase.

Empirical models such as Land’s model [Land, 1968] illustrate the general relationship between
initial (S;) and residual (Sg) NW phase saturations (Figure 2-7) on a core-scale basis, and recent
advances in x-ray CMT technology allow for investigation of the pore-scale physics which
control these relationships. In Chapter 5, we present experimental results that explore how initial
NW phase connectivity and topology at the pore-scale influence overall NW phase trapping and
how this information can be applied to CO, sequestration scenarios in order to enhance capillary

trapping.
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Figure 2-7. Experimental data demonstrating the relationship between initial
nonwetting (NW) phase saturation (S i) and residual NW phase saturation
(Sevw) r), from Al Mansoori et al. [Al Mansoori et al., 2010].

2.2.3 Wetting Behavior of a Multiphase Fluid-Porous Medium System

Some studies have indicated that exposure of the host rock to supercritical CO, and brine
solutions may cause a transition in wettability state from water-wet to intermediate-wet
conditions, i.e. an increase in contact angle towards 90° [Chiquet et al., 2005, 2007a; Chalbaud
et al., 2007; Broseta et al., 2012; Kim et al., 2012]. As demonstrated by Equation 2.1, an increase
in contact angle reduces the capillary pressure required to mobilize NW fluid through a
constriction (pore throat), allowing for migration of NW phase under relatively lower applied
pressure gradients. Conceptually, as a surface exhibits a weaker affinity for wetting phase, W
fluid flow through small constrictions or as a film on the medium surface is less likely to occur;
thus, snap-off is suppressed, and the amount of NW phase capillary trapping decreases.
Therefore, wettability changes may have a dramatic impact on the efficiency of a CO,

sequestration operation.

In order to investigate the effect of wettability on capillary trapping and NW flow patterns during
drainage and imbibition, we have conducted a series of ambient-condition experiments of brine

and air within Bentheimer sandstone cores that have been chemically treated such that the
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sandstone surface ranges from water-wet to intermediate-wet to air-wet; this study is presented in
Chapter 5.

2.3 X-ray Computed Microtomography

The experimental research presented in this dissertation is largely derived from x-ray computed
microtomography (x-ray CMT) images of pore-scale phenomena. X-ray CMT is a nhon-
destructive method of imaging a three-dimensional (3D) sample by mapping the x-ray
attenuation values of the internal structure of the sample; this technology has been used to
investigate flow processes in porous media for a variety of applications [Ketcham and Carlson,
2001; Wildenschild et al., 2002; Taina et al., 2008; Cnudde and Boone, 2013; Wildenschild and
Sheppard, 2013]. In general, x-rays are emitted from a source and passed through the sample,
and contiguous, sequential radiographs are collected by a detector as the sample rotates in minute
increments. The collected radiographs are reconstructed to create a single 3D volume comprised
of voxels (the 3D analogue to pixels), wherein the phases present in the sample (e.g. solid, gas,
liquid) are identifiable by their relative grayscale values (Figure 2-8a). Image filters may be
applied to the grayscale data volume to reduce noise and imaging artifacts. Segmentation of the
data is generally accomplished by measuring a histogram of all the grayscale values comprising
the data volume and setting a segmentation threshold at the local minimum between two peaks
representing different phases present in the volume (Figure 2-8b). Thus, the grayscale data is
converted into a data volume, wherein each phase is labeled with its own value (Figure 2-8c);
and quantification (e.g. saturation, connectivity, and topological values) is performed on the

labeled volume.
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Figure 2-8. Data segmentation process: (a) a cross-sectional slice of grayscale data, (b) the
grayscale histogram of the data volume for both raw and three-dimensional (3D) median-filtered
data with the grayscale threshold value indicated, and (c) segmented data with the nonwetting
(NW) phase identified.

In Chapters 4 and 5, the Euler number () is used to quantify the topology of NW phase fluid.
Euler number values are calculated for NW phase fluid via the difference between the first two

Betti numbers:
X =PBo— B (eqn. 2.6)

Bo is the number of discrete, individual objects (individual NW fluid bubbles or clusters) and B,
is the number of redundant connections or loops within objects (redundant NW phase pathways
formed by connections through multiple pore throats); examples of Betti number features of NW

phase fluid within a porous medium are illustrated in Figure 2-9.
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Figure 2-9. Examples of nonwetting (NW) fluid features contributing to the zeroth Betti number
(Bo, indicated with circles) and the first Betti number (1, indicated with arrows) of a three-
dimensional (3D) data volume.

The research of this dissertation utilizes a variety of x-ray CMT systems; specific details of

collection, processing, segmentation, and quantification for each study are presented in their

respective chapters.
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3.1 Abstract

Geological carbon sequestration is being considered worldwide as a means of mitigating
anthropogenic emission of greenhouse gases. During sequestration, carbon dioxide (CO,) gas
effluent is captured from coal-fired power plants or other concentrated emission sources and
injected into saline aquifers or depleted oil reservoirs for long term storage. In an effort to fully
understand and optimize CO, trapping efficiency, the capillary mechanisms that immobilize
subsurface CO, were analyzed at the pore-scale. Pairs of proxy fluids representing the potential
range of in-situ conditions of supercritical CO, (nonwetting fluid) and brine (wetting fluid) were
used during experimentation. The two fluids were imbibed and drained from a flow cell
apparatus containing a sintered glass bead core. Fluid parameters (such as interfacial tension and
fluid densities and viscosities) and flow rate were altered to characterize their relative impact on
capillary trapping. Computed x-ray microtomography (microCT) was used to quantify
immobilized nonwetting fluid volumes after imbibition and drainage events. MicroCT-analyzed
data suggests that capillary trapping in sintered glass bead (a mildly consolidated porous
medium) is dictated by the capillary number (Ca), the mobility ratio (M), and the Bond number
(Bo) of the system, reflecting that all three viscous, capillary, and gravitational forces affect the
displacement process to varying degree as their relative importance and the mobility ratio
changes. The amount of residual trapped nonwetting phase was observed to increase with
increasing nonwetting fluid viscosity, and with decreasing density difference of the fluids; this
suggests that CO, sequestration can potentially be engineered for optimal trapping through

alterations to the viscosity or density of supercritical CO..

3.2 Introduction

Carbon dioxide (CO,) is emitted into the atmosphere through burning of fossil fuels for energy
production. Combustion of fossil fuels accounts for approximately 75% of the atmosphere’s total
anthropogenic CO, emissions and is currently released into the atmosphere at a rate higher than
it can be removed by natural sources [IPCC, 2005a].
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As a means of mitigating CO, emissions, carbon capture and storage (CCS) collects,
concentrates, and transfers a stream of CO, from point sources of emissions to the injection site.
To optimize storage volume, CO is injected into formations at depths of more than 800 meters;
at this depth, CO, is above its critical point (the critical temperature and pressure are 31°C and
7.4 MPa, respectively) and in a supercritical state. The success of a CCS project depends on its
ability to efficiently trap CO; in the subsurface for hundreds of years and longer, and in order to
ensure security and prevent leakage, the physical and chemical mechanisms that trap CO, must
be understood.

The focus of this work is on capillary (or residual) trapping in mildly consolidated media.
Capillary trapping involves drainage and imbibition in the porous medium and is a consequence
of hysteresis. CO; injection in a water-wet system is a drainage process during which the resident
brine is displaced from the pores; during imbibition, which takes place when the resident brine
returns to the formation after injection has stopped, or during an engineered waterflood, some of

the injected CO, is trapped as a result of capillary interactions.

Capillary trapping is arguably the most advantageous form of trapping because of its high
storage security (the risk of leakage into the atmosphere or of groundwater contamination is less
than for hydrodynamic trapping, which relies on the integrity of a cap-rock) and relatively short
time scales [Juanes et al., 2006]. The capillary trapping mechanism also has the potential to
contribute more to overall trapping than both dissolution or mineral trapping mechanisms
[Kumar et al., 2004]. Under specific formation and time constraints, all of the injected CO,, can
be potentially trapped by capillary forces [IPCC, 2005b]. Al Mansoori et al. [2009] showed that
poorly consolidated media produced relatively low residual nonwetting phase saturations (0-
15%), thus suggesting that highly consolidated media would be better suited for CO; injection
scenarios. Yet, the saline formation used for CO, storage at the Sleipner CCS project off the
coast of Norway consists of unconsolidated sandstone and has stored approximately 1 Megaton
(Mt) of CO, per year since 1996 [IPCC, 2005b].
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MicroCT imaging has now been used in a number of studies to explore the storage security of
residually trapped nonwetting phase. Iglauer et al. [2011] measured trapped residual saturations
of supercritical CO, of 25% in quartz sandstone cores (4.95 mm diameter, 9 mm length) and
concluded that local capillary trapping is a safe and effective method of securing supercritical
CO; in the subsurface. In larger consolidated Berea sandstone cores (diameter of 38.5 mm,
length of 75.3 mm), Pentland et al. [2011] measured somewhat higher trapping capacities, that is
37% and 48% residual nonwetting phase saturation in brine-supercritical CO; and brine-oil
experiments, respectively. More recently, Tanino and Blunt [2012] studied capillary trapping in
sandstones and carbonates, in particular the dependence on pore structure. They measured the
residual state established by water flooding at low capillary number and found that residual

saturation decreased as conditions became less favorable for snap-off.

Our objective is to explore how CO, storage capacity can be optimized via capillary trapping.
The results reported were obtained using proxy fluids and mildly consolidated media, and
trapping was quantified using microCT imaging. The use of proxy fluids allows exploring
combinations of IFT, viscosity and flow rate that are expected at reservoir conditions, but cannot
be easily reproduced in laboratory experiments if supercritical CO, is used as the nonwetting
fluid.

3.3 Background

3.3.1 Capillary, Viscous, and Gravitational Forces

In two-phase immiscible fluid systems, the capillary number (Ca) is a dimensionless number that
is used to characterize relative strength of viscous to capillary forces and it is the variable that is

commonly used as the predictor of trapping efficiency of the nonwetting phase. There are many
different definitions of capillary number, some of which incorporate relative permeability;

however, in this work, we define:

Viscous Force v
Ca = . — HINVVINV (eqn. 3.1)
Capillary Force o
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where pnv IS the viscosity of the invading fluid, v\ny is the average pore velocity of the invading
fluid and o is the interfacial tension between the two fluids [Heil} et al., 2011; Morrow et al.,
1988; Suekane et al., 2009]. The role of the invading or defending fluid changes between

imbibition and drainage events.

To account for the viscosity differences between the two fluids, a second dimensionless number
needs to be introduced. The mobility ratio (M) is used to compare the viscosities of the invading

and defending fluids and it is defined as:

M =1 (eqn. 3.2)

HUDEF

where Wy represents the viscosity of the invading fluid and ppgr represents the viscosity of the
defending fluid, in agreement with Lenormand et al. [1988] and Zhang et al. [2011]. Again,
notice that for the same fluid pair the mobility ratio is different in drainage and imbibition
because the invading fluid is the nonwetting fluid in the former case and the wetting fluid in the

latter case.

The effects of gravity on the system can be quantified by the Bond number (Bo), which estimates
the relative importance of gravitational to capillary forces and is typically defined as:

Gravitational Force  Ap-g-d?
Bo = =P8 (eqn. 3.3)

Capillary Force [

where Ap is the density difference between the invading and defending fluids, g is the
gravitational constant, and d is a representative length scale [Lavoll et al., 2005]; here, we define
d to be the median bead or grain diameter. The Bond number can be plotted inversely in
combination with the capillary number to identify which of the three forces (capillary, viscous,
or gravitational forces) will dominate flow at the pore-scale during fluid displacement (e.g. Polak
etal. [2011])
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3.3.2 Impact of Capillary Number on Trapping

It is commonly accepted that the residual nonwetting phase saturation, Sg, depends on the
capillary number during the imbibition stage [Blunt and Scher, 1995; Lenormand et al., 1983;
Lenormand et al., 1988; Morrow et al., 1988]. A significant body of research has shown that as
capillary number increases (and thus, viscous forces dominate), residual trapping of the
nonwetting phase decreases; typically a dramatic decrease in Sg is observed around a critical
capillary number of 10” to 10 (e.g. Chatzis and Morrow [1984]; Morrow et al. [1988]; Ding
and Kantzas [2007]; Cense and Berg [2009]). This trend has been observed in many different
types of consolidated porous media and is generally attributed to suppression of snap-off at
larger Ca. The critical capillary number for wetting-phase trapping is generally measured in the
range of 10° and 10 [Cense and Berg, 2009; Suekane et al., 2010].

However, the capillary number alone does not describe the complexity of trapping mechanisms
because it does not carry information on the role played by viscous forces when they dominate,
which is described by the mobility ratio. When Ca increases and viscous forces becomes more
important, the displacement becomes more stable (more effective oil recovery) for M>1, and
more unstable for M<1. In the petroleum engineering literature, where the amount of oil (the
defending fluid) is to be minimized, a viscosity ratio greater than one is also referred to as
"favorable", while the term "unfavorable™ is used when the viscosity ratio is less than one
because the invading phase forms fingers that decrease the efficiency of oil recovery. This
terminology was first introduced and discussed by Engelberts and Klinkenberg [1951] based on
their experimental findings, and they coined the term viscous fingering to describe the fact that
under unfavorable conditions the invading fluid flows only through sparse preferential flow
paths.

Three distinct flow regimes have been identified for a drainage process in two-dimensional (2D)
micromodels: viscous fingering, capillary fingering, and stable displacement [Lenormand et al.,
1988; Wang et al., 2012; Zhang et al., 2011]. These flow regimes are defined by the Ca and M

values in reference to the so-called Lenormand phase diagram, wherein capillary numbers are
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plotted against mobility ratios on a log-log basis. However, these flow regimes have thus far only
been studied with respect to the drainage process; whereas capillary trapping of nonwetting
phase occurs during the imbibition process. We suggest that analogous flow regimes do indeed
occur during imbibition, and the effects of both capillary number and mobility ratio of the

imbibition process need to be investigated in order to accurately predict capillary trapping.

Thus, trapping cannot be predicted solely based on imbibition Ca, except if Ca is low: in this
case displacement is dominated by capillary forces resulting in a percolation pattern, where
viscous forces can be neglected, and exhibiting snap-off-dominated trapping. When Ca increases,
viscous forces become more dominant and the front morphology (and thus trapping) is dictated
by the viscosity ratio M (e.g. Lenormand et al. [1988]; Ferrari and Lunati [2013]). For M>1 the
invading fluid is more viscous than the defending fluid, the front is stable and tends to remain
compact; therefore, trapping will decrease with Ca. For M<1 the invading fluid is less viscous,
the front is destabilized by viscous effects and thin, long fingers develop resulting in a significant
amount of trapped nonwetting fluid; in this case, trapping will increase with Ca [Ferrari and
Lunati, 2013].

Using an analogy to the Lenormand phase diagram, one can envision manipulating capillary
numbers and mobility ratios of the imbibition process to optimize residual trapping. The ultimate
goal of CO; sequestration is to maximize the amount of trapped CO, in the subsurface in order to
prevent migration to the surface. A few recent studies have explored the relative effect of
individual properties (interfacial tension, viscosity, flow rate, and density) on residual trapping

and their findings are summarized in the following sections.

3.3.3 Impact of Interfacial Tension and Viscosity on Trapping

Increasing viscosity and interfacial tension values, simultaneously, was shown to increase
residual CO, saturations in consolidated sandstone samples collected from a site in Alberta,
Canada [Bennion and Bachu, 2005; Bennion and Bachu, 2006a; b; c]. Further investigation

confirmed the trend of increasing trapped CO, saturation during imbibition events with
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increasing interfacial tension. Trapped CO, was also observed to increase with increasing
mobility ratio (with brine as the invading fluid and supercritical CO, as the displaced fluid)
which was varied by changing pressure and temperature conditions. Since interfacial tension and
viscosity both vary with pressure, temperature, and salinity, it was not possible to isolate a
potential viscosity effect, and instead the authors concluded that the increasing residual CO;
trapping with viscosity ratio was related to the increasing interfacial tension trend. The authors
stated that it would be impossible to design a supercritical CO, experiment that isolates

interfacial tension effects from viscous effects.

Altered interfacial tension and viscosity values were also studied in experiments in
unconsolidated and sintered bead packs with capillary numbers ranging from 10?to 10
[Morrow et al., 1988]. In this enhanced oil-recovery study, capillary numbers for oil mobilization
were approximately an order of magnitude higher in bead packs than in consolidated sandstones;
but the resulting glass bead data still followed a trend of increasing residual nonwetting phase
saturation with a decreasing capillary number. Altering interfacial tension was not found to have
an effect on residual trapping. Further, the effect of altered viscosity was not isolated in their
study and conclusions regarding its relative effect on trapping efficiency could therefore not be

determined.

3.3.4 Impact of Flow Rate on Trapping

A consensus regarding the effects of flow rate on residual trapping has yet to be reached.
Previous studies have generally been conducted for a single fluid pair, and thus the effect of the
viscosity ratio on trapping mentioned previously is not relevant. Blunt and Scher [1995]
investigated the effects of flow rate on immiscible fluid displacement in a pore-network model
for applications in oil reservoirs. They concluded that the dominant fluid displacement
mechanism will change depending on flow rate due to fluid flow competition at the pore-scale.
Nguyen et al. [2006] produced high residual nonwetting saturations through a numerical study of
the snap-off mechanism in the capillary fingering regime. Most research supports this finding,

arguing that snap-off is suppressed and mobilization is enhanced at high flow rates; however,
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Wildenschild et al. [2011] showed a weakly increasing relationship between residual nonwetting
phase and increasing flow rate. This issue becomes more complicated at larger scales as pore-
scale mechanisms compete with basin-scale flow patterns; for example, Juanes et al. [2006]
simulated capillary trapping on a basin scale and predicted that supercritical CO, can be more

effectively sequestered due to radical dispersion patterns induced by high injection flow rates.

3.3.5 Impact of Bond number on trapping

In a three-dimensional (3D) system, gravity forces must be taken into consideration as well as
viscous and capillary forces. Morrow et al. [1988] demonstrated that nonwetting phase capillary
trapping decreased as Bo increased (i.e. gravitational forces dominated over capillary forces) in
glass bead column experiments with water-oil and air-oil systems; Bo in these systems was

manipulated by using columns composed of bead packings of different diameters.

3.3.6 Motivation

The impact of capillary forces (presented in terms of fluid flow rate, viscosity, and interfacial
tension) on residual trapping were initially investigated by Wildenschild et al. [2011]. Proxy
fluid-pair experiments in glass bead packs showed that nonwetting phase trapping was optimized
at high flow rates and with increasing nonwetting phase viscosity; however, because the trend
was relatively weak, the authors concluded that further experimentation was required to

substantiate these results.

To our knowledge, no additional work has been published that systematically examines both the
isolated and combined impacts of the elements of Ca, M, and Bo as a means of optimizing CO,
trapping efficiency. Further investigation is needed to bring clarity to issues related to capillary
number and mobility ratio and their effect on imbibition flow regimes and residual trapping. As
stated by Bachu and Bennion [2008], the effects of interfacial tension and viscosity cannot be
investigated under supercritical conditions, thus we report here on experiments using proxy

fluids conducted under ambient conditions.
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We emphasize that the focus of this study is on the relative importance of flow mechanisms that
are in effect during imbibition, i.e. during an engineered waterflood that would take place after
CO; injection has ceased. Thus, this work complements that of Herring et al. [2013] who focused
on the mechanisms in effect at the initial state of the system, i.e. after CO; injection (before

imbibition).
3.4 Materials and Methods

3.4.1 Experimental Set-Up

All experiments were performed in two sintered soda lime glass bead cores, approximately 5.7
mm inner diameter and 57 mm tall. The cores were a mixture consisting of 35% 600 um, 35%
850 um and 30% 1000-1400 um size beads. The beads were sintered to a borosilicate glass
pipette column using a graphite crucible in a muffle furnace at 760°C. The approximate porosity
of each core was 34%. Following the terminology of Morrow et al. [1988], we will refer to this

sintered glass bead core as a mildly consolidated medium.

Experiments were conducted using seven pairs of proxy fluids, chosen to obtain a range of
interfacial tensions, viscosities, and flow rates that mimic the properties of supercritical CO, and
brine encountered during CCS injection at reservoir conditions. The injection characteristics of
supercritical CO, and experimental proxy fluids are listed in Tables 3-1 and 3-2, respectively.
Approximate viscosity and fluid-fluid interfacial tension ranges of supercritical CO, in Table 3-1
were reported by Bachu [2003] and Bachu and Bennion [2008]. Experimental proxy fluid
viscosities and fluid-fluid interfacial tensions presented in Table 3-2 were measured in the
laboratory: fluid viscosities were measured using a Cannon Ubbelohde size 75 viscometer; fluid-
fluid interfacial tensions were measured using a Fisher Surface Tensiometer Model 20 and a

duNuoy ring.



Table 3-1. Approximate values of interfacial tension (IFT), viscosity (u), and density (p) of

supercritical CO, (Bachu, 2003; Bachu and Bennion, 2008).

IFT with brine u p
(mN/m) (mPa-s) (kg/m)
Supercritical CO, 25-50 0.025-0.15 | 200-1000

In three pairs of proxy fluids, the wetting phase consisted of potassium iodide (KI) brines (1:6
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mass ratio of Kl to deionized water). The solution ratio was tailored to facilitate good contrast in

the x-ray tomographic images used for quantification by increasing the contrast of the wetting

phase relative to the other constituents (nonwetting and solid phases). In these pairs, octane, air,

and Soltrol were used as nonwetting phase. In the other four pairs of proxy fluids, Triton 100X
surfactant or glycerol were added to the Kl brine at different concentrations to modify the

properties of the wetting phase. Triton 100X was chosen to lower the interfacial tension (IFT)

between the KI brine/air proxy pair because at very low concentrations it has a significant impact

on the IFT value without affecting viscosity, thus allowing us to isolate potential effects of
interfacial tension on trapping. Glycerol, a water soluble visco-thickener, was used to alter the
viscosity of the wetting fluid without significantly altering the IFT. All experiments with the

altered wetting fluids (solutions of K1 brine and Triton or glycerol) were paired with air as a

nonwetting fluid.
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Table 3-2. Interfacial tension (IFT), viscosity (u), and density (p); and resulting imbibition capillary number (Ca), mobility ratio (M),
and Bond number (Bo) for the seven experimental fluid pairs consisting of wetting (W) and nonwetting (NW) fluids.

Fluid Pair Wetting Nonwetting IFT Mw HUnw Ap
Designation Fluid Fluid (mN/m) | (mPa-s) | (mPa-s) | (kg/m®) Ca M Bo
BA Brine Air 72 1.13 0.018 1079 3.5x107 - 8.6x10° | 62.8 | 0.106
BS Brine Soltrol 25 1.13 4.82 286 9.9x107 - 9.9x10° | 0.23 | 0.082
BO Brine Octane 37 1.13 0.540 377 6.7x107 - 6.7x10° | 2.10 | 0.071
T1A Triton 1 Air 37 1.13 0.018 1079 6.7x107 - 6.7x10° | 62.8 | 0.207
T2A Triton 2 Air 51 1.13 0.018 1079 49x107" - 49x10° | 62.8 | 0.150
G1lA Glycerol 1 Air 66 1.86 0.018 1144 1.6x107 102 | 0.123
G2A Glycerol 2 Air 69 3.95 0.018 1206 3.1x10°- 1.3x10° | 218 |0.124
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Experiments were conducted at standard temperature (22°C) and pressure (1 atmosphere). The
sintered glass bead core was placed on top of a semi-permeable hydrophilic membrane (GE
Nylon Membrane, 10um) which prevented the passage of nonwetting fluid into the wetting fluid
tubing. The core and filter paper were secured to a plastic base with a set of threaded, plastic
connectors and an O-ring. A Harvard PhD Ultra Syringe pump precisely injected wetting fluid
into the glass bead core during imbibition. During drainage the pump was reversed to extract the
wetting fluid and draw in the nonwetting fluid from a reservoir connected to the top of the core.

A schematic of the experimental set-up is shown in Figure 3-1.

Pressure
Transducers
3-Way Gate
Valve
’, .
: ! N Non-wettin
Teflontubing / o) Fluid R .g.
Harvard PhD Ultra ,,' uid Reservoir
Syringe Pump S
; '
: ; ; Y
’ A}
p A \
l” " \\\
/ h ; .
Wetting Fluid
Reservoir

Bead
Chlia Column
Assembly g— Nut connector
__ Threaded Connector

< —— Filter paper
\J — O-ing

— Column Base

Figure 3-1. Schematic of the experimental set-up showing the syringe pump, wetting and
nonwetting fluid reservoirs, pressure transducers, and sintered glass core.
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The experimental set-up was assembled inside the hutch of a microCT scanner. Prior to each
experiment, the glass bead core was removed from the experimental apparatus and cleaned with
a series of fluids, each designed to dissolve and remove the preceding fluid from the core. The
cleaning procedure required flushing the bead core first with acetone, then ethanol, next
deionized water, and finally it was dried with compressed air. This procedure was repeated prior
to every experiment to ensure that the starting conditions were the same for each experiment.

The glass beads were assumed to comprise a water-wet system for all fluid pairs in this study.

The clean, dry bead core was placed in the core holder and secured onto the x-ray stage prior to
the start of each experiment. The core was always imaged in its dry state before fluid injection to

simplify data processing.

3.4.2 Experimental Procedure

After the dry scan, a primary imbibition step was performed by injecting the wetting fluid into
the core at a relatively slow flow rate of 0.25 mL/hr to maximize the wetting phase saturation of
the core. This process was complete once the wetting fluid reached the top of the beads and the
pressure transducers indicated a zero capillary pressure. The fluids in the core were allowed to
equilibrate for 15 minutes after each pumping event. Once the core had equilibrated (as indicated
by approximately constant capillary pressure), the core was imaged to measure the original
nonwetting-phase saturation (Figure 3-2a, So).

After the primary imbibition scan, the bead core was drained at a flow rate of 1 mL/hr. This step
mimics the drainage of the reservoir occurring during the CO; injection phase (Figure 3-2b). In
experiments in which the nonwetting fluids were octane or Soltrol, a line of the nonwetting fluid
was connected to the top of the bead core during drainage. When the capillary pressure decreased
rapidly and reached approximately -980 Pa, the drainage process was stopped. After
equilibration, the core was imaged again to measure the initial nonwetting phase saturation
(Figure 3-2c, S)).

Once the drainage scan was complete, wetting fluid was re-imbibed into the core in the third step

(secondary imbibition, Figure 3-2d). This step mimics an engineered waterflood or the natural
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migration of brine back into the drained reservoir region after CO; injection stopped. Fluid flow
rates varied from 2-500 mL/hr, which corresponds to wetting phase capillary numbers of 10°®-
10 depending on the proxy pairs (Table 3-2). Four pore volumes were flushed through the core
to ensure capillary trapping. After a final 15 minute equilibration period, the secondary
imbibition scan was captured to establish the residual nonwetting phase saturation (Figure 3-2e,
SRr).

Images were acquired using a microCT system in the School of Mechanical, Industrial and
Manufacturing Engineering (MIME) at Oregon State University. The cone beam microCT
system consists of a Microfocus FXE-160.20 x-ray source, a Medelex 9” image intensifier
(model: HXS-93/PS), and a 2448 x 2048 pixel 16 bit CCD Point Grey Grasshopper (model:
GRAS-5055M) camera. The camera had a maximum resolution of 3.45 microns and a frame rate
of 15 frames per second (fps). All experiments were operated at a voltage of 100 kilovolts (kV)
and a current of 78 microamps (LA). Images were collected over a rotation of 360° in 1440
increments, averaging 4 projections per increment. The approximate spatial resolution of each
image was 13 microns per pixel and the height of the imaged region of the bead core was 20
millimeters, however, this region varied slightly due to small changes in stage location between

experiments.
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Figure 3-2. Experimental process and analogy to reservoir CO, sequestration processes:
(a) Original state, So: reservoir prior to CO, (nonwetting phase; NWP) injection;

(b) Drainage: reservoir during CO; injection;

(c) Initial state, S;: reservoir just after CO, injection;

(d) Imbibition: reservoir during waterflood injection or natural groundwater flow; and
(e) Residual state, Sg: final reservoir state after migration of mobile CO, plume and
reinvasion of the pore space by wetting phase (WP).

3.4.3 Image Processing

The images collected from each scan were saved in the form of 2D radiographs. Due to the
nature of the microCT image detection configuration, the raw 2D images are inherently distorted,
and were corrected using a distortion correction algorithm implemented in the Java-based

program ImageJ. The distortion corrected 2D images were then reconstructed into three
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dimensional volumes using a cone-beam reconstruction algorithm in Octopus 8.5, a commercial
software program for image reconstruction. A commercially available imaging software (Avizo

Fire™) was used to prepare the 3D volumes for further analysis.

The goal of the image processing is to convert the collected grayscale images to images with
three distinct phases (solid, wetting, and nonwetting fluids) for quantitative analysis. The
segmented images can then be used to calculate a variety of desired system characteristics, in the
present case, porosity and fluid saturations. The nonwetting saturation after the primary scan is
defined as the original saturation, Sp, while the nonwetting saturation after the drainage scan is
defined as the initial saturation, S, and the nonwetting saturation after the secondary imbibition

scan is defined as the residual saturation, Sg (Figure 3-2).

Exactly the same region of the core was analyzed in all three scans within the same experiment.
However, from experiment to experiment, this region changed slightly due to variation in the
vertical positioning of the core inside the core holder, and of the stage. The final calculated
saturations from each scan represented approximately 10 mm of the total core.

A target goal of 98% original wetting saturation was set for each experiment; however data
analysis of initial experiments indicated that this goal was not consistently achieved as some air
was trapped in the core initially. A trend of increasing residual non-wetting phase saturation with
increasing original non-wetting phase saturation emerged [Harper, 2012]. Because many CO,
sequestration injection sites will consist of depleted oil or gas reservoirs (e.g. Saeedi and Rezaee
[2012]), this phenomenon is likely to be observed in natural settings and we chose to examine
the effect, and correct for it, as opposed to trying to achieve complete original saturation (i.e.
S0=100% saturation).

Additional details regarding image reconstruction and segmentation can be found in Section 4.9,

the appendix.
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3.5 Results

The experimental results are discussed in terms of the wetting/nonwetting fluid pairs which are
described in Table 3-2. The experiments using different nonwetting fluids are defined as Brine-
Air (BA), Brine-Soltrol (BS), and Brine-Octane (BO). Experiments using altered wetting fluids
(through addition of either the surfactant, Triton100X, or visco-thickener, glycerol) are defined
as Triton 1-Air (T1A), Triton 2-Air (T2A), Glycerol 1-Air (G1A) and Glycerol 2-Air (G2A) in
this section. We first present trapping as a function of the dimensionless ratios Ca, Bo, and M in
Section 3.5.1, 3.5.2, and 3.5.3, respectively; then the individual parameters that comprise these
ratios are examined in Section 3.5.4. Results of t-test analyses (using t-values as calculated by
equation 3.4, see the appendix in Section 3.9) on the linear regressions of investigated

parameters are presented in Table 3-3.

Table 3-3. Results of t-test analysis on the linear regressions of trapped residual nonwetting
(NW) phase saturation as a function of individual fluid parameters.

Number Degrees of Student’s t-test
R? value of linear | of data Freedom, d.f. two tailed p-
Dimensionless Ratio regression points, n (n-2) t-value value
Capillary Number
(Ca) for M >>1 0.03 23 21 0.77 0.45
Capillary Number
(Ca) for M=0.23 0.17 9 7 1.19 0.27
Mobility Ratio (M) 0.30 35 33 3.72 <0.001
Bond Number (Bo) 0.38 35 33 4.47 <0.001
Experimental

Parameter
Flow Rate 0.04 35 33 1.10 0.28
Interfacial Tension
(IFT) 0.16 23 21 0.75 0.46
Wetting Phase 0.03 35 33 1.07 0.29
Viscosity (uw)
Nonwetting Phase 0.80 35 33 11,58 <0.001
Viscosity (unw)
Wetting/Nonwetting
Phase Density 0.77 35 33 10.45 <0.001
Difference (Ap)
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3.5.1 Sy vs. Capillary Number

We present results in terms of residual nonwetting phase saturation (Sg) as a function of Ca.
Values shown in Figures 3-3 correspond to the experimental properties (flow rate and viscosity)
of the invading (wetting) fluid during secondary imbibition and range from approximately 10 to
10, As trapping cannot be predicted solely based on Ca, in Figure 3-3 we present the data for
stable (M>>1, Figure 3-3a) and unstable (M<1, Figure 3-3b) displacement in separate plots. The
error bars in this and in the following figures reflect standard deviation around the average when

multiple experiments were performed for the same experimental conditions.
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Figure 3-3. Residual nonwetting phase saturation as a function of imbibition capillary number
(Ca). Fluid pairs presented in (a) exhibit mobility ratio that indicates stable displacement
(M>>1); results of brine-Soltrol experiments are shown in (b), the mobility ratio of these
experiments indicates unstable displacement (M=0.23).

Measured Sg vs. Ca values are presented in Figure 3-3a for fluid pairs (BA, T1A, T2A, G1A, and
G2A) with a viscosity ratio of M>>1 (stable displacement), and the expected trend of decreasing
Sr with increasing Ca is observed; albeit with a large amount of scatter in the data (see Table 3-2
for M values for each fluid pair). Most previously published data of S as a function of
imbibition Ca represents consolidated rock cores, typically sandstone [Bachu and Bennion, 2008;
Chatzis and Morrow, 1984; Chatzis et al., 1988; Ding and Kantzas, 2007; Kantzas et al., 2001;
Shen et al., 2010; Suekane et al., 2008], and residual nonwetting phase trapping in high porosity,
unconsolidated, or mildly consolidated media is not necessarily expected to follow the same
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trends as firmly consolidated media. Morrow et al. [1988] also reported sintered bead pack
capillary trapping data that indicated a decrease in residual trapped oil with increasing capillary
number (over a range of capillary numbers of 10-1072). The scatter observed in the relationship
between Sg and Ca in this study implies that Ca does not fully describe the physics dominating
this experimental system, and that other experimental parameters may contribute more to
trapping. A t-test analysis on the linear regression of all data points of all fluid pairs with M>>1
comprising residual nonwetting saturation as a function Ca results in a p-value of 0.45, indicating

no statistical significance of the linear relationship between Sg and Ca for M>>1 (Table 3-3).

The same quantities for the experiments with a low viscosity ratio of M=0.23 (unstable
displacement) are plotted in Figure 3-3b and a relatively high amount of residual trapping is
observed. As a consequence of the unstable flow regime (M<1), the observed residual saturations
are generally higher than other published residual saturation in glass bead packs, e.g. a maximum
residual nonwetting saturation of approximately 3.5% for a water-nitrogen gas system reported
by Suekane et al. [2010], and 16% for a water-oil system reported by Morrow et al. [1988]. The
trend of increasing nonwetting phase saturation in the unstable viscous regime (M=0.21) is
however, well-supported by the studies of Lenormand et al. [1988] and by simulations by Ferrari
and Lunati [2013]; yet, very little experimental data exists in which the viscosity ratio of the
fluids was varied during imbibition experiments. Zhang et al. [2011] and Wang et al. [2012] did
study trapping using different fluid pairs with varying viscosity ratios, but focused on drainage to
assess the effect these properties have on the initial saturation of CO, obtained during the
injection stage. A t-test analysis on the linear regression of BS data points comprising residual
nonwetting saturation as a function Ca (for M=0.23) results in a p-value of 0.27, indicating no
statistical significance of the linear relationship between Sg and Ca for M<1 (Table 3-3).

3.5.2 Sg vs. Bond Number

Measured S vs. Bo values for all seven fluid pairs are presented in Figure 3-4. As Bo increases
and gravitational forces become dominant over capillary forces in the experimental system,
trapped nonwetting phase decreases due to the upward mobilization of the less-dense nonwetting
phase. This is consistent with previous works; e.g. Morrow et al [1988]. For each fluid pair

investigated in this study, the nonwetting phase was the less dense fluid, which is representative
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of a supercritical CO, sequestration operation. The relationship between residual nonwetting
saturation and Bo is quantitatively more significant than the relationship between residual
nonwetting saturation and Ca, with a t-test analysis on the linear regression resulting in a p-value
of <0.001, indicating a highly significant relationship between Bo and Sg (Table 3-3); thus,

buoyant transport must be considered in this system.

—_ 40
N

o
(7))

g
— 30 . .
E B8 Brine Air
2 @ Brine Soltrol
3
; @ Brine Octane
S 20
_ ATriton 1 Air
©

g o o
S A Triton 2 Air
é 10 O Glycerol 1 Air
& W Glycerol 2 Air
s
g A
< O 1 1 1 1

0 0.05 0.1 0.15 0.2 0.25
Bo

Figure 3-4. Residual nonwetting phase saturation as a function of Bond number (Bo) for all
seven experimental fluid pairs.

3.5.3 Sg vs. Mobility Ratio

Mobility ratios are summarized in Table 3-2, and Figure 3-5 shows the effect of mobility ratio on
residual nonwetting phase trapping. The results in Figure 3-5 demonstrate decreasing residual
saturation with increasing mobility ratio; this is consistent with previous work by Bennion and
Bachu [2005] who also showed decreased residual trapping with decreasing nonwetting phase
viscosity. Bachu and Bennion [2008] explain that as the mobility ratio increases (lowering the
nonwetting phase viscosity), the dominating and invading wetting fluid experiences less
resistance while flowing in the pore space. In these instances, the wetting phase is more likely to

dislodge nonwetting phase, and also will prevent nonwetting phase immobilization or trapping.
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A t-test analysis on the linear regression of the relationship between M and Sg indicates high

statistical significance (p-value <0.001, see Table 3-3).

40

<

o
wv

c L

s 30 - -
S o Brine Air

©

5 @ Brine Soltrol
ﬁ @ Brine Octane
E 20 ATriton 1 Air
—_ A Triton 2 Air
©
_g § OGlycerol 1 Air
'g @ Glycerol 2 Air
oc
()] 10 -
oo
o
:
= [

O 1 1 1
0 1 10 100 1000

M

Figure 3-5. Residual nonwetting (NW) phase saturations as a function of experimental mobility
ratio (M) of the imbibition process, defined as invading (wetting) phase viscosity (Uny) divided
by defending (nonwetting) phase viscosity (Upeg) for seven proxy fluid pairs.

3.5.4 Sy vs. Individual Fluid Parameters

From the analysis of Sk as a function of the dimensionless ratios Ca, Bo, and M; the
experimental system investigated here is dependent on all three capillary, viscous, and
gravitational forces to varying extent. In this section we investigate fluid parameters individually
to determine the dominant controls on the Sk response (Figure 3-6). Even if they are often used
when reporting and analyzing the results of laboratory experiments, the dependence of residual
trapping on these individual parameters (density, IFT, wetting and nonwetting phase viscosities)
may become noisy and obscure due to the fact that, for the same value of one parameter, the
interplay among the different forces may significantly vary.
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3.5.4.1 Sg vs. Imbibition Flow Rate

Contrary to findings of other studies (e.g. Bachu and Bennion [2008]; Herring et al. [2013];
Juanes et al. [2006]), injection flow rate did not have a distinct isolated impact on the amount of
trapped residual nonwetting phase (Figure 3-6a). A t-test analysis on the linear regression of all
data points of all fluid pairs comprising residual nonwetting saturation as a function of flow rate
results in a p-value of 0.28, indicating no statistical significance of the relationship between the
dependent (Sg) and independent (flow rate) variables (Table 3-3). If flow rate were increased
beyond the parameters of this study, it is likely that desaturation of nonwetting phase would

indeed occur.

3.5.4.2 Sy vs. Wetting Phase Viscosity

Glycerol was added to the brine solution to isolate the impact of wetting fluid viscosity on
residual trapping. Two glycerol solutions (G1A and G2A) were prepared with viscosities that
were approximately two and four times greater than the original brine solution, respectively.

Figure 3-6b shows the wetting phase viscosities and the resulting Sg values.

The BA, BS, BO, T1A and T2A experiments all had wetting phase viscosities of 1.13 mPa-s.
The G1A experiment had a viscosity of 1.86 mPa-s and a corresponding Sg of 5.10%, while the
G2A experiment had a viscosity of 3.95 mPa-s and Sk values that ranged from 0-12.4%. Figure
3-6b shows that altering the wetting phase viscosity (by factors of two and four) does not
increase trapping, i.e. the two glycerol solutions have a similar effect on residual trapping as the
original brine solutions. Additionally, a t-test on the linear regression between Sg and wetting

phase viscosity indicates that the relationship is not significant (p-value of 0.29, Table 3-3).

3.5.4.3 Si vs. Nonwetting Phase Viscosity

Three nonwetting fluids with viscosities varying by two orders of magnitude were used in
experiments; air at 0.018 mPa-s, octane at 0.54 mPa-s, and Soltrol at 4.82 mPa-s. Nonwetting

phase Sg values are plotted against these nonwetting phase viscosities in Figure 3-6c.

All of the proxy fluid pairs using air as the nonwetting fluid (BA, T1A, T2A, G1A and G2A)

resulted in low residual nonwetting phase saturations between 0-12.4%. The three BO
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experiments have distinctly higher residual saturations (14.3-17.8%), and at the highest
nonwetting phase viscosity, the BS fluid pair produced the highest residual nonwetting
saturations of 21-38.5%. Despite some noise in the data, a distinct trend of increasing
nonwetting phase residual saturation with increasing nonwetting phase viscosity was observed
(R? value of 80%). Notice, however, that the trend is dictated by the results of experiments in
which the viscosity of the brine is constant (i.e. BO and BS experiments), such that the trend in
nonwetting phase viscosity indeed corresponds to a trend in the viscosity ratio M, thus
confirming the relevance of the latter to determine the amount of trapping.

The statistical significance of the linear regression line of nonwetting residual saturation as a
function of nonwetting phase viscosity was also evaluated by a t-test. The resulting p-value was
less than 0.001 (Table 3-3), indicating that the relationship between residual saturation and

nonwetting phase viscosity is highly significant.

To further illustrate this trend, isosurfaces were created for the trapped nonwetting phase
resulting from displacement using different nonwetting phase viscosities. Figure 3-7 shows this
trapped nonwetting phase after secondary imbibition at 2 mL/hr in BA, BO and BS experiments.
The residual saturations increase from 4.20% for BA to 20.9% for BS with increasing
nonwetting phase viscosity, and the isosurfaces show that trapping is distributed uniformly
throughout the (imaged section of the) core for all three viscosities, eliminating potential
concerns about preferential flow paths that might emerge at higher nonwetting phase viscosity

(or lower viscosity ratio).
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Figure 3-7. Residual (capillary trapped) nonwetting (NW) phase isosurfaces for experiments
with brine and air (BA), brine and octane (BO), and brine and soltrol (BS), for an imbibition
flow rate (Q) of 2 mL/hr. Values for interfacial tension (IFT, 6), nonwetting phase viscosity

(Unw), fluid pair density difference (Ap), and residual saturation (Sg) are provided.

3.5.4.4 Sg vs. Interfacial Tension

The effect of IFT on nonwetting residual trapping (Sg) was also examined (Figure 3-6d). As
stated above, wetting phase viscosity had no significant effect on trapping (Section 3.5.4.2) while
nonwetting phase viscosity had a highly significant effect on trapping (Section 3.5.4.3); thus,
fluid pairs with different nonwetting phase viscosity (i.e. BO and BS data) were excluded from
this analysis. IFT values for the remaining five proxy fluid pairs (BA, T1A, T2A, G1A, and

G2A) ranged 37 — 72 mN/m.
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For systems with low IFT, capillary forces are reduced and NW phase can more easily pass
through pore throats and therefore migrate through the sample; this is demonstrated by the slight
increase in Sg with increasing IFT (Figure 3-6d). This trend is in agreement with Bennion and
Bachu [2008] who found a modest increase in nonwetting phase trapping during imbibition with
increasing IFT (note that in the experiments of Bennion and Bachu viscosity was altered
simultaneously with IFT). However, the t-test analysis of the linear relationship between Sg and
IFT results in a p-value of 0.46, indicating that the relationship is not statistically significant

(Table 3-3).

To emphasize the necessity of consideration of fluid parameters other than IFT, isosurfaces of
residually trapped nonwetting fluid are presented in Figure 3-8. The T1A and BO experiments
both exhibit IFT of 37 mN/m; however, the fluid pairs exhibit distinct differences in trapped
nonwetting volume and spatial arrangement; with Sg values of 5.91% and 15.4% at 2 mL/hr, and
2.12% and 17.8% a 20 ml/hr for the T1A and BO experiments, respectively. If IFT alone
controlled residual trapping, then we would expect fluid pairs with the same IFT to produce
similar nonwetting phase saturations; however, this was clearly not the case. Based on the lack of
clear trend between Sg and IFT, as described above, we conclude that IFT alone is unable to
explain the variations in residual saturations because viscous and gravity effects are important

for the injection rates considered here.
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Figure 3-8. Residual (capillary trapped) nonwetting (NW) phase isosurfaces for experiments
with Triton 1 and air (T1A) and brine and octane (BO), both of which exhibit an interfacial
tension (IFT) of 37 mN/m. Experiments are shown for (a) flow rate of 2 mL/hr and (b) flow rate
of 20 mL/hr. Values for interfacial tension (c), nonwetting phase viscosity (unw), fluid pair
density difference (Ap), and residual saturation (Sg) are provided.

3.5.4.5 Sy vs. Density Difference

Residual nonwetting phase saturation decreases as the difference in density between the two
fluid pairs increases (Figure 3-6e). In these experiments, all nonwetting fluids were the less
dense fluid of the proxy fluid pair investigated and the imbibition process was carried out in the
upward vertical direction. Thus, as density difference between the fluids in each pair increases,
nonwetting fluid is more likely to be mobilized upward, out of the column. This is analogous to
a geologic CO, sequestration operation, where buoyant CO, will migrate upward in the storage
reservoir.
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A t-test analysis of the linear relationship between Sg and the wetting/nonwetting density
difference results in a p-value <0.001, indicating that the relationship is strongly statistically
significant (Table 3-3).

3.5.5 Discussion of the Interplay between the Three Forces

In these drainage-imbibition experiments in sintered glass bead columns, strong relationships
were found between nonwetting phase residual trapping (Sg) and Bond number (Bo) and
mobility ratio (M) of the experiments. When analyzing the effect of the individual parameters
independently, as it is customary in many studies, nonwetting-phase viscosity and
wetting/nonwetting fluid density difference appeared the most important physical parameters
influencing residual trapping: volume of trapped nonwetting phase consistently increased with
increasing nonwetting proxy fluid viscosity and with decreasing difference in fluid densities.
Note that in these experiments nonwetting phase viscosity, density difference, and imbibition
flow rate were altered by two orders of magnitude (from 0.0180 mPa-s to 4.82 mPa-s for
nonwetting viscosity, 290 kg/m® to 1206 kg/m?® for density difference, and 2 mL./hr to 500 mL/hr
for imbibition flow rate); by comparison, viscosity of the wetting fluids were varied only
between 1.13 mPa-s and 3.95 mPa-s, and IFT between 25 mN/m and 72 mN/m. The largest
residual nonwetting phase saturation was approximately 40%, significantly higher than
previously published saturations for sintered or loose-packed glass bead packs (e.g. Morrow et
al. [1988] reported maximum Sg values of approximately 15% for Ca ranging from 10— 107).

To further evaluate the dominant forces at play in the imbibition process, Figure 3-9 provides
evaluation of the inverse Bond number (Bo™) and the capillary number. The product of the
inverse Bond number (ratio of gravitational to viscous forces) and the capillary number (ratio of
viscous to capillary forces) yields a ratio of viscous to gravitational forces (‘Bo™+Ca’); a similar
analysis was previously presented by Polak et al. [2011] and Herring et al. [2014]. Since Bo is
dependent on grain size, the median bead size of 850 um was used in the Bo calculations
represented by the data points in Figure 3-9. Polak et al. [2011] and Herring et al. [2014] used
this type of plot to identify the relative dominance of capillary, viscous and gravitational forces.

The dominance of each force is indicated by the force arrows in Figure 3-9.
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Figure 3-9. Force diagram showing the relative importance of capillary, viscous, and
gravitational forces in an experimental system, with the experiments of this study (denoted as
Harper et al. 2012) and two other studies from the literature presented. Inverse bond number
(Bo™) represents the ratio of capillary to gravitational forces, and the product of capillary number
to inverse Bond number (Ca*Bo™) represents the ratio of viscous to gravitational forces.

Findings from two additional fluid flow studies are also depicted in Figure 3-9. The Chatzis et al.
[1988] data represents experiments conducted in consolidated sandstone cores and are located in
the upper right-hand corner of the figure with relatively large Bo™ and Bo™+Ca values (10° and
10— 10, respectively). The results obtained by Herring et al. [2013] in consolidated media
(although not represented in Figure 3-9) show similar trends as Chatzis et al. [1988], with data
located in the capillary and viscous dominated regimes. The second data set is from Mayer and
Miller [1993] who performed fluid flow experiments in unconsolidated glass bead packs; the
resulting Bo® and Bo™+Ca values from these experiments are located closer to our data towards

the lower left-hand corner of Figure 3-9, indicating a slightly more gravity-dominated regime
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than our data. Our experimental results, which demonstrate significant dependence on
nonwetting phase viscosity (or viscosity ratio) and wetting/nonwetting density differences (or
Bond number), are perfectly complemented by Figure 3-9 which shows that our flow system
spans the gravitational and viscous dominated regimes, with reduced influence due to capillarity
(as is indicated by the limited effects of altering IFT).

3.6 Conclusions

The optimization of the capillary trapping mechanism was investigated by proxy fluid pair
experiments in a mildly consolidated glass bead pack. Alterations were made to fluid flow rate,
wetting and nonwetting fluid viscosity, nonwetting fluid density, and interfacial tension to
determine the combined and individual effectiveness of these variables on residual nonwetting

phase trapping efficiency.

The effects of the Capillary number on residual trapping have been extensively studied,
observing, in general, that the trapped nonwetting phase will increase with decreasing capillary
number. However, considering only capillary number does not provide a complete picture of the
displacement process; the mobility ratio of the fluids involved also needs to be taken into
account, particularly at relatively high capillary numbers, for which viscous effects dominate. In
a three-dimensional (3D) system, gravitational forces must be considered as well. Our residual
saturation data, which was collected from experiments that altered and isolated the individual
elements of Capillary number and Bond number show that consideration of all three ratios of Ca,
M, and Bo is necessary to provide a coherent explanation of the results. Contrary to other studies
which show that capillary trapping is highly dependent on imbibition Ca and IFT [Bachu and
Bennion, 2008], we find that our system is dominated by gravitational and viscous forces (Figure
3-9), exhibiting strong relationships between residual nonwetting phase saturation (Sg) and M
and Bo. Further analysis demonstrates that nonwetting phase viscosity and wetting/nonwetting
density difference are the most important factors affecting nonwetting phase capillary trapping;
this shows that the most appropriate numbers to describe the flow are combination of Bo, Ca,
and M. The fluid parameters which will have the most impact on capillary trapping of

supercritical CO; in a geologic setting will likely vary, and depend on which forces dominate in
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a given system [Herring et al., 2014]. Therefore, it is always safer to characterize the flow by the

dimensionless numbers, which describe the interplay among the forces.

Viscous forces have historically been manipulated to enhance the removal (or mobilization) of
nonwetting phase fluids from formations through miscible fluid flooding events (e.g. enhanced
oil recovery). However, based on the results presented here, we suggest that engineering a
system in which viscous forces dominate (through alterations made to the nonwetting phase
viscosity, or by altering the viscosity ratio) could also be advantageous for increased residual
nonwetting phase trapping applications in mildly consolidated media, specifically geological
CO; sequestration. Additionally, in a gravity-dominated system, consideration of difference in

density between fluids must be considered.

In order to optimize the amount of CO; injected during a sequestration project in unconsolidated
or mildly consolidated media (as for instance the Utsira formation at the Sleipner CCS injection
site), alterations could be made to increase the viscosity or density of the CO,, potentially
beyond the values that can be achieved through changes in pressure and temperature in the
supercritical range by using additives. Alternatively, in viscous dominated regimes, increased
trapping can also be achieved by decreasing the mobility ratio of the fluids, i.e. by decreasing the
viscosity of the wetting phase, but this is not feasible for reservoir brine. The use of CO, with
engineered viscosity is already being explored, for instance nanoparticle-stabilized CO, for EOR
[Worthen et al., 2012]. Decreasing the difference in density between CO, and brine can be
achieved by increasing CO, density; this could be accomplished by increasing the pressure

and/or decreasing the temperature of CO, injection [Bachu, 2003].
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3.9 Appendix

3.9.1 Materials and Methods

All of the primary imbibition, drainage and secondary imbibition scans were aligned to the dry
scan such that the wetting and nonwetting fluid phases could be more easily isolated from the
glass beads, which remain constant throughout each phase of the experiment. After the images
were aligned, the reconstructed volumes were converted from 16-bit grayscale images (with
voxel values ranging from 0 to 65535) to trinary segmented images in which each voxel is
assigned a value of 0, 1 or 2, thus making the phases (and thereby wetting and nonwetting fluid
saturations) more easily quantifiable.

To accurately and reliably threshold (and thus segment) the images, the upper and lower
intensity values of the wetting and nonwetting fluids were first defined. In the following we refer
to the dry scan as the “dry” volume and the primary imbibition, drainage, and secondary
imbibition scans as the “wet” volumes. Figure 3-10 is a sample histogram showing voxel
intensity information from example dry and wet scans. Voxel values represent x-ray absorption
intensity and appear in the histogram according to the frequency in which they appear in each

volume.
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Figure 3-10. Sample histogram containing voxel intensity values and the frequency in which
they occur in a dry and wet grayscale volume.

The dry volume, containing only nonwetting phase (air) and glass beads, has two distinct peaks,
whereas the wet volume, containing nonwetting phase (air), wetting phase (brine) and glass
beads, has three less well-defined peaks as shown by the histogram. The image threshold
boundaries (i.e. binary limits) are associated with the first local minima of each curve (at

approximately 34000 voxel intensity for the dry and wet scans in Figure 3-10).

The threshold boundaries for segmentation should be selected based on the identified local
minima from image histograms. However, for our data, minima identification from a histogram
does not produce accurately segmented images due to noise in the transition areas between the
nonwetting, wetting and solid phases. This is evident in Figure 3-11 which shows a sample
reconstructed grayscale image and a profile of the intensity values across the identified line. The

resulting intensity profile shows that the difference between the intensity values associated with
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solid phase and wetting phase are not as distinct as the difference between the nonwetting phase

and the solid phase.
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Figure 3-11. Plot profile of sample slice indicating the noise between the
boundaries of the nonwetting, solid and wetting phases

Due to the ambiguity between the phases, the solid phase and wetting phase can potentially be
misidentified during segmentation when only the local minima of the histogram are utilized
(“histogram minima segmentation” method). Alternately, the local minima were manually
located and adjusted to identify only the glass beads in the dry volume, and all of the wetting
phase and some of the glass beads in the remaining wet volumes. This method (“overestimation
segmentation”), While overestimating the location of the local minima slightly, ensured that the
nonwetting phase was completely isolated in both the dry and wet images, thus reducing the
possibility of misidentified phases and error during segmentation and, ultimately, in the final
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results. The difference between the two thresholding methods is shown by a comparison of two

final segmented images of the same slice, along with the original grayscale image, in Figure 3-
12.

Figure 3-12. A grayscale image (a) segmented by both (b) the histogram minima segmentation
method, and (c) the overestimation segmentation method.

An isolated glass bead in the upper left hand corner of the grayscale image in Figure 3-12a is
surrounded by nonwetting phase in black (air). However, the histogram minima method in the
middle image of Figure 3-12 misidentifies the phase surrounding the isolated bead as wetting
phase (brine) shown in black. The final image (Figure 3-12c) is an example of the overestimation
segmentation method. This method produced a more accurate nonwetting, wetting and solid

phase segmentation.

All of the volumes were median filtered to remove noise in the data prior to being segmented.
Once the dry and wet volumes were binarized, solid phase and the oversegmented nonwetting
phase was combined to create an image with each phase being assigned a value of 0, 1, 2 or 3.
The volumes are then processed to reassign oversegmented voxels to the correct value associated

with the solid phase. A final segmented image with three distinct phases is thus produced.

After segmentation, the extra space surrounding the glass core was removed from the image. The
remaining pixels were labeled and the total number of voxels associated with each of the three

markers: glass beads, wetting phase and nonwetting phase were calculated.
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3.9.2 Statistical Analysis

Linear relationships between residual nonwetting phase saturation and individual fluid
parameters are evaluated by a two-tailed student’s t-test, where the t-value is determined by

Equation 3.4:

(eqn. 3.4)

where R? is the coefficient of regression of the linear trendline and n is the number of data points
comprising the data set. In this study, a p-value of <0.001 is considered to be a strongly

significant correlation.
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4.1 Abstract

We investigate trapping of a nonwetting (NW) phase, air, within Bentheimer sandstone cores
during drainage-imbibition flow experiments, as quantified on a three dimensional (3D) pore-
scale basis via x-ray computed microtomography (x-ray CMT). The wetting (W) fluid in these
experiments was deionized water doped with potassium iodide (1:6 by weight). We interpret
these experiments based on the capillary-viscosity-gravity force dominance exhibited by the
Bentheimer-air-brine system and compare to a wide range of previous drainage-imbibition
experiments in different media and with different fluids. From this analysis, we conclude that
viscous and capillary forces dominate in the Bentheimer-air-brine system as well as the
sandstone-CO,-brine system. In addition, we further develop the relationship between initial
(post-drainage) NW phase connectivity and residual (post-imbibition) trapped NW phase
saturation, while also taking into account initial NW phase saturation and imbibition capillary
number. We quantify NW connectivity via a topological measure as well as by a statistical
percolation metric. These metrics are evaluated for their utility and appropriateness in
quantifying NW connectivity within porous media. Here, we find that there is a linear
relationship between initial NW connectivity (as quantified by the normalized Euler number, ¥)
and capillary trapping efficiency; for a given imbibition capillary number, capillary trapping
efficiency (residual NW saturation normalized by initial NW saturation) can decrease by up to
60% as initial NW phase connectivity increases from low connectivity (¥ =0) to very high
connectivity (¥ =1). We propose that multiphase fluid-porous medium systems can be
efficiently engineered to achieve a desired residual state (optimal NW phase saturation) by
considering the dominant forces at play in the system along with the impacts of NW phase
topology within the porous media, and we illustrate these concepts by considering supercritical

CO; sequestration scenarios.

4.2 Introduction

During immiscible multiphase flow, drainage is the process of nonwetting (NW) fluid invading
the pore space and displacing wetting (W) fluid, and imbibition is the process of W fluid

invading the pore space and displacing NW fluid. Many engineered processes in the subsurface
require fundamental understanding of drainage and imbibition processes and the resulting NW

phase capillary trapping; for example, during oil recovery operations, remediation of non-
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aqueous phase liquid (NAPL) contaminants in the subsurface, and geologic sequestration of
carbon dioxide (CO,). In these examples, water is generally considered to be the W phase; while
oil, NAPL, or CO, are considered to be the NW phase. Although there are abundant exceptions
to this generality (e.g. intermediate-wet or oil-wet media), in this work we refer to water as the
wetting phase for simplicity and consistency with previous work. In oil recovery and NAPL
remediation processes the system already exists in the initial (post-drainage) state, i.e. both water
and NW fluid (oil or NAPL) are already present in the system, and the bulk of previous research
has focused on how to alter the imbibition (water flood) process to mobilize the maximum
amount of trapped NW phase. Geologic CO, sequestration differs from oil recovery and NAPL
remediation processes because both the drainage (i.e. CO, injection) and imbibition (i.e. water
chase or groundwater flow) processes may be engineered, and the overall aim of the process is to
trap, rather than mobilize, NW phase in the pore space of the geologic medium. Comparison
between different studies and applications is complicated because fluid properties (e.g. density,
viscosity, interfacial tension), medium properties (grain and pore size distributions, pore space
connectivity, etc.), and flow properties (engineered injection or natural groundwater flow rates)

vary widely depending on the application in question.

Recent focus on CO, sequestration as a global climate change mitigation strategy has prompted
renewed study into the phenomena of capillary trapping in porous media (e.g. Juanes et al.
[2006], Al Mansoori et al.[2010], Akbarabadi and Piri [2013], Andrew et al. [2013], among
others). Capillary trapping of CO,, wherein CO; is trapped by capillary forces in the pore bodies
of a porous medium is a relatively secure form of trapping, as compared to “structural” or
“hydrodynamic” trapping, where the buoyant CO, is contained by an impermeable caprock; in
addition, capillary trapping occurs on relatively short timescales, as compared to dissolution
trapping or mineral trapping [IPCC, 2005]. Thus, maximization of capillary trapping is important
to ensure a safe and stable geologic carbon sequestration operation. Previous work has
investigated NW phase capillary trapping over a wide range of fluid pairs, media types, and flow
conditions for oil recovery and NAPL remediation applications. The results of these studies
could greatly enhance fundamental knowledge that would benefit CO, sequestration studies if
the results are appropriately compared and characterized. CO; is in a supercritical state at

sequestration reservoir operations; relatively small variations in pressure, temperature, and
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salinity of the W phase have significant effects on the CO; density, CO, viscosity, and interfacial
tension exhibited by the supercritical CO,-brine system [Bachu and Bennion, 2008; Bachu and
Bennion, 2009]. The variability of fluid properties complicates predictions of flow patterns and
displacement mechanisms. Further, it has been shown that the initial (post-drainage) state of the
reservoir has a substantial impact on the amount of residual capillary trapped NW phase present
in the system after imbibition [Akbarabadi and Piri, 2012; Herring et al., 2013]. However,
experimental work with supercritical fluids is a non-trivial exercise, necessitating methods to
approximate supercritical conditions with ambient experiments; Herring et al. [2014]
demonstrated that ambient condition micromodels were able to accurately predict the flow
regime for a supercritical CO, drainage process in sandstone cores through application of a

dimensional analysis.

We explore capillary trapping of NW phase from two perspectives. First, we investigate how
consideration of the dominant forces at play via the pore-scale force balance in a system allows
for comparison and better understanding of results from a wide range of experiments. The
second study area results from the unique ability to engineer the drainage (CO; injection)
process, and thus the initial (i.e. post-drainage) state. To this end, we use three dimensional (3D)
metrics which can be used to describe NW fluid topology (connectivity) within porous media. In
particular, we develop the relationship between initial NW fluid connectivity and the residual
state of a system which was first investigated by Herring et al. [2013], with new analysis of a
high quality data set collected via x-ray computed microtomography (x-ray CMT) experiments
performed at the Advanced Photon Source at Argonne National Laboratory. Finally, we provide

physical interpretation of these relationships.

Consideration of pore scale forces and fluid topology allow drainage and imbibition processes to
be efficiently engineered to provide favorable residual conditions. Geologic CO, sequestration

scenarios are used as an example to illustrate these concepts.
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4.3 Background

4.3.1Pore scale forces

Considerable previous research has been conducted on the topic of residual (i.e. capillary
trapped) NW saturation in porous media, with many different W and NW fluids, and in different
media. To facilitate characterization of fluid flow over a range of properties, the experiments
discussed in this work are characterized by the dimensionless ratios of capillary number (Ca) and
Bond number (Bo).

Ca has been presented in several different forms, and has traditionally been defined from an oil
extraction standpoint [Cense and Berg, 2009; Chatzis and Morrow, 1984; Jamaloei et al., 2012].
In general, Ca describes the balance between viscous forces and capillary forces with respect to

the invading fluid (as opposed to the defending fluid). In this work, Ca is defined as:

Q
Viscous Force __ pnyviny _ MINVag

(egn. 4.1)

- Capillary Force - o o

where y;yy is the invading phase viscosity [mPaes], v,y IS the invading phase Darcy velocity
[m/s], and o is the interfacial tension between the invading and defending fluid. The invading
phase velocity is computed as the volumetric flow rate Q [m*/s] divided by the cross-sectional
area A [m?] of the porous medium and the porosity n [-]. Note that while Ca is defined as a
function of the invading fluid, and is thus dependent upon whether the system is undergoing

imbibition (brine is the invading phase) or drainage (CO; is the invading phase).

Previous work has shown that under certain conditions, the Ca of the imbibition process
determines the trapped NW saturation of the post-imbibition, residual state [Chatzis and Morrow,
1984; Chatzis et al., 1988; Morrow et al., 1988]. When a relationship between imbibition Ca and
residual NW saturation is apparent, it is described by a constant residual saturation value for low
imbibition Ca values with a sharp decrease in residual saturation as Ca of the imbibition process
increases above the threshold or “critical” capillary number [Cense and Berg, 2009; Morrow et

al., 1988]; this is shown in Figure 4-1 (modified from Cense and Berg [2009]).
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Figure 4-1. Capillary trapped residual nonwetting (NW) phase saturation (Sg) as
a function of imbibition capillary number (Caimpib), modified from Cense and
Berg (2009).

This relationship between Ca and NW saturation post-imbibition has been shown during NW
desaturation experiments wherein the initial-state system (NW fluid is present in the medium) is
water-flooded at increasing flow rates and the NW phase saturation in the core is measured as a
function of Ca [Cense and Berg, 2009; Chatzis et al., 1988; Morrow et al., 1988; Suekane et al.,
2010]; it is shown in sets of drainage-imbibition experiments conducted at different imbibition
Ca [Chatzis et al., 1988; Herring et al., 2013] and has also been supported by modeling results
[Hughes and Blunt, 2000; Nguyen et al., 2006]. Ca is not a complete descriptor of trapping in a
porous medium, however, as the curves describing the dependence of residual saturation on Ca
can shift due to changes in NW fluid properties [Ding and Kantzas, 2007] or medium properties
[Nguyen et al., 2006]. Additionally, other experimental studies in different systems have found

reduced or no dependence on Ca [Harper, in prep; Geistlinger, 2014; Mayer and Miller, 1993].

In a 3D system, the gravitational force is considered via the Bond number (Bo); which here is

defined as:

po = CravityForce _ spgd (ean. 4.2)

Capillary Force o



66

where Ap is the density difference between the two fluids [kg/m’], g is the acceleration of gravity
[m/s?], and d is the representative length scale [m]. Here, in order to emphasize that forces are
examined from a pore-scale perspective, as well as for ease of comparison with other studies, d is
defined as the median grain diameter (or equivalent grain diameter for a micromodel); this is in
agreement with Mohammadian et al. [2014]. Note that while Ca is defined as a function of the
invading fluid, and is thus dependent upon whether the system is undergoing imbibition or
drainage, Bo is constant for a given fluid pair-porous medium system.

A combination of these two dimensionless numbers presents a description of the ratio of viscous

to gravitational forces:

- Viscous Force WINVVINV
‘Bo™h = = n. 4.
Ca-Bo Gravity Force Ap-g-d? (eq 3)

Following Polak et al., [2011] we will use these dimensionless numbers to determine which
forces are dominant during the imbibition process, on a pore-scale basis, in a 3D porous medium
system; note that this analysis should be considered to be an “order of magnitude”
approximation. Figure 4-2 shows the location of a number of existing 3D multiphase flow
studies overlaid onto the pore scale force balance diagram. Note that medium topology and
morphology (coordination number, pore-throat aspect ratio) and other media features (e.g.
porosity, consolidated vs. unconsolidated, wettability) which may also be important to
multiphase fluid flow are not well-represented by this model, nor is the defending fluid viscosity.
As suggested by Polak et al. [2011], we suggest that the relative location of a system within the
pore-scale force balance illustrates which force(s) has the greatest impact on flow processes. In
their study, Polak and colleagues demonstrated the interplay of all three forces (capillary,
viscous, and gravitational) resulting in a figure very similar to that shown in Figure 4-2;
however, we have modified their original formulation via reformation of the representative
length scale d in Bo in order to more easily accommodate comparison of a wider range of

experimental studies and to emphasize that we examine these systems on a pore-scale basis.
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Figure 4-2. The locations of imbibition processes of previous works, the experiments of
this study, and an approximate range for supercritical CO, sequestration (red rhomboid)
within the pore scale force balance. Inverse Bond number (Bo™) describes the balance
between capillary and gravitational forces, and the product of capillary number (Ca) and
Bo™ describes the balance between viscosity and gravitational forces.

The studies presented in Figure 4-2 lie within several general areas of force dominance. For
studies with systems which lie in the upper right corner of the figure, both capillary and viscous
forces are important; in this regime there is a transition between whether capillary and viscous
forces dominate, and trends of residual saturation with Ca are evident; e.g. Chatzis et al. [1988]
found that residual saturation and NW blob morphology after imbibition was a function of Ca.
However, in this area of the figure, gravitational forces play a minor role, explaining the findings
of Mayer and Miller [1992] and Gittins et al. [2010] which state that the bead/grain size
(equivalent to d, a gravity force parameter) has no effect on the amount residual NW saturation.
For experimental systems closer to the bottom left of the figure, gravity forces impact the
experiments, e.g. the experiments of Morrow et al. [1988] range from the capillary-viscosity



68

dominated regime to the gravity dominated regime, and the results of that study demonstrate a
significant dependence on both Ca and Bo. Moving down Figure 4-2 (further away from the
capillary dominated regime and into gravity dominated space), the experiments of Mayer and
Miller [1993] showed that blob morphology exhibited a strong dependence on Bo, and only a
very weak dependence on Ca. More recently, Harper et al. [in prep] found no correlation of
residual NW saturation with Ca, but rather that Bo and defending phase viscosity were the most
significant parameters. Similarly, Geistlinger et al. [2014] found no correlation of residual
saturation with Ca, and rather that trapped NW phase is dependent on pore size distribution

(again, a parameter with indicates gravity dependence).

This basic force dependence analysis explains the differences in findings of experimental studies
with a large range of porous media, flow conditions, and fluid pairs; and resolves some of the
seeming contradictions that have been observed by experimentalists. The location in the force
dominance plot of the brine-air-Bentheimer sandstone experiments of this study are shown with
the approximate location of supercritical CO, sequestration scenarios, given the range of
supercritical CO, fluid properties attainable and assuming similar media to Bentheimer
sandstone (Figure 4-2). In light of the above discussion, we expect capillary and viscous forces
to dominate both the brine-air-Bentheimer ambient condition experimental system as well as a

geologic supercritical CO, sequestration scenario.

4.3.2 Initial State Topology

Following Herring et al. [2013], we refer to a system uniformly saturated with W fluid to be in
the original state; a post-drainage system (i.e. NW is introduced to the system) as being in the
initial state; and a post-imbibition system as the residual state. The well-documented capillary
pressure hysteresis present in multiphase systems (e.g. Morrow [1970]) dictates that the residual
state (and thus, trapped NW saturation) is dependent on the initial state. The relationship between
initial and residual NW saturation (S, and Sg, respectively) in porous media has been
investigated and described empirically by the so-called Land’s model; it has been established
that as initial NW saturation increases, residual NW saturation increases towards a plateau-like
maximum [Al Mansoori et al., 2010; Land, 1968]. An alternate means to visualize this

relationship is to examine the “trapping efficiency” (i.e. Sg/S)) as a function of initial NW
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saturation: Sg/S; is highest at relatively low S, values, and decreases as S, continues to increase
[Akbarabadi and Piri, 2013]. While these empirical relationships are well characterized for a
variety of porous media systems, the underlying physical mechanisms for this behavior remain
relatively poorly understood. As originally suggested by Wardlaw and Yu [1988], and further
examined by Herring et. al. [2013], we propose that the reason for the plateau in the Land’s
model description of trapping and the associated decrease in trapping efficiency at high S; values
IS due to high connectivity of the NW phase at high NW saturation: as the NW fluid becomes
highly interconnected via increasing numbers of pore throats, the pathways available for

mobilization dramatically increase.

We have previously investigated this phenomenon by examining trapping efficiency as a
function of initial NW phase topology, specifically, as quantified by the initial normalized NW
Euler number () [Herring et al., 2013]. Herein, we further develop and compare this approach to
another quantitative descriptor of connectivity, the gamma function (I'), which is a statistical

percolation metric described by Renard and Allard [2013].

4.3.2.1 Topological Invariants

Topological invariants are properties of objects which are not changed by continuous
deformations such as stretching, bending, and twisting; they are only changed when parts of an
object are discontinuously deformed (i.e. “torn” or “glued together”). Topological invariants
describe an object’s connectivity; in comparison to an object’s geometry, which describes its
shape. The Euler number (y) is a topological invariant defined as the alternating sum of the first
three Betti numbers (Bo, 1, B2):

X=PBo—B1+ 5 (ean. 4.4)

where P is the number of individual objects present, B; is the number of redundant loops or
handles present (e.g. the handle on a coffee mug or the loop of a doughnut), and 3, is the number
of holes or hollows within the object(s) present. Applied to a fluid phase within a porous
medium, o can be thought of as the number of distinct, individual fluid clusters; B, is the
number of redundant connections via pore throats within the clusters; and 3, is the number of

bubbles of a different fluid or solid particles suspended in the fluid. For this work, we investigate
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the topology of a less-dense NW fluid (air), which implies that B, will be zero (i.e. no “floating”
water droplets or rock grains in the air phase). Thus =0 for conversion between Euler number
and Betti numbers; this is in agreement with analysis by Vogel [2002]. A topological description
of the connectivity of a NW fluid phase in a porous medium is fairly intuitive; during a drainage
process, for example, as fluid clusters coalesce and grow together, the number of individual NW
objects (Bo) decreases; and as more and smaller pore throats are invaded, the number of
redundant connections within the NW fluid clusters (B;) increases. This leads to an overall
decrease in Euler number; therefore, as Euler number becomes more and more negative, the NW
phase fluid is becoming better connected. At some critical value of NW saturation, the NW
phase will be connected across the domain; the transition from dominantly disconnected (%>0) to
dominantly connected (¥<0) is related to the percolation threshold for a given phase [Mecke and
Wagner, 1991; H.J. Vogel, 2002] and the saturation at which the Euler number is exactly zero is

an estimate of the saturation percolation threshold for NW phase flow.

The Euler number is an extensive property of a system in that the overall Euler number for a
domain is the sum of the values of all subdomains within it. Therefore the Euler number depends
on the scale over which they are averaged; the Betti numbers are also scale-dependent. Values of
the Euler number or Betti numbers calculated on one section of an object are local (rather than
global) values, and are therefore not representative of the total overall object, nor are they
necessarily representative of other same-sized subsections of the object due to statistical
variation or small-scale heterogeneities. However, appropriate normalization of the Euler or Betti
values leads to a more representative metric. Herring et al. [2013] calculated Euler numbers for
the entire pore space (i.e. Euler numbers for systems at 100% NW phase saturation), and
normalized the Euler number for the system at a given saturation by the Euler number at 100%

NW phase saturation:

Ty = W (eqn. 4.5)
X100%NW
This normalization results in a connectivity metric with a maximum value (most connected) of
1.0, where negative values indicate disconnectedness. A representative elementary volume
(REV) analysis (Appendix, Section 4.10.3) demonstrates that 7y, can be used as a

representative measure of NW phase connectivity for a given sample. However, values of 7w
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are highly dependent on the value of y;¢go,nw, SO accurate measurement of this parameter is

essential.

4.3.2.2 Statistical Percolation Metrics

The term “percolation” refers to the transition from individual, disconnected clusters to one large
cluster which spans the length of the porous domain; e.g. once a single NW phase pathway is
established all the way through a porous medium, the NW fluid can be said to percolate through
the media. The gamma function (I) is a probability-based percolation metric described by
Renard and Allard [2013] and is defined here as a function of permeable phase saturation, p. In
the context of NW phase fluid transport, we define the permeable phase p to be NW fluid. Thus,
I'(NW) is the ratio of pairs of individual NW voxels that are connected to all the possible pairs of

NW voxels and can be computed directly from the cluster size distribution:

F'(NW) = ﬁZN(X”W) n? (eqn. 4.6)

i=1 L

where nyy, is the total number of NW phase voxels in the set Xy, N(Xyy) is the number of
distinct clusters in the set Xy, and n; is the number of NW voxels in cluster i.

As T'(NW) approaches 1.0, the fraction of the fluid that lies in a single cluster increases. In
contrast to the local Euler values described above, this metric is global: by necessity, it must be
computed over the entire domain of the system, and therefore describes the entire system. By
value of being a probability metric, [((NW) can be assumed to be representative of a given
sample without further manipulation or normalization (again assuming a representative
elementary volume has been achieved, see Section 4.10.3 for REV analysis of [((NW)). Also
note that the definition of I" inherently weights clusters by their size, unlike the Euler number;
with the result that ['(NW) is much less susceptible to noise which would manifest as falsely

labeled NW voxels.

4.4 Materials and Methods

The complete experimental set-up and process is similar to that of Herring et al. [2013] and only
deviations from the previous study and the general process will be described here. Experiments
were conducted with two 6.2 mm diameter Bentheimer sandstone cores of lengths of
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approximately 21 mm. Air was the NW fluid, and the W fluid was brine made of degassed
millipore DI water doped with potassium iodide (K1), one part KI to six parts water by weight.
The core was first vacuum-saturated with brine, and an x-ray tomographic scan was taken to
characterize the original NW phase saturation (Sp) inside the core. Then brine was drained from
the core to a predetermined initial NW phase saturation (S;) value at a flow rate of 0.2 ml/hr,
using a Harvard PHD2000 syringe pump (Harvard Apparatus, Holliston MA, United States), and
another tomographic scan was collected. Finally, brine was imbibed into the core at one of three
different flow rates (0.018 ml/hr, 1.8 ml/hr, or 54 ml/hr) and a scan was acquired of the residual
NW phase saturation (Sg). For three experiments, the core was dried under vacuum resulting in
relatively high NW saturation (e.g. 94%-100% NW saturation), and the imbibition process was
performed on the dry core. A pressure transducer (Validyne Engineering, Northridge CA, United
States) with a range of 14.0 kPa was connected in parallel with the brine flow line to measure

capillary pressure response.

Tomographic imaging was performed at the bending magnet beam-line at sector 13 (GSECARYS)
at the Advanced Photon Source at Argonne National Laboratory; specifications for the beamline
have previously been reported [Rivers et al., 1999; Wildenschild et al., 2005; Wildenschild et al.,
2002]. Scans were performed at a monochromatic energy level of 33.269 keV, just above the K-
shell photoelectric absorption edge of iodine (33.169 keV), resulting in x-ray attenuation by the
KI-doped brine and thus allowing for separation of the wetting and non-wetting fluids in the
reconstructed images. Images were captured at 720 angles, with a voxel resolution of 5.8 um.
After reconstruction, a cylindrical subsection of diameter 975 voxels and height 600 voxels
(approximately 90 mm?®) was chosen which excludes the walls from the volumes (Figure 4-3a).
This data size is larger than the determined REV for connectivity measures of 600 x 600 x 600
voxels, which is equivalent to a physical volume of 40 mm?® (Appendix A). A median filter was
applied to smooth the images and reduce random noise (Figure 4-3b), and a histogram of the
grayscale values present in each volume was calculated. The histogram minimum separating
those grayscale values representing air and those representing sandstone grains or brine were
determined for each volume (Figure 4-3d), and the threshold value was set equivalent to this
minimum value resulting in the final binarized data volume (Figure 4-3c). Finally, a size

exclusion filter was applied which removed air-labeled clusters less than 125 voxels; this volume



73

corresponds to a spherical pore of radius 18 um which is smaller than the minimum pore size
distribution of Bentheimer as measured by Maloney et al.[1990]. This process results in a binary
image with only NW phase labeled. Avizo Fire TM was then used to quantify cluster volumes,

cluster numbers, and Euler numbers.
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Figure 4-3. A cross-sectional slice of (a) raw data, (b) data after application of a three-
dimensional (3D) median filter, and (c) binary data with the nonwetting (NW) phase identified.
The grayscale histogram of the data volume for both raw and 3D median-filtered data is shown
in (d) with the grayscale threshold value indicated by the red line.
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4.5 Sensitivity of Connectivity Metrics to Image Quality

Given the dependence of connectivity metric calculations on very small features, image-derived
connectivity metrics must be calculated on an REV and may be sensitive to various image
quality parameters, for example: noise levels, data resolution, the type of filters applied to the
data, segmentation method, and segmentation threshold values. An investigation into the
sensitivity to these factors of both the normalized Euler value (¥yy,) and the gamma function
(T(NW)) was conducted and is presented in Section 4.10; for brevity, only the results are
highlighted here. In order to examine the sensitivity of these parameters on a wider range of
image-based data, the relatively high quality data (with respect to phase contrast, noise, and
voxel resolution) presented in this study which was collected at the Advanced Photon Source at
Argonne National Lab at a resolution of 5.8 pm (denoted “APS” data) was compared to data
presented in Herring et.al. [2013] which was collected via a polychromatic bench-top x-ray CMT
system at Oregon State University at a resolution of approximately 10 um (denoted “OSU” data).
Image parameters for both data sets are shown in Table 4-1 in the appendix (Section 4.10).
Based on the analysis of the two data sets, we established the following conclusions regarding

the significance of these image quality parameters on the calculation of §yy,0or T(NW):

e Noise which manifests as small, isolated, falsely labeled NW voxels has no significant
impact on either T'(NW) or ¥y, as long as a minimum level of noise removal is applied.
In the case of the high resolution APS data, noise reduction was achieved using a median
filter on the grayscale image and by processing the segmented (binary) data to remove
isolated NW clusters smaller than 52 voxels (equivalent to a sphere with a radius of 18

pum) was sufficient to provide consistent jy,, calculations.

e A representative elementary volume (REV) for the APS data is achieved at
approximately 600 x 600 x 600 voxels (equivalent to a cube of 42.14 mm?, or 3.48 mm
per side) for both ¥y and I'(NW) in Bentheimer sandstone. Use of an analytical volume
smaller than the REV has a relatively small effect on the calculation of yy,, and a

dramatic effect on the calculation of '(NW).
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¢ Image resolution has minimal impact on calculation of both ¥y, and I'(NW) for the
range of resolution investigated (5.8 um and 10 pum).

e Data processing schemes (i.e. filters and threshold detection method applied) have a
significant effect on both ¢y, and T(NW). The OSU data presented in Herring et al.
[2013] was originally processed using ROCK3DMA, an Indicator Kriging segmentation
algorithm [Oh and Lindquist, 1999]. Comparison of the original OSU Indicator Kriging
results with the APS data (which was smoothed using a median filter, denoised, and
segmented via simple grayscale histogram thresholding as described in Section 4.4)
demonstrates disagreement in the gy, -saturation and I'(NW)-saturation relationships and
in absolute ¥y and I'(NW) values. Reprocessing the grayscale OSU data by the same
process as the APS data resolves this disagreement in the calculation of fyy,, but T[(NW)
remains inconsistent between the data sets. This highlights that different data sets must
processed and evaluated carefully to ensure accurate comparison.

e For data with unfavorable grayscale histograms due to the lack of distinctive peaks or
poorly defined minima between the NW and solid/W phases, the choice of grayscale
segmentation threshold has a minor effect on the calculation of '(NW), but a significant
effect on the calculation of yy,, . For these grayscale images (16 bit precision), changing
the threshold by £100 grayscale values results in approximately a +20% shift in yyy,
(Table 4.2). For images with poorly defined histogram peaks, a consistent and objective

threshold detection system is therefore necessary.

It is important to note that for the image quality parameters which are highly important to
connectivity metric calculations (i.e. data processing procedure and threshold determination) the
most significant impacts are imparted on the images with the most NW fluid present: the dry,
100% NW fluid filled scan of the porous medium. As indicated by Equation 3.6 and noted
above, the determination of y; 00, nwhas a large impact on the analysis of the entire data set.
Accurate acquisition, processing, and analysis of the dry scan of the medium is of great

importance in ensuring the relevance and applicability of the overall data analysis.
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4.6 Results

4.6.1 Force Balance Analysis and Traditional Empirical Relationships

Traditionally, capillary trapping has been investigated by examining the various relationships
between initial NW saturation (S;), residual NW saturation (Sg), and imbibition capillary number
(Ca); for example see Chatzis and Morrow [1984], Chatzis et al. [1988], Al Mansoori et al.
[2010], and Land [1968]. Both capillary trapping efficiency (Sg/S;) and total capillary trapping
(Sr) are important parameters to CO, sequestration operations, and can be investigated as a

function of S, and imbibition Ca (Figure 4-4).

From the force balance analysis presented in Section 4.3.1, the Bentheimer-brine-air system is
expected to be dominated by capillary and viscous forces, as is the sandstone- CO,-brine system;
thus, the residual state of both systems should depend on imbibition Ca. Bond number (Bo)
values for the CO,-brine-sandstone system are approximately an order of magnitude smaller than
those for the Bentheimer-brine-air system (i.e. the CO,-brine-sandstone system has less gravity
force influence than the ambient condition experimental system); however, neither system exists
in a gravity dominated regime, so we expect that the ambient Bentheimer-brine-air system will
produce results that are similar to a geologic CO; sequestration operation.

As shown, the expected trends of decreased total NW capillary trapping (Sg) and decreased
trapping efficiency (Sg/S;) with increasing imbibition Ca are present (Figure 4-4a and 4-4b), as is
the traditional Land’s model description of increasing residual NW saturation with increasing
initial NW saturation (Figure 4-4c). However, there is a large amount of scatter in the data which
is not resolved by normalizing the residual saturation by the initial saturation, or by grouping the

data by the imbibition Ca value; this discrepancy is investigated in the next section.
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Figure 4-4. Results of drainage-imbibition experiments presented as (a) residual saturation (Sg)
as a function of imbibition capillary number (Caimpin); (b) trapping efficiency, calculated as
residual saturation normalized by initial saturation (S,), as a function of imbibition Ca; and (c)
residual saturation as a function of initial saturation (i.e. the traditional Land’s model formulation
[Al Mansoori et al., 2010; Land, 1968]) where experiments are classified by the imbibition Ca
class as noted in the legend.

4.6.2 Inclusion of Connectivity

In order to understand the variability inherent in these results as described by the empirical
models above, we consider how the connectivity of the nonwetting phase impacts trapping

results. First, though, we investigate how the connectivity characteristics of the normalized Euler
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characteristic (¥yy) and gamma function (I'(NW)) manifest for NW fluid within porous media
during the drainage process via the relationship between each connectivity metric and initial NW

saturation (Figure 4-5).
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Figure 4-5. Initial nonwetting (NW) gamma function (I'jy7) and
initial NW normalized Euler value (¥ yw) as a function of NW
saturation within Bentheimer sandstone.

Here the differences in these connectivity metrics are dramatically apparent. I'(NW) approaches
a value of unity at relatively low saturation, implying that the majority of the nonwetting phase
present is connected to the main cluster by at least one pore throat throughout the drainage
process, with increasing probability that any isolated NW cluster will become connected to the
main cluster as initial NW saturation increases. Above an initial NW saturation of approximately
80%, the variation in ['(NW) is negligible; implying that at NW saturation at or above 80%, all

NW phase is connected via at least one pore throat within the medium.

The ¥y value provides a fundamentally different quantitative description of the NW fluid
connectivity. At initial NW saturation greater than 50%, the number of NW clusters (Bo) roughly
matches the number of connections within individual clusters (1), as indicated by yyu = 0. In
direct comparison to I'(NW), ¥nu Shows the most dramatic growth at values greater than 80%

NW saturation, i.e. long after the largest cluster has already formed as evaluated by T(NW).
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I'(NW) values show that above 80%, almost all NW fluid is already connected and distinct
individual fluid clusters are minimized, thus, the increase in gy, is due to the increase in
redundant connections, ;. Consideration of '(NW) and jyyu together demonstrates both the
degree and manner of NW phase connectivity within the porous medium: for the post-drainage
Bentheimer-air-brine system, the NW phase is largely connected via one large cluster; and as
NW saturation increases, the NW phase invades additional pore throats within this single cluster.
This interpretation is further demonstrated by the approximately linear relationship between 7y
and the equilibration capillary pressure (the difference in pressure between the NW phase and the
W phase) at the end of the drainage process (Figure 4-6). As capillary pressure increases, more

(and smaller) pore throats are invaded, and jyyy, increases.
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Figure 4-6. Initial nonwetting (NW) normalized Euler value (¥ yw) versus
capillary pressure (P¢) after an equilibration period at the end of the
drainage process within Bentheimer sandstone.

A y¥nw Value of zero provides an estimate of the percolation threshold; i.e. the NW saturation
value at which NW phase fluid is connected throughout the porous medium, spanning the
entirety of the domain [Mecke and Wagner, 1991; Vogel, 2002]. The relationship between initial
¥nw and NW saturation demonstrated by the experimental data (Figure 4-5) shows that ¢ y,=0

at NW saturation of approximately 50% within Bentheimer sandstone. A computational
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approach for predicting pressure-saturation curves in media was described by Hazlet [1995] and
further by Hilpert and Miller [2001] wherein morphological opening with a sphere of
incrementally increasing radius is performed on a binary representation of a porous medium (i.e.
the dry image of the medium), and saturation and pressure values are calculated by simulation at
each opening step. A similar process was applied here, wherein the opening procedure was
performed on binary volumes of dry Bentheimer sandstone using Avizo Fire™. After each
opening step, isolated NW fluid clusters (<10,000 voxels or a sphere of radius 77.5 um) resulting
from the opening process which were not connected to the main fluid clusters were removed.
Xnw and saturation values were calculated for each successive opening; the results of this
analysis are compared with the experimental data (Figure 4-7). The morphological opening
procedure conducted on the dry images resembles the ¥y, values at initial saturation to within a
reasonable approximation, demonstrates that y,,,,=0 at NW phase saturation of 50% (providing
additional evidence that the NW phase percolation threshold for Bentheimer sandstone is at a
NW saturation of approximately 50%), and suggests that the j,,-saturation relationship for a
given medium might be approximated from one high-quality (i.e. adequate resolution and low
noise level) scan of a dry porous media rather than from multiple time-consuming experimental

drainage observations.
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Figure 4-7. Initial nonwetting (NW) normalized Euler value (¥ yw) as a function of
NW saturation within Bentheimer sandstone for experimental x-ray microtomography
(x-ray CMT) data and for a computational morphological opening process performed
on binary data of the dry sandstone.
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Following Herring et al. [2013], we investigate the impact of connectivity on capillary trapping
efficiency (Figure 4-8); these data are classified by the imbibition process Ca as in Figure 4-4c.
While both '(NW) and ¥y, plots show a relationship between capillary trapping efficiency and
connectivity, the relationship between normalized initial ¥y, and trapping efficiency shows a
strong linear correlation (Figure 4-8a), compared to I'(NW) (Figure 4-8b) where the trend is non-
linear due to insensitivity of ['((NW) in the high NW saturation range. This suggests that while
NW trapping is certainly related to the general connectivity of the NW phase, the capillary
trapping/mobilization process is directly related to the NW topology as described by the Euler
characteristic. An increase in the number of redundant pore throats (1) which connect NW fluid
within the fluid clusters, that is, a higher initial g, value, is equivalent to a higher number of
potential pathways through which NW fluid can be mobilized, and results in decreased trapping
efficiency. Note also that the high and intermediate imbibition Ca data show a relatively strong
dependence on initial fx (slope of approximately -0.3 for both, R?= 0.92 and 0.98 respectively)
whereas low imbibition Ca experimental data exhibits much lower dependence (slope of -0.1,
R?=0.37). This suggests that fluid topology as described by #yy plays a strong role in fluid
mobilization during flow dominated by viscous forces, but has reduced impact during capillary
dominated flow. This is consistent with standard understanding of displacement mechanisms. At
sufficiently low flow rates the small pore throats that provide improved NW connectivity
become water-filled by the process of “snap-off” early in the imbibition process. At higher flow
rates snap-off is suppressed (e.g. Hughes and Blunt [2000]), so the connections through small

pore throats remain open for longer and therefore have a bigger effect on the residual saturation.
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Figure 4-8. Capillary trapping efficiency of nonwetting (NW) phase, as described by residual
NW saturation (Sg) normalized by initial NW saturation (S), as a function of (a) normalized
initial NW Euler value (¥ yw) and (b) initial gamma value (I'yw). Data are classified by the
experimental imbibition capillary number (Ca).
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The relationship between residual trapping (Sg) and initial yy, illustrates these results from a
slightly different perspective (Figure 4-9); here a parabolic trend is evident for each imbibition
Ca category. Maximum residual NW saturation, i.e. the maximum trapping capacity of the
medium, is reached at a moderate initial y,, value (#y= 0.4) for both high (10°%) and
intermediate (10°°°) Ca imbibition values, and trapping capacity is unaffected by the initial $yy
for low (10%°) Ca imbibition.
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Figure 4-9. Residual capillary trapped nonwetting (NW) phase (Sg) as a function of normalized
initial NW Euler value (¥ yw). Data are classified by the experimental imbibition capillary
number (Ca).

4.7 Conclusion and Application to CO, sequestration

This work has presented the results of x-ray CMT quantified experiments of drainage and
imbibition with a wetting (W) phase of 1.6 by weight KI brine and nonwetting (NW) phase of air
within Bentheimer sandstone. We have determined, based on a pore-scale force analysis, that
capillary and viscous forces will dominate the system rather than gravity forces. We have shown
experimentally that the residual state of the system is indeed sensitive to changes in capillary
number (Ca), which describes the relative importance of capillary and viscous forces in a
multiphase system. We have also investigated two different quantitative connectivity metrics and
shown that nonwetting phase trapping and mobilization is well described by the normalized
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Euler number () of the NW phase after drainage: a more highly connected NW phase is
connected by a high number of redundant pore throats, which allows for more NW phase to be
mobilized, thus resulting in reduced NW phase capillary trapping efficiency. The dependence of
capillary trapping on NW phase ¥ is more pronounced for systems in a viscosity dominated
regime; for capillary-dominated systems (low Ca), the NW phase connectivity has less impact on
the final NW trapping.

Sedimentary reservoirs are proposed to be optimal storage sites for CO, sequestration due to the
stratigraphy of porous, permeable sandstone and carbonate layers (which act as storage layers)
and relatively impermeable silt and shale stone layers (which act as caprocks) [Bachu, 2003;
Gunter et al., 2004]. Given the range of supercritical CO, fluid properties attainable in a
sequestration operation, and in similar media to Bentheimer sandstone, the supercritical CO,-
brine-sandstone system will be dominated by capillary and viscous forces at the pore scale
(Figure 4-2), and fall in the same general area of the force balance plot as the air-brine-
Bentheimer experiments presented here. Thus, we expect that pore scale capillary trapping and
mobilization of supercritical CO, during sequestration to behave similarly to the air-brine-
Bentheimer system examined here. Indeed, Herring, et al. [2014] found that micromodel studies
of ambient-state NW phase invasion were able to accurately predict the flow pattern of
supercritical CO, during drainage in Bentheimer sandstone by consideration and proper

dimensional analysis of fluid properties.

Comparison of Figure 4-4c with a typical Land’s model curve (e.g. Al Mansoori et al. [2010])
demonstrates that the plateau in NW Sg values that is apparent above approximately 50% initial
NW saturation is due to the percolation threshold being exceeded during the drainage process.
Further, the data presented here shows that for a system at an initial NW saturation approaching
100% (and thus, maximum NW connectivity, ¥,.,=1.0), capillary trapping is further suppressed
and NW Sg actually decreases. This has important implications for CO, sequestration operations,
where high CO, saturations may exist near the injection site, and where dry-out conditions may
occur [Pruess and Muller, 2009]. Dry-out occurs when CO, which is in chemical non-
equilibrium with brine is injected into the subsurface, causing the resident brine to dissolve into

the CO, phase and creating subsurface areas where NW phase saturation approaches 100%; if
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brine salinity is sufficiently high, dry-out may cause salt precipitation leading to reduced

permeability [Pruess and Muller, 2009].

In the example of a geologic CO, sequestration operation, Figures 4-8a and 4-9 imply that two
distinct methodologies could be used to maximize capillary trapping, depending on the desired
result. To maximize capillary trapping efficiency (Sg/S)), and ensure that the largest fraction of
injected CO; is immobilized in the pore space of the reservoir, the CO; injection should be
engineered to result in low initial 7, (€.9. ¥nw<0.1, or S; <0.75). This would provide for
additional storage security beyond relying on a structural/stratigraphic trapping layer. In contrast,
in order to utilize the maximum trapping capacity of the pore space, CO; injection should be
engineered to result in moderate initial %, (e.9. X,»=0.4, or S; = 0.85). For either goal, dry-out
conditions should be avoided. Manipulation of initial ¥, could potentially be accomplished via
use of a water-alternating-gas scheme (as proposed by Spiteri et al. [2005]), which may have
significant water use impacts; or via manipulation of injection patterns to inject to intermediate
saturations. For example, one suggestion would be to have a shorter vertical injection interval in
the injection well: injection only into the lower portions of the aquifer would allow for vertical
migration and might prevent the CO, plume from approaching high saturation levels at the
injection point. Alternatively, the subsequent imbibition process should be carried out at very
low Ca regime, where NW topology does not impact residual saturation or capillary trapping
efficiency. Manipulation of far-from-wellbore saturation can be achieved for well-characterized

aquifers by designing the injection program in conjunction with large-scale simulation.
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4.10 Appendix

4.10.1 Limitations of Connectivity Metrics

Due to the dependence of connectivity metric calculations on very small features, image-derived
connectivity metrics are susceptible to various image quality parameters; for example, noise
levels, whether the analyzed data volume comprises a representative elementary volume (REV),
data resolution, the type of filters applied to the data, segmentation method, and threshold
detection method. These factors are examined in the following section in order to assess the
practical applicability of the normalized Euler number (¥) and gamma function (I") connectivity
metrics as measures of nonwetting (NW) phase connectivity. In order to facilitate comparison,
the data from this study (denoted “APS” data) will be compared to data presented in Herring
et.al. [2013] (denoted “OSU” data) which was collected via a polychromatic bench-top x-ray
CMT system at Oregon State University (OSU) at a resolution of approximately 10 um.

4.10.2 Effect of Noise

As noted in section 4.3.2, a limitation of use of the Euler number as a measure of connectivity is
that it is sensitive to noise that manifests as incorrectly labeled small isolated NW fluid clusters;
the gamma function is a more robust statistical measure in this regard because it incorporates the
size of clusters as well as the number. The noise dependence of y is investigated in Figure 4-10,
where different size exclusion filters have been applied to both the binary (segmented) NW data
from this study, APS, and the data investigated in Herring et al. [2013], OSU. The relationship

between the size exclusion filters of the different data is shown in Table 4-1; the noise removal

level used for analysis in Herring et al [2013] and this work is bolded and starred. As shown,
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despite differences in image resolution and potential noise sources, the size of the applied
exclusion filter has no significant effect on either the y-saturation curve or I'-saturation curves
for either data set (Figure 4-10), as long as a minimum level of noise control is applied (e.g. for
the high quality APS data, isolated NW clusters of volume less than 52 voxels, or a sphere of
radius 13 pm, are removed). Small objects close to the image resolution limit are most prone to
segmentation error, and should be removed anyway [H. J. Vogel et al., 2010]. This implies that ¥
is less sensitive to noise than might be expected, although we note that the impact of noise may

become more significant for data of reduced quality.
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Figure 4-10. Nonwetting (NW) gamma function (I") as a function of saturation for (a) APS data
and (b) OSU data, and normalized NW Euler value () as a function of NW saturation for (c)
APS data and (d) OSU data. The relationships are recalculated for different noise removal levels;
the size of the applied isolated cluster removal filter, in voxels, is indicated by legend.
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Table 4-1. Summary of image quality parameters and size of noise exclusion filters applied to
binary data.

Herring et al, 2013 This study
Image Resolution (um) 10 5.8
Beam Type Polychromatic Monochromatic
Data size (voxels) Cube of 350° Cylinder of 975
voxels voxel diameter,
600 voxel tall
Data size (mm°) 43 90
Noise Exclusion Filter
Radius of equivalent Size of Applied Noise Removal Filter
spherical volume (voxels)
(1um)
0 0 0
13 10 52
18 25 125%*
29 100* 513
36 200 1002

*Size of noise exclusion filter applied to data in publication
(Herring, Harper et al. 2013) and this work.

4.10.3 Representative Elementary Volume Analysis

Renard & Allard [2013] point out that the Euler characteristic is a local property that is sensitive
to the regularity of a structure, i.e. the degree of small-scale heterogeneity or noise which leads
to a high number of small objects and holes. Only if the underlying structure exhibits high
regularity will the Euler number be a good indicator for global connectivity. However,
normalization with the Euler number of the dry data set of the same sample diminishes the
requirement of regularity and increases the explanatory power of ¥ on connectivity. However,
connectivity calculations must still be performed on a representative elementary volume (REV)

in order to be assumed representative of the overall sample.

Figure 4-11 shows the y and I" values for data volumes of increasing size for a range of sample
types, including a dry scan, and high and low saturation data for both initial and residual
saturations. As shown, a representative elementary volume (REV) for both NW j# and NW T is

established at approximately 600 x 600 x 600 voxels (X, Y, z), equivalent to a physical volume of
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40 mm?®. We propose that the normalization procedure thus addresses the local vs. global

concerns raised by Renard and Allard [2013].
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Figure 4-11. (a) Normalized nonwetting (NW) Euler value (¥) and (b) NW gamma function (I")
calculated as a function of data size for a dry sample, as well as data sets representative of high
and low nonwetting (NW) saturations at both initial and residual stages of experiment. A
representative elementary volume (REV) is achieved at the highlighted data sizes.

4.10.4 Effect of Image Processing and Segmentation Type

To investigate the effect of segmentation method on connectivity parameters, the original OSU
data of 350% voxel cubes segmented using Indicator Kriging [Oh and Lindquist, 1999] are
compared to a reprocessed data set composed of cylindrical subsections (diameter of 706 voxels,
height of 1123 voxels) of the raw data with a median filter applied. The same size exclusion filter
(100 voxels, or 29 um spherical radius) was applied to both versions of the binary segmented

data to reduce noise which manifests as falsely labeled NW voxels. j-saturation and I'-saturation
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curves are shown for both versions of OSU data and compared to the APS data, which was
processed via application of a median filter and size exclusion filter of 125 voxels, equivalent to
18 um spherical radius (Figure 4-12). Using the same processing method produces consistent y-
saturation curves for APS and OSU data; however, I'-saturation curves are different for the APS
data and both versions of the OSU data. Both f and I" values are sensitive to image processing
and segmentation routine; we propose that the higher quality data (in this case, the APS data) be

considered to provide a more accurate values.
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Figure 4-12. (a) Normalized nonwetting (NW) Euler value (¥) and (b) NW gamma function (I")
calculated as a function of NW saturation for the median filtered APS data set (resolution of 5.8
pm), the OSU data set published in Herring et al. (2013) which was unfiltered and segmented via
Indicator Kriging (10 um), and the OSU data which was reprocessed by application of a median
filter to the original raw data (10 um).

4.10.5 Effect of Image Resolution

To investigate the impact of resolution on these connectivity metrics, the high-resolution APS
data (5.8 pum) can be compared to the relatively low-resolution OSU data (approx. 10 um). As
shown in Figure 4-12, for data sets which have been processed in the same manner as described
in Chapter 4.10.2, the shape of the j-saturation curve is not greatly affected by the difference in
resolution; however, there is a discrepancy between the I'-saturation curves for the APS and
OSU data.
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One aspect of normalization of the Euler characteristic requiring special consideration is the
choice of y190nw- IN theory, x1009nw Should be calculated from an image of a completely dry
sample at the same resolution and processed under identical protocol as samples with both W
and NW fluid present. The shape of the y-saturation curve is highly sensitive to the value of
X100%nw, and thus comparison of data sets with different resolutions may lead to inconsistent
results. This analysis implies that comparison of connectivity metrics between data sets of
different resolution should be approached very carefully. Generally, the image resolution has to
be high enough to capture all pore throats that might be drained at high NW saturations with

sufficient detail.

4.10.6 Effect of Segmentation Threshold

Some data sets do not exhibit definite peaks in the grayscale histogram, making threshold
detection difficult; e.g. the OSU data set (Figure 4-13). For these data sets, the threshold for NW
fluid was determined via visual inspection of the data. Figure 4-14 illustrates the deviation in
Xnw and NW T values for four data sets at initial (drained) state with a range of saturation
values. Within a reasonable range (e.g. +£100 grayscale values) NW I' values exhibit a change of
approximately +5% relative to the nominal grayscale threshold, while yy,, values exhibit a
change of £20% (Table 4-2). For NW y values, changing threshold value has the most impact on
the dry scan, y;g00,nw, fOr which all pores of sizes close to the image resolution are filled with
the NW phase (as compared to scans with wetting fluid present). This reinforces the necessity of
accurately processing and segmenting the dry scan, as this value has a major impact on the NW

x calculation of the entirety of the data set.
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Figure 4-13. Grayscale histogram of example OSU data set. The selected
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Figure 4-14. The deviations of (a) Normalized nonwetting (NW) Euler value () and (b) NW
gamma function (I') calculated from four different OSU data volumes where the grayscale
segmentation threshold has been changed from the predetermined nominal threshold.



Table 4-2. Percent error in connectivity metrics relative to nominal threshold value for OSU data.

Deviation from
X -500 -200 -100 -50 -20 0 20 50 100 200 500

Nominal Threshold

Scan Type NWT (-)

High Initial Saturation -24% -6% -3% 1% 1% 0% 0% 1% 2% 4% 7%

Moderate Initial Saturation -24% -9% -5% 2% 1% 0% 1% 1% 2% 4% 8%

Low Initial Saturation -9% -2% -1% 0% 0% 0% 1% 1% 2% 4% 6%

Dry Scan -19% -5% -2% 1% 0% 0% 0% 1% 2% 1% 8%
NW % (-)

High Initial Saturation -62% -28% -14% 7% 3% 0% 3% 7% 15% 31% 83%

Moderate Initial Saturation -25% -9% -4% 2% 1% 0% 1% 2% 4% 8% 17%

Low Initial Saturation -3% -1% -1% 0% 0% 0% 0% 0% 0% 1% 2%

Dry Scan -75%  -34%  -18% 9% 4% 0% 4% 10% 20% 41% 116%
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5.1 Abstract

We investigate air and brine capillary trapping and fluid migration via x-ray computed
microtomography (x-ray CMT) in Bentheimer sandstone cores which have been treated to
exhibit varying wettability. X-ray CMT scans were acquired at multiple steps during the
drainage and imbibition processes, as well as at the endpoints; allowing for assessment of the
impact of wettability on air saturation, morphology, connectivity, topology, and efficiency of
trapping. We find that Bentheimer cores treated with Tetramethoxylsilane (TMS) were
rendered weakly water-wet, and cores treated with Octadecyltrichlorosilane (OTS)
demonstrate intermediate-wet characteristics. As apparent contact angle increases, residual
trapping and trapping efficiency decrease and buoyancy plays a larger role; this may have

significant implications for CO, migration and trapping during CO, sequestration operations.

5.2 Introduction

Geologic sequestration of CO, in subsurface reservoirs is a climate change mitigation
strategy which prevents carbon emissions to the atmosphere. Sequestration involves capture
of CO, from the effluent of a large power production point source, pressurization of the CO,
to reservoir conditions (resulting in a phase transition of the CO, to a supercritical fluid), and
injection of the supercritical-phase CO, (scCO,) into a subsurface storage reservoir. During
injection, the CO, phase displaces the resident brine of the geologic formation, i.e. a brine
drainage process. Subsequently, upward travel of the buoyant CO, plume allows for brine
imbibition as the brine re-enters the pore space. Accurate prediction of transport and trapping
of subsurface CO; is necessary to ensure the safety, security, and effectiveness of a CO,

sequestration operation.

Multiple trapping mechanisms have been identified which prevent CO, migration and release
at the surface [IPCC, 2005]; one such mechanism is capillary (or residual) trapping, wherein
CO; is held by capillary forces within the pore structure of the geologic matrix. Capillary
trapping decreases the risk of inadvertent leakage of CO; (a risk associated with structural
trapping); this mechanism also breaks up the injected CO, plume into small bubbles,
increasing the surface area to volume ratio of the CO, and enhancing subsequent dissolution

and precipitation reactions. Accordingly, understanding capillary trapping is critical for
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engineered geologic sequestration. However, current capillary trapping models are based on
the premise that the storage rock is primarily water-wet. When exposed to hydrocarbons, or
potentially supercritical CO,, parts of the geologic formation may become intermediate-wet
or oil/scCO,-wet (i.e. hydrophobic); this has implications for storage in depleted oil

reservoirs as well as long term storage in saline sedimentary formations [Wan et al., 2014].

Wettability is defined as the affinity of a solid surface for one fluid in the presence of other
immiscible fluids. From a pore-scale perspective, wettability can be measured by the contact
angle (0) created by the intersection of the fluid-fluid and fluid-solid interfaces. As measured
through the aqueous phase, a contact angle between 0-75° is considered water-wet, 75-105° is
intermediate-wet, and measurements of 105-180° are 0il/scCO,-wet [Treiber and Owens,
1972; Anderson, 1987a]. The wettability of a porous medium determines the distribution of
wetting and non-wetting fluids within the pore structure and can have a dramatic effect on
permeability and connectivity of fluids. Depending on the saturation state of the medium,
non-wetting phase fluid clusters tend to occupy the larger pores, while wetting fluid will exist
in thin layers throughout the smallest throats and within crevices and roughness on the
surface of the medium. As fluids redistribute in a water-wet medium due to changes in
saturation or capillary pressure, the non-wetting phase can become isolated and trapped via
“snap-off”; this occurs during imbibition, when encroaching wetting fluid film surrounds a
nonwetting fluid element in a pore body and the wetting fluid menisci touch as the pore
throat constricts. This mechanism will be very different, and potentially completely absent if
the system wettability is altered to more oil-wet (or scCO,-wet). Thus, wettability is a
dominant factor controlling the occurrence of snap-off (wetting films are only present in
strongly-wetting systems), as well as the morphology and topology of fluid phases within the
porous medium, and, it is therefore crucial to understand the degree to which wettability will
affect residual trapping of the non-wetting phase for application in CO, sequestration

scenarios.

The wettability state of a sScCO,-brine-rock system is dependent on complex geochemical,
ionic, and physical chemistry interactions, and there is currently no real consensus regarding
how interaction with scCO, will impact rock surfaces in geologic systems [Wan et al., 2014].

Transition to intermediate wettability after exposure to supercritical CO, and brine has been
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reported for shale minerals [Chiquet et al., 2005], silica micromodels [Kim et al., 2012], sand
columns [Plug and Bruining, 2007], and sandstones [Iglauer et al., 2011; Akbarabadi and
Piri, 2013; Berg et al., 2013]; however, other studies have reported relative permeability
curves [Pini and Benson, 2013], or significant residual trapping of scCO, during drainage-
imbibition studies [Pentland et al., 2011; Krevor et al., 2012] in Berea sandstone, indicative
of a water-wet system. In carbonate rocks, Andrew et al. [2014] measured a supercritical
CO,-brine in-situ average contact angle of approximately 45°, while EI-Maghraby and Blunt
[2013] report that experiments with Indiana Limestone show increased levels of residual
trapping of CO, under elevated temperature and pressure; they deduce that geochemical
reactions force the system to a more strongly water-wet state than the same system at lower
pressure. Given the range of observed wetting behavior, it seems prudent to further explore
how wettability alteration affects CO, migration and capillary trapping.

A number of previous studies have investigated the impact of wettability on oil recovery. A
pattern of minimum residual oil saturation at intermediate rock wettability and increased
residual oil saturation at strongly water-wet and strongly oil-wet conditions is established in a
review by Anderson [1987] (which presents the experimental results of Lorenz et al. [1974],
Kennedy et al. [1955]; and Amott [1959]); as well as in more recent experimental work by
Morrow [1990]. This pattern is due to a combination of several factors. Snap-off dominates
in water-wet conditions, leading to high residual oil saturations. Under intermediate
conditions, both fluids can easily flow through small constrictions; snap-off is suppressed
[Mahmud and Nguyen, 2006], and oil can remain connected via smaller pore throats and
drain to low residual saturation. Under oil-wet conditions, snap-off with respect to the oil-
phase does not occur, but oil resides in the small pore spaces and throats of the media, again
resulting in relatively high residual oil saturations. Blunt [1998] performed numerical
simulations which demonstrate a similar pattern to the experimental results described above,
but also indicate reduced residual saturations in strongly oil-wet (6>135°) media due to the

formation of oil films which allow oil to drain to very low saturations.

Supercritical CO; is less viscous than brine, resulting in inverted viscosity ratio (sometimes
called mobility ratio) as compared to oil-brine systems. Additionally, gravity/buoyancy

forces are generally stronger for scCO,-brine systems due to the relatively large density
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difference between scCO; and brine; these differences in fluid properties limit the
applicability of oil recovery literature to scCO,-brine systems. Flow patterns have been
studied for a wide range of viscosity ratios and capillary number in water-wet two
dimensional (2D) systems [Lenormand et al., 1988; Zhang et al., 2011]; however, similar
flow regimes are not well-defined for systems of intermediate wettability, or for three
dimensional (3D) systems which are affected by gravity forces. In one of only a few
supercritical condition studies, Chaudhary et al. [2013] measured residual saturation of
supercritical CO, in glass (water-wet) and teflon (scCO,-wet) bead cores, and found that
residual trapping was greatly reduced in the scCO,-wet system; however, the bead systems
used in that study have large pore spaces, the size of which impacts the relative importance
of snap-off and fluid-solid adhesive forces, and thus may not be directly applicable to natural

geologic systems.

The impact of wettability alteration on capillary trapping of scCO; during geologic
sequestration operations is difficult to investigate due to the inherent difficulty involved in
conducting and quantifying wettability during supercritical-condition experiments. In this
work we use an ambient-condition system of air, brine, and Bentheimer sandstone. This
experimental system approximates the capillary, gravitational, and viscous forces present in a
scCO,-brine-sandstone system [Herring et al., 2014]; provides an unstable viscosity ratio
during drainage, as in a scCO,-brine system; and also allows for investigation of buoyancy
driven flow. Bentheimer sandstone cores were treated to produce three wettability states:
water-wet (plasma cleaned, but otherwise untreated sandstone core), weakly water-wet (cores
treated with Tetramethoxylsilane, denoted “TMS”), and intermediate-wet (cores treated with
Octadecyltrichlorosilane, denoted “OTS”). For consistency, we refer to “drainage” as brine
withdrawal from the core, “imbibition” as brine entering the core, and air is described as the
nonwetting phase, regardless of the actual wettability state. Nonwetting phase (air) saturation
and distribution is quantified via x-ray computed microtomography (x-ray CMT), and paired

with capillary pressure measurements obtained throughout the flow process.
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5.3 Materials and Methods

5.3.1 Sandstone Cores and Silane Treatment

All experiments are conducted on Bentheimer sandstone cores with a diameter of 4.9 mm
and lengths ranging 8.5-10.0 mm, which were cleaned via radio-frequency plasma treatment
for at least 5 minutes at 50 watts and approximately 0.15 torr [Liston, 1989]. TMS treatment
was applied to cores via vapor-phase deposition, under low vacuum conditions, for a period
of at least 12 hours. For liquid-phase deposition with OTS, cores were first saturated under
vacuum with dodecane for 25 minutes; then approximately 15 pore volumes of a solution of
5% by mass OTS/dodecane was flushed through the core several times over a period of 24
hours. After the OTS/dodecane flushing stage was complete, 30 pore volumes of toluene was
flushed through the core to remove the OTS/dodecane solution from the pore space, and the
core was placed under vacuum to volatize toluene from the core. In addition to these silane-
treated cores, flow experiments were also conducted on non-treated (plasma cleaned) water-
wet (WW) cores. For each treatment type, a glass slide was subjected to the same treatment
for contact angle measurement, which was accomplished using the sessile drop method in a

goniometer.

Air-water contact angles are measured for the glass slides and assumed to represent idealized
conditions within the pore space of the rock; this assumption is checked subsequently via
inspection of pressure-saturation curves and tomographic data. After treatment, rock cores
were wrapped with one layer of Teflon tape, and stored in vials filled with MilliQ water

when not in use.

5.3.2 Core Holder Assembly and Flow Processes

All experiments are imaged in a titanium core holder (manufactured in-house at the
Australian National University, ANU) which allows for favorable x-ray penetration (wall
thickness of 0.120 mm). The sandstone sample was wrapped in Teflon tape and inserted into
the core holder onto a circular hydrophilic nylon membrane with pore size of 1.2 um
(General Electric Company, Fairfield CT, United States), which is mounted on top of a

Buna-N nitrile o-ring. The semi-permeable membrane, set flush to the bottom of the core,
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prevented air breakthrough through the core and into the lines below the sample. The fluid
flow lines (made of PEEK material) are connected in series to a Keller Series 35X pressure
transmitter with a range of 0 - 1.2 bar and accuracy of 0.1 mbar (Keller America, Inc.,
Newport News, VA, United States) and a Harvard PHD2000 syringe pump (Harvard
Apparatus, Holliston MA, United States).

During experiments, a Bentheimer sandstone core was first saturated under vacuum with
brine to establish conditions representative of a reservoir prior to injection, and a scan was
acquired to ensure complete brine saturation was achieved; all experiments began with an
original air saturation (Sp) of 0%. A small flexible air-tight air reservoir was placed over the
top of the core holder to reduce evaporation from the core. Brine was then withdrawn at 0.3
pl/min while air entered the sample from the top of the core (drainage) to the initial NW
phase saturation endpoint (S;). Subsequently, brine was pumped into the bottom of the core
(imbibition) at 0.3 pl/min until negative capillary pressure readings indicated residual
conditions (Sg). Scans were collected at S, S;, and Sg points; additionally, the pump was
halted and intermediate scans were acquired at multiple points throughout the drainage and
imbibition flow processes, providing information about fluid configurations at transitional

points.

5.3.3 X-ray Microtomographic Imaging and Processing

X-ray CMT scans were acquired at the ANU pCT facility. X-rays are generated by a GE-
Phoenix xs180nf micro-focus x-ray source, and radiographs are captured by a 2048 x 2048
pixel Perkin Elmer XRD 1621 CNES amorphous silicon flat-panel x-ray detector, coated
with a cesium iodide scintillator. Depending on sample placement relative to the detector,
each data set had a slightly different voxel resolution value, ranging from 3.2 um to 3.8 pm
per voxel edge. X-ray tube settings were 80 kV and 110 pA for all scans except one OTS
data set, which was mistakenly imaged at a much lower accelerating voltage of just 30 kV.
Depending on energy settings and height of the imaged section, scans typically required 1.5-
2.5 hours to collect at least 6000 projection angles on a helical scanning trajectory at 0.14
degree angle spacing. The precise number of projections depended on the length of the core
plug. Reconstruction was accomplished using helical cone-beam filtered backprojection

[Varslot et al., 2011]. Figure 5-1 provides an example of the data processing procedure: For
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each grayscale data volume (Figure 5-1a), a cylindrical subsection of the center of the core,
approximately 4 mm in diameter, was chosen to exclude influence on flow and trapping from
the core holder walls, and three iterations of a three-dimensional (3D) median filter were
applied (Figure 5-1b). The segmentation threshold was set to the grayscale value
corresponding to the local minimum separating the air and combined solid/brine phases in
the grayscale histogram (Figure 5-1c). The resulting segmented volumes were denoised to
exclude falsely-labeled air phase voxels by removing isolated air phase features smaller than
700 voxels (equivalent to a sphere with a radius of approximately 20 um), this is consistent
with the pore size distribution of Bentheimer sandstone reported by Maloney et al. [1990].
All reported quantitative measures are calculated on this final binary image of air phase
(Figure 5-1d).

To add additional information to the study, the data obtained with the uCT at ANU was also
compared with existing data from similar drainage experiments in untreated, water-wet
Bentheimer sandstone cores (labeled “WW APS”), details of which were reported by
Herring et al. [2014]. The WW APS data was collected at the Advanced Photon Source
(APS) at Argonne National Laboratory from experiments conducted with a significantly
higher drainage flow rate (3.3 pl/min) than the new data presented here.
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Figure 5-1. Data processing procedure for x-ray microtomographic data. Grayscale data (a)
is cropped and filtered with three iterations of a three dimensional (3D) median filter (b),
after which the grayscale histogram minimum between the air phase and solid phase is
determined (c). This minimum value is the threshold value which defines which voxels
represent air phase (d), upon which all subsequent quantitative measures are calculated.
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5.4 Results

5.4.1 Effect of Wettability Treatment

Representative capillary pressure-saturation (P.-S) drainage curves for the three treatments
are presented in Figure 5-2; air saturation values are measured from x-ray CMT data and
paired with average pressure readings measured during the time of the scan. As shown, for
the drainage process (Figure 5-2) the capillary pressure is relatively high for untreated
(water-wet, WW) cores, while weakly water-wet (TMS) and intermediate wet (OTS) cores
demonstrate significantly lower capillary pressures for a given saturation. Additionally, TMS
and OTS cores exhibit significantly higher irreducible water saturations relative to the WW
core. These characteristics are indicative of increased contact angle [McDougall and Sorbie,
1995; Bradford et al., 1997; Chalbaud et al., 2007].
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Figure 5-2. Measured capillary pressure paired with x-ray tomographic image derived
saturation values for the brine drainage process in wettability-altered Bentheimer sandstone
cores. Wettability is classified as water-wet (WW), weakly water-wet (TMS), and
intermediate-wet (OTS).
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Contact angles of the treated cores are estimated from drainage P.-S curves using the Young-

Laplace equation:

0; = cos‘1<
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P, = —cosf
r

Pei

cww

cosBWW>

eqn. 5.1

Where Py is the capillary pressure (the difference between the air and brine pressure), ¢ is the

interfacial tension between air and brine, and r the radius of the interface between the two

phases, and 0 is the contact angle, measured through the aqueous phase. Values of estimated

contact angle are presented in Table 5-1, these values are calculated from capillary pressure

values at approximately 60% air saturation (40% brine saturation). This estimation assumes ¢

and r are constant for the cores, and that the water-wet contact angle for the sandstone cores,

Oyw =~ 5°. Also presented in Table 5-1 are the contact angle values measured from treated

glass slides.

Table 5-1. Contact angle measurements for Bentheimer sandstone and glass slide surfaces
treated with Tetramethoxylsilane (TMS), Octadecyltrichlorosilane (OTS), compared to an

plasma cleaned, untreated (WW) surfaces.

Estimated from Average measure from Wettability
drainage P-S curve treated* glass slide Designation
Advancing Receding
WWwW - 50 5o Strongly water-wet
TMS 42° 73° 69° Weakly Water-wet
OTS 60° 108° 96° Intermediate-wet

*Treatment of WW glass slide consisted of radio-frequency plasma cleaning only

The contact angles estimated from the P.-S curves are shifted toward water-wet by 30° (for

TMS) and 40° (for OTS) relative to the values measured on the treated glass slides. This
inconsistency could be due to treatment constraints: the silanization treatment is limited by

diffusive transport within the sandstone pore-space, while the glass slide surface is easily


http://en.wikipedia.org/wiki/Octadecyltrichlorosilane

109

accessible to the OTS and TMS molecules. In addition, Bentheimer is not pure quartz and so
the surfaces being coated are not exclusively silica. These factors may result in reduced
coverage of the pore space with silane as compared to the glass slides. The OTS glass slide
contact angle measurements agree with a value of 106° reported by Araujo et al. [1995],
while the values estimated from the P.-S curve is in good agreement with values reported by
Bradford and Leij [1995] (64.9° advancing and 38.0° receding) who also estimated contact
angle from P-S data of OTS treated media. For further interpretation of the data, contact
angles are assumed to be equivalent to those estimated from P¢-S curves; untreated cores are
considered to represent water-wet conditions (labeled “WW?), TMS treated cores are
considered to be weakly water-wet (“TMS”), and OTS treated cores represent intermediate-

wet conditions (“OTS”).

5.4.2 Evolution of NW phase During Drainage

The topology of the nonwetting phase after drainage has been shown to have a distinct
impact on the mobilization (trapping) of nonwetting phase after imbibition [Herring et al.,
2013, 2014]. A metric of topology, the Euler number, relates the number of individual,
independent fluid clusters to the number of redundant connections (e.g. pore throats) within
fluid clusters. Herring et al. [2013, 2014] divide the Euler number of each data volume by the
Euler number of the same medium at 100% nonwetting phase saturation, resulting in a
normalized Euler number (¥yu) Which ranges from negative values (indicating disconnected
nonwetting phase) to a maximum value of 1.0 (indicating maximum interconnectivity of
nonwetting phase). The relationship between nonwetting phase-normalized Euler number and
nonwetting phase saturation (¥yu-S) is shown in Figure 5-3; for comparison, “WW APS”

data [Herring et al., 2014] is also presented.
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Figure 5-3. Normalized nonwetting Euler values (¥ yw) during brine drainage as a function
of nonwetting phase saturation in Bentheimer sandstone of intermediate wettability (“OTS”),
weakly water-wet wettability (“TMS”), and water-wet wettability (“WW?” and “WW APS”).
All drainage experiments were performed at a brine drainage flow rate of 0.3 pl/min, with the
exception of the WW APS data set, which was drained at 3.3 pl/min.

The WW, OTS, TMS, and WW APS data all follow the same yy,-S relationship, up to
approximately 80% air saturation, at which point OTS data points deviate from the rest of the
data. This implies that the evolution of nonwetting phase topology with nonwetting phase
saturation is independent of flow rate, as the results of this study (flow rate of 0.3 pl/min)
agree well with the WW-APS data (flow rate of 3.3 pl/min). However, our data suggests that
wettability does impact nonwetting phase topology. OTS data reaches a maximum yy, value
of approximately 0.3 during drainage even though a relatively high capillary pressure value is
achieved (Figure 5-2); this can be attributed to the absence of water films in the intermediate-
wet system: all brine which remains in the sandstone pore space is disconnected and lacks a
path to drain from the sample. Our experimental set-up controls capillary pressure by
decreasing the brine-phase pressure (rather than by increasing the air-phase pressure), so
disconnected brine remains stable in the pore space, and air is unable to invade the pore
throats required to reach high gy, values; resulting in the cluster of OTS points at

approximately ¥y of 0.3 and 80% air saturation.
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An alternative measure of nonwetting phase connectivity is the gamma function (I'), which
describes the likelihood that a nonwetting-labeled fluid voxel is connected to all other
nonwetting fluid voxels [Renard and Allard, 2013; Herring et al., 2014]. As I approaches
1.0, the likelihood that all nonwetting fluid clusters are connected to each other increases.
Figure 5-4 presents I" as a function of air phase saturation during drainage. As shown, for low
to moderate (0-60%) air phase saturation, air invasion in the cores follows a trend of T" of
OTS>TMS>WW. This connectivity analysis quantitatively demonstrates that NW fluid
migration patterns are dependent on wettability.
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Figure 5-4. Connectivity of nonwetting phase (air) during brine drainage as quantified by the
gamma value (I') as a function of nonwetting phase saturation in Bentheimer sandstone cores
of intermediate wettability (“OTS”), weakly water-wet wettability (“TMS”), and water-wet
wettability (“WW” and “WW APS”). All drainage experiments were performed at a brine
drainage flow rate of 0.3 pl/min, with the exception of the WW APS data set, which was
drained at 3.3 pl/min.

For qualitative comparison, we present 2D vertical cross-sections of air intrusion in the cores
at 15% and 20% air saturation for OTS and TMS cores (Figure 5-5); unfortunately, no
tomographic images of similar low saturation levels were obtained for WW cores, since the
exact saturation at which the tomographic snapshot were taken depended on difficult-to-
control experimental parameters. Visually, air flow in the OTS core is more compact, while

the TMS data volume exhibits longer fingering.
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Drainage

Figure 5-5. Vertical cross-sections of x-ray microtomography images of air intrusion into (a)
an intermediate-wet, OTS core and (b) a weakly water-wet, TMS core; along with three-
dimensional (3D) renderings of air intrusion for the same (c) OTS core at 15% air saturation,
and (d) TMS core at 20% air saturation.



113

The vertical distributions of air saturation for these treated volumes are shown in Figure 5-6.
We recognize that the two profiles represent a 5% difference in air saturation, however, this
is a relatively small difference and both represent an early-stage drainage regime where the
air phase is not yet well-connected. The OTS volume exhibits a sharp decrease in air
saturation approximately 3.5 mm from the top of the core, and the slope of the linear
regression of the OTS data is less steep and less linear (lower R? value), which quantitatively

demonstrates a sharper drainage front.

y = -10.69x + 5.33
R2 = 0.84

y =-13.50x + 6.62
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—OTS, 15% air saturation
—TMS, 20% air saturation

Figure 5-6. Vertical distribution of air saturation measured at early drainage conditions for
an intermediate-wet OTS core (overall air saturation of 15%), and a weakly water-wet TMS
core (20% overall air saturation).

These differences in flow pattern are not predicted by standard flow regime models. Previous
experimental work in 2D micromodels has led to the development of flow regimes as a
function of mobility ratio (ratio of invading to defending phase viscosities, M = Wnv/Hber)
and capillary number (Ca) [Lenormand et al., 1988; Zhang et al., 2011]. Capillary number is

sometimes defined to include contact angle (e.g. Jamaloei et al. [2012]):
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where v is the invading phase viscosity and v,y is the invading phase velocity. Using this
definition of capillary number, and using contact angle values as estimated from the P.-S
curves (Figure 5-2 and Table 5-1), the experiments of this study are shown on the previously
developed phase diagram, after Lenormand et al. [1988] and Zhang et al. [2011] (Figure 5-7).
Based on this description of flow pattern regimes, the OTS, TMS, and WW data should
exhibit similar flow patterns in capillary fingering regime. However, the connectivity
analysis (Figure 5-4) and the visualization and distribution of flow presented in Figures 5-5
and 5-6 contradicts this supposition.
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Figure 5-7. Classification of drainage flow regime in Bentheimer sandstone as a function of
capillary number (as defined in equation 2) and mobility ratio (ration of invading to
defending phase viscosities, M = %), after Lenormand et al. [1988] and Zhang et al. [2011].

Wettability is classified as water-wet (WW and WW APS), weakly water-wet (TMS), and
intermediate-wet (OTS).
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We suggest that the observed flow patterns are due to a decrease in capillary forces, and
relative increase in gravity forces. The Bond number defines the relative importance of
gravitational to capillary forces and does not traditionally include contact angle; however, in
this study we define the Bond number as:

Ap-g-d?
0=——"——% (0° <6 <907 eqn.5.2
where Ap is the difference in density between fluids, g is the gravitational constant, and d is a
length scale (in this case we use the average grain diameter). The inclusion of contact angle
in this formulation is a necessary change for finite contact angles since the strength of
capillary forces, which form the denominator, are proportional to ¢ - cos 6 / d. As contact
angle increases to intermediate wet conditions (90°), Bond number increases, indicating a

transition to buoyancy driven flow.

Conceptually, the observed air flow patterns are due to a combination of factors. For a water-
wet (or weakly water-wet) medium, nonwetting fluid preferentially travels through larger
pore bodies and throats due to capillary interactions, causing fingering; however, in an
intermediate-wet medium, flow is less dependent on the pathway size. Additionally, contact
angle increases result in higher Bond number values, causing gravity separation and
contributing to the relatively sharp delineation between the more buoyant air phase and the
aqueous brine phase below. The range of Bond numbers of these experiments (1.5 x 10 to
2.9 x 10°®) is similar to that of supercritical CO,-brine-sandstone systems (as per analysis by
Herring et al. [2014]), indicating that potential wettability changes could have a surprisingly
large effect on CO, migration due to buoyancy influencing pore scale displacement patterns

for intermediate-wet systems.

The quantitative connectivity analysis (Figure 5-4), along with qualitative visualization
(Figure 5-5), indicate that the shape of the drainage front is strongly dependent on wettability
state and the resulting relative importance of capillary and gravity forces.

5.4.3 Trapping Trends

The effect of wettability state on (a) residual air saturation, Sg, and (b) trapping efficiency

(residual nonwetting saturation, Sg, normalized by initial nonwetting saturation, S)) is
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presented in Figure 5-8. As noted above, air distribution in OTS cores is strongly dependent
on buoyancy forces, and so the single OTS data volume is presented as air saturation of the
top 3 mm of the core, bottom 3 mm, and whole core. Residual saturation and trapping
efficiency is highest in the upper 3 mm of OTS treated cores, followed by WW untreated
cores and TMS treated cores, with the bottom 3 mm of OTS treated cores showing the lowest
trapping efficiency. Duplicates of the WW and TMS experiments demonstrate that these
experiments are highly repeatable; however, only one OTS experiment was completed
through the full drainage and imbibition cycle due to experimental complications.
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Figure 5-8. (a) Residual trapping (Sg), and (b) trapping efficiency (residual saturation
normalized by initial saturation, S,) of air as a function of contact angle (estimated from the
capillary pressure-saturation curves of drainage) of Bentheimer sandstone cores of
intermediate wettability (“OTS”), weakly water-wet wettability (“TMS”), and water-wet
wettability (“WW?”). The data from the OTS experiment is shown as the saturation calculated
from the upper 3 mm of the core, the bottom 3 mm of the core, and the whole core
(unlabeled). WW and TMS data are whole core values.

Vertical distributions of residual air saturation in WW and TMS experiments are uniform
with depth; however, the vertical distribution of air in the OTS core is highly variable and

depth dependent (Figure 5-9).
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Figure 5-9. Vertical distribution of air saturation measured at the end of imbibition for a
water-wet WW core (overall air saturation of 39%), a weakly water-wet TMS core (27%
overall air saturation), and an intermediate-wet OTS core (overall air saturation of 44%).

The relative uniformity of residual air in WW and TMS cores, and nonuniformity of air
distribution of the OTS core is also visible in air-phase isosurfaces of the residual state
(Figure 5-10).
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Figure 5-10. Isosurfaces of residual air clusters in Bentheimer sandstone cores at the end of
imbibition for (a) a water-wet WW core (overall air saturation of 39%), (b) a weakly water-
wet TMS core (27% overall air saturation), and (c) an intermediate-wet OTS core (overall air
saturation of 44%).

Imbibition endpoint for the OTS experiment was reached based on visual confirmation of
brine above the sample and P.-S data, indicating that the observed vertical distribution of air
was stable for the OTS system. No straightforward explanation was found for the elevated air
saturation of the upper 3 mm of the OTS core. Evaporation of water from the top of the core
during scanning is possible, despite measures taken to prevent evaporation in these
experiments. In order to neglect these potential boundary condition effects, only data from
the lower 3 mm of the OTS experiment is considered to be representative of trapping

behavior in wettability altered systems.
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Thus, considering only the lower 3 mm OTS data, the data indicates reduced trapping as
contact angle increases (Figure 5-8); this is very similar to trends reported in oil recovery
literature [Kennedy et al., 1955; Amott, 1959; Lorenz et al., 1974; Morrow, 1990], and to
scCO,-brine experiments conducted in water-wet and scCO,-wet bead pack [Chaudhary et
al., 2013].

The cluster size distributions of the residually trapped air phase are shown in Figure 5-11.
Residual air phase clusters in the OTS sample occupy smaller pore spaces relative to those in
the WW and TMS samples. Additionally, there is a higher frequency of small clusters in the
lower 3 mm of the OTS core compared to the upper 3 mm of the same core, despite a much
higher air saturation in the upper section; this is due to the presence of one large cluster
which comprises most of the air volume (approx. 5 mm?, not shown in Figure 5-11) in the
upper 3 mm of the OTS core. This distribution of cluster sizes as a function of wettability
state is supported by the imaging studies of Iglauer et al. [2012] who reported that there are

more small clusters of residual oil under oil-wet vs. water-wet conditions.
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Figure 5-11. Representative histograms of frequency of residual air clusters present for a
given cluster volume in a water-wet (WW) Bentheimer sandstone core, weakly water-wet
(TMS) core, and three sections of an intermediate-wet (OTS) core. The OTS data is
displayed as whole core, Lower 3 mm, and Upper 3 mm, depending on which vertical section
of the core was analyzed.
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5.5 Conclusions

We have qualitatively and quantitatively investigated the impact of wettability on drainage
flow patterns and residual trapping of air (CO, proxy) in an air-brine-Bentheimer sandstone
system, using cores of 4.9 mm diameter and 8.5-10.0 mm height. Capillary pressure-
saturation curves, measured concurrently with x-ray CMT imaging studies, indicate that
TMS vapor-phase treatment renders the (originally water-wet) sandstone cores to be weakly

water-wet, while OTS liquid-phase treatment produces intermediate-wet cores.

Visual investigation of OTS and TMS cores (Figure 5-5) and vertical air distribution (Figure
5-6), along with quantitaive analysis of the air connectivity during drainage (Figure 5-3),
imply that different wettability states produce distinctly different drainage flow regimes.
Further, the flow regimes are distinct from those predicted by studies of water-wet systems of
Lenormand et al. [1988] and Zhang et al. [2011], since these works neglect the role of
gravity. We find that as contact angle increases, capillary effects decrease and buoyancy
effects dominate flow patterns. Further work needs to be done in order to clearly delineate

flow regimes in 3D, intermediate-wet systems.

Residual air saturation was highest in the upper imaged section of the intermediate-wet OTS
core; however, this is likely due to enhanced boundary condition effects due to the increased
contact angle; and is not expected to be representative of overall trapping behavior. We
conclude that residual air saturation is highest in WW cores (average Sg and Sg/S,; values of
38%), followed by weakly water-wet TMS cores (average Sg of 29%, average Sgr/S; of 28%),
with the lowest 3 mm region of intermediate-wet OTS cores demonstrating reduced trapping
(average Sg of 23%, average Sgr/S; of 28%). Trapped air clusters in WW and TMS cores are
present as larger clusters relative to the OTS trapped cluster distribution. These results are

supported by the literature, as discussed previously.

For application to residual trapping of supercritical CO; in geologic sequestration operations,
this study indicates that further research is needed in order to develop accurate models for the
flow of CO, in media of different wettability; especially in flow regimes where buoyancy

forces are important. Systems that exhibit a wettability change to higher contact angle due to

exposure to supercritical CO, will likely demonstrate reduced residual trapping efficiency.



121

However, even under intermediate-wet conditions, significant trapping (e.g. Sg of 23% and
Sr/S) of approximately 28%) was still evident for our low capillary-number imbibition

experiments.
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6.1 Abstract

This work utilizes synchrotron-based x-ray computed microtomography (x-ray CMT)
imaging to quantify the volume and topology of supercritical carbon dioxide (scCO,) on a
pore-scale basis throughout the primary drainage process of a 6 mm diameter Bentheimer
sandstone core. Experiments were performed with brine and scCO, at 8.3 MPa (1200 PSI)
and 37.5°C. Capillary pressure-saturation curves for the scCO,-brine system are presented
and compared to the ambient air-brine system, and are shown to overlay one another when
pressure is normalized by interfacial tension. Results are analyzed from images with a voxel
resolution of 4.65 um; image-based evidence demonstrates that scCO, invades the pore space
in a capillary fingering regime at a mobility ratio M=0.03 and capillary number Ca=10° to
an end-of-drainage brine saturation of 9%. We provide evidence of the applicability of
previous two-dimensional micromodel studies and ambient condition experiments in

predicting flow regimes occurring during scCO; injection.

6.2 Introduction

Geologic carbon sequestration has been proposed as a potential climate change mitigation
strategy to prevent emissions of CO, to the atmosphere from large fossil-fuel burning point
sources [IPCC, 2005]. In geologic sequestration, supercritical CO, (scCOy) is injected into
saline groundwater hosted in a porous aquifer (i.e. a brine drainage process), thus producing
an immiscible displacement scenario where scCO; is the non-wetting (NW) fluid and brine is
the wetting (W) fluid. Subsequently scCO, is mobilized or trapped by capillary forces when
brine reenters the pore space of the geologic matrix (i.e. the brine imbibition process) during
water flooding or buoyant CO, migration. There are concerns associated with the long-term
stability of a mobile subsurface CO, plume, so drainage and imbibition should be carefully
engineered to facilitate favorable trapping conditions. Capillary trapping of scCO,, wherein
the CO; is held within the pore structure of the geologic matrix by capillary forces, is a safer
form of subsurface storage than hydrodynamic or structural trapping, which relies on a low
permeability caprock to contain the buoyant CO; plume; additionally, capillary trapping
occurs on vastly shorter timescales than reactive trapping methods (i.e. dissolution trapping
and mineral trapping) [IPCC, 2005; Qi et al., 2009]. To understand the multiphase physics of

CO,, transport and to make quantitative estimations of potential CO; capillary trapping in
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saline aquifers, it is necessary to study field, core, and pore-scale processes. Experiments at
geological reservoir conditions at the core and pore-scale in combination with x-ray
computed microtomography (x-ray CMT) allow for three-dimensional (3D) in-situ
visualization of fluid phases and the physical structure within a porous medium [Blunt et al.,
2013; Ketcham and Carlson, 2001; Wildenschild et al., 2002] and have the potential to
provide insight into the engineered process of geologic CO; sequestration to achieve high
volume trapping of CO,. An overview of recent advances in pore-scale characterization of
structure and flow processes via x-ray CMT technology can be found in Wildenschild and
Sheppard [2013].

A number of studies have indicated that capillary trapping of scCO, may be maximized via
manipulation of the temperature, pressure, salinity, and flow rates of the CO, and brine
injections such that the CO,-brine interactions are most conducive to capillary trapping
[Bachu and Bennion, 2008b; Wildenschild et al., 2011]. Studies of general flow regimes in
simple model systems, such as glass beads [Morrow et al., 1988; Polak et al., 2011] and two-
dimensional (2D) micromodels [Lenormand et al., 1988; Wang et al., 2012; Zhang et al.,
2011], have demonstrated the transitions between capillary, viscous, and gravity force-
dominated regimes and the resulting effects on drainage flow patterns and capillary trapping.
Although these works undoubtedly provide insight to the general field of transport in porous
media, they may not all be analogous to a scCO,-brine sequestration scenario because (a)
some are not conducted at reservoir conditions, (b) results from simple model systems do not
directly translate to geologic media, (c) the wettability condition of the scCO,-brine-rock
system is not the same as in analogue systems, and (d) only the drainage (CO; injection)
process has been analyzed so far. Confirmation of the applicability of the results of these

analogue model systems to a scCO, sequestration scenario is needed.

Recent bulk-measurement-focused experiments (i.e. experiments wherein experimental
parameters are measured at the inlet and outlet of the core, but not at individual points within
the core) with scCO, at reservoir conditions have expanded knowledge of scCO, flow in
porous media. Pentland et al. [2011a] measured the relationship between initial and residual
(i.e. capillary trapped) scCO, saturation in Berea sandstone and found that the capillary-

trapped amount of scCO, was less, although still significant, than that of an ambient
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condition analogue (decane) in the same medium, with residual scCO, saturations occupying
up to 35% of the pore space. Bachu and Bennion [2008b] demonstrated that pressure,
temperature, and salinity conditions, as well as rock characteristics, have a significant impact
on flow parameters such as capillary pressure, relative permeability, and interfacial tension
(IFT) of scCO,-brine systems. Others have investigated the wettability state of various
scCO,-brine-medium systems, e.g. in sand packs [Plug and Bruining, 2007], sandstone
[Pentland et al., 2011b], and carbonates [ElI-Maghraby and Blunt, 2012], and have shown that
under primary drainage conditions the media behaves as strongly water-wet systems;
however, during imbibition, sand and sandstone may transition to a more weakly water-wet
or intermediate-wet system as a result of exposure to scCO,. Other studies have shown that
the CO,-brine system can display a range of contact angles depending on the pressure,
temperature, and composition of the solid surface [Broseta et al., 2012; Chalbaud et al.,
2009].

In addition to these bulk-measurement-focused experiments, x-ray CMT has been utilized
from a pore-scale perspective to establish the feasibility of high-resolution visualization of
reservoir pressure CO, [Silin et al., 2011]; to confirm that residual trapping of scCO; is
achievable in geologic media [Iglauer et al., 2011]; and to investigate the influence of media
properties such as geometry of natural and synthetic media [Pentland et al., 2012] and
wettability and grain shape of synthetic media [Chaudhary et al., 2013] on scCO; flow. In
addition, core-scale studies have investigated relative permeability [Akbarabadi and Piri,
2013; Perrin et al., 2009], pressure-saturation curves [Pini et al., 2012], as well as the

relationship between initial and residual scCO, saturations [Akbarabadi and Piri, 2013].

In this work, we present a synchrotron tomography-based pore-scale analysis of the drainage
processes of the scCO,-brine system in Bentheimer sandstone with an in-house developed
mobile high-pressure setup for operation at geological reservoir conditions using a core
holder compatible with x-ray CMT. We present and compare the ambient (air-brine) and
supercritical (scCO,-brine) capillary pressure-saturation curves for primary drainage in
Bentheimer sandstone; we show images of the scCO, within the Bentheimer sandstone at
multiple points during the scCO; injection (drainage) process; and we analyze the evolution

of connectivity of scCO; fluid clusters. The results indicate that ambient pressure or
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micromodel system experiments can accurately predict the dominant flow regime during
scCO; drainage in Bentheimer sandstone and confirm that low mobility ratio (M) and low
capillary number (Ca) flow during drainage results in capillary fingering displacement of the

wetting fluid.
6.3 Experimental Equipment and Methods

6.3.1 Porous Medium and Fluid Characteristics

Two 6 mm diameter Bentheimer sandstone cores, denoted B1 (length of 37.1 mm) and B2
(length of 39.6 mm), were used during supercritical drainage experiments. Drainage of core
B1 was stopped at seven points during drainage to allow for equilibration and scanning
(“‘quasi-static”), while core B2 was drained continuously, but not scanned, allowing for
comparison of the quasi-static scanned and continuous unscanned capillary pressure-
saturation curves. A third core, B3, was drained continuously under ambient conditions with
air as the nonwetting phase following the methods of Herring et al. [2013]. Porosity of B1,
derived from a dry scan of the core with voxel resolution of 4.65 um, was 16%. The
petrophysical properties of Bentheimer sandstone have been previously reported by Maloney
et al. [1990] and @ren et al. [1998]. The wetting (W) fluid was a brine of 1:6 by mass
potassium iodide (which produces good x-ray contrast) and deionized water. Relevant fluid
properties at supercritical experimental conditions (T= 37.5°C, P=8.3 MPa) are shown in
Table 6-1.

Table 6-1. Experimental fluid properties at T= 37.5°C, P=8.3 MPa.
Viscosity Density IFT w. Brine
(mPa-s)  (kg/m°) (mN/m)
scCO, 0.03? 360° approx. 38°
Brine 1.13 1080 -
a. National Institute of Standards and Technology (NIST) web database
[http://webbook.nist.gov/chemistry/]
b. Interpolated from data by Bachu and Bennion [2008a]

6.3.2 Supercritical Experimental Set Up

The mobile experimental set up (Figure 6-1) was designed to allow for both core-scale and
pore-scale flow experiments at pressures up to 13.75 MPa (2000 PSI) in combination with

synchrotron and bench top x-ray imaging. All components are connected via 3.18 mm (1/8”)
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0.D. 316 stainless steel tubing (Swagelok, Solon OH, United States) and are mounted upon
heavy-duty rolling carts. The aluminum Hassler-sleeve type core holder (Phoenix
Instruments, Splendora Texas, United States) has a wall thickness of 0.127 cm and can
accommodate cores up to 6.35 mm in diameter and 7.6 cm in length (Figure 6-2).
Overburden pressure was applied to the core via a Buna-N Nitrile sleeve accommodated
inside the core holder. The core was assembled with a stainless steel spacer, Viton o-ring,
and two layers of hydrophilic nylon membrane with 1.2 micron pore size (General Electric
Company, Fairfield CT, United States) at the base of the core and a Viton o-ring and a 316
stainless steel washer at the top of the core. The entire core assembly is wrapped in
aluminum foil to prevent uptake of the scCO; by the Buna-N nitrile overburden sleeve, and
then wrapped in Teflon tape (Figure 6-2). Core temperature is maintained via incandescent
lamps and continuously monitored with external thermocouples (Omega Engineering Inc,

Stamford Connecticut, United States).

Fluid flow rates and pressures, including the overburden pressure, were controlled by high
precision, high pressure syringe pumps (Teledyne ISCO, Lincoln NE, United States). The
400 ml fluid separator (Figure 6-1) (manufactured in-house) allows complete mixing of the
fluids and is monitored by a differential pressure transducer with a range of £14.0 kPa (x 2
PSI) (Validyne Engineering, Northridge CA, United States). Three other Validyne pressure
transducers are connected in parallel with the core holder to allow pressure measurements
during flow experiments: two pressure transducers measure absolute pressure above and
below the core (pressure range: £8.6 MPa (x1250 PSI)), and one pressure transducer
measures differential (i.e. capillary) pressure across the core (pressure range: £14.0 kPa). The
450 ml brine and CO; accumulators and fluid separator, the temperature sensitive pressure
transducers, as well as all other temperature-sensitive components of the setup are housed in
a temperature-controlled and monitored environment (oven and external compartment), as

indicated in Figure 6-1.
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Figure 6-2. Assembly of high-pressure core holder for Bentheimer sandstone drainage
experiment.

6.3.3 Supercritical Experimental Process

Before filling and pressurizing the high-pressure system, the CO, flow paths and fluid
separator components assigned to hold and transport CO, were cleared of air by repeatedly
flushing with gaseous CO,. The brine accumulator and the connections for brine were filled
with degassed brine and taken up to working pressure (8.3 MPa or 1200 PSI). Approximately
150 ml of brine at ambient pressure was pumped into the separator; then CO, was pumped

into the separator until working pressure was achieved.

Mixing of fluids occurs within the fluid separator which has ports that are flush with the
endcaps at the top and bottom of the vessel as well as a bored-thorough port at the bottom
with a line that reaches approximately the midpoint of the vessel. Fluids are pushed back and

forth using the high pressure pumps: scCO; is pushed through the flush bottom port while a

Overburden Fluid
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mixture of fluids is allowed to be retracted through the midpoint line, then the mixture of
fluids is pushed back into the cylinder via the midpoint line while the scCO, phase is allowed
to retract from the top flush port. Pushing in the buoyant scCO; through the bottom port
allows the scCO; to travel through the brine phase as it migrates to the top of the separator
vessel, and pushing the mixture of fluids through the midpoint line allows brine in the
mixture to cascade down through the scCO; phase, facilitating complete mixing. This
mixture process was performed at least three cycles. Finally, brine phase was pulled from the
bottom flush port then pushed through the midpoint line multiple times, while scCO, was
allowed to flow in or out of the cylinder via the top port. This step clears the midpoint and

lower brine lines of scCO, replacing it with a pure phase of CO,-saturated brine.

Temperatures were set to 37.5°C, and fluids allowed to reach chemical and thermal
equilibrium, a process requiring 12-16 hours. Temperature was continuously monitored by
thermocouples inside the temperature-controlled space. Equilibrium was assumed to be
reached when the CO, pump, set to maintain constant pressure, maintained a constant
volume, indicating no further fluid volume changes, and the pressure across the separator

maintained a constant value.

The core assembly was attached to the system and vacuum-degassed brine was used to wet
the hydrophilic membrane and flush the core, with an applied overburden pressure of 1.4
MPa (200 PSI). Vacuum was applied at the upper outlet of the core holder in order to
completely saturate the core with brine. The core was gradually brought to the working
pressure (8.3 MPa), while the overburden pressure was concurrently raised to approximately
4.1 MPa (600 PSI) in excess of the core pressure, and the core temperature (37.5°C) was
established using incandescent lamps. Once the core reached a stable temperature, the core
was flushed with CO,-saturated brine at 8.3 MPa and 37.5°C until CO, gas was confirmed to
exit at the core holder back-pressure regulator (BPR) (see Figure 6-1). This filling process
ensured that the brine within the core was saturated with CO, and that the drainage process
was truly immiscible (i.e. the scCO, displaced the brine rather than dissolving into it). At this
point, scCO, was introduced into the line above the core holder and the CO, and brine phases

were separated by a single valve (labeled “S1” in Figure 6-1), and the core system was
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allowed to equilibrate. Equilibration was established when the differential pressure

transducer across the core maintained a constant pressure.

The brine pump was used to control flow rate from the bottom of the core; while the CO,
pump provides a constant pressure boundary at the top of the core. The brine pump was set to
retract at a constant volumetric flow rate of 0.100 ml/hr, while the scCO, pump was set to a
constant pressure setting of 8.3 MPa (1200 PSI). Absolute and differential pressures were
continuously monitored and recorded. For both continuous and quasi-static (scanned)
experiments, pumping of brine continued until a differential pressure of approximately 14.0
kPa (the pressure transducer range) was achieved, indicating that the NW fluid had reached
the hydrophilic membrane. For scanning, the pumps were stopped at seven points during the
drainage process, the system was allowed to equilibrate for 45 minutes and a scan was

acquired of the core. A scan was also taken of the dry core.

For the scanned experiment, scCO, saturation was derived from the images. Nonwetting
phase saturation for the unscanned, continuous curves was calculated from the pore volume
of the rock (which is estimated using the dimensions and mass of the vacuum dried core) and
the brine flow rate. That start point of drainage within the core (rather than the line above the
core) is evident as a sharp decrease in pressure and saturation is calculated as a function of

time from that start point.

6.3.4 Synchrotron x-ray CMT Imaging and Data Processing

Tomographic imaging was performed at the bending magnet beam-line at sector 13
(GSECARYS) at the Advanced Photon Source at Argonne National Laboratory. The beam-line
specifications have been described in detail in previous works [Rivers et al., 1999;
Wildenschild et al., 2005; Wildenschild et al., 2002]. All scans were performed at a
monochromatic energy level of 37.0 keV, significantly above the K-shell photoelectric
absorption edge of iodine (33.17 keV), resulting in high x-ray attenuation by the 1:6 by
weight potassium iodide-doped brine and thus allowing for separation of the wetting and
non-wetting fluids in the reconstructed images. This higher energy was used to overcome the
attenuation due to the core holder, overburden pressure fluid, and aluminum foil surrounding

the core. Images were captured at 720 angles, with a horizontal field of view of 6.47 mm, a
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vertical field of view of 4.83 mm, and a resulting voxel resolution of 4.65 um, as a result of
utilizing local tomography. For each point on the drainage curve (subsequently labeled A to
G, e.g. in Figure 6-5), two scans were acquired at different heights in the core with a vertical
overlap of 0.5 mm.

The acquired radiographs were reconstructed into three-dimensional (3D) volumes via the
programming language IDLTM (Research Systems Inc.) and the subsequent image
processing and analysis was performed using Avizo® Fire (FEI Visualization Sciences

Group, Burlington Massachusetts, United States).

To reduce noise and blur, the grayscale 3D datasets (Figure 6-3a) were processed with an
anisotropic diffusion filter applied with a diffusion threshold value of 350 and 50 iterations
(Figure 3b). The anisotropic diffusion filter facilitates the histogram-based segmentation
process by separating the peaks that differentiate two phases: the non-wetting phase scCO,
and a combination of the wetting phase and solid (Figure 6-3a and b). We segmented the
resulting grayscale image by applying a universal intensity threshold to all volumes at a
grayscale value of 62.5 (Figure 6-3c). To remove the remaining noise, we applied a size
exclusion filter that removes all NW phase-labeled clusters smaller than 250 voxels (Figure
3d). The size of these clusters corresponds to the volume of a spherical pore with a radius of
18.2 um; removal of clusters smaller than this size is justified given the pore-size distribution
of the Bentheimer sandstone [Maloney et al., 1990]. The two vertical scan sections were then
merged to form an 8.0 mm tall volume, and all quantitative measures are calculated on this
final volume using analysis tools available in Avizo® Fire: total number and density of NW-
labeled voxels and individual volume of distinct NW voxel clusters. These values were
normalized by the corresponding values for the respective core in its dry state.
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Figure 6-3. Image processing steps for segmenting supercritical CO, (scCO,) within
Bentheimer sandstone. The raw data (a) is cropped and an anisotropic diffusion filter is
applied (b). The filtered image is segmented according to the grayscale histogram local
minimum, resulting in a binary image (c) and noise is removed applying a size exclusion
filter (d).

6.4 Results and Discussion

6.4.1 Primary Drainage Pressure-Saturation Relationship

The drainage process of the scCO,-brine system in Bentheimer sandstone, at geological
reservoir conditions, was imaged at the pore-scale using x-ray synchrotron tomography.
Capillary pressure- saturation (P.-S) curves measured with the supercritical experimental
system are shown in Figure 6-4a; a continuous drainage curve (from core B2) is overlain
with the equilibrium pressure-saturation points from the scanned drainage experiment (core
B1) showing consistent behavior between the stepped equilibrium data and the continuously
scanned measurements. The scanned points from core B1 are labeled A-G, corresponding to
the data presented in Section 3.2. Note that the pressures of points B and C are estimated by
comparison to the continuous drainage curve, due to inadequate equilibration during the first

two scanning periods. Point A was collected prior to the start of drainage. However,
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temperature fluctuations within the core (temperature ranged from 36.9 to 38.8°C prior to the
start of data collection) caused exsolution of dissolved CO; and the resulting data is shifted

towards lower brine saturation (i.e. less than 1.0) (e.g. Figure 6-4, point A; and Figure 6-7a).

For comparison with the scCO,-brine system, an ambient air-brine P.-S curve was measured
on a third core, B3, following the methods described in Herring, et al. [2013] and is also
shown in Figure 6-4a. The decrease in NW phase entry pressure between the ambient air and
supercritical CO, curves is due to decreased interfacial tension (IFT) between scCO, and
brine as compared to air and brine (see Table 6-1). This result is similar to the shift between
supercritical and ambient pressure-saturation curves reported by Plug and Bruining [2007]
and Akbarabadi and Piri [2013]. This interpretation is confirmed by the curves shown in
Figure 6-4b, wherein the capillary pressures of the systems are normalized by their respective
interfacial tension values; as shown, primary drainage for the scCO,-brine and air-brine
systems can be successfully described by a single P./c-S relationship. This finding provides
support for use of analogue fluids in flow experiments to simulate primary drainage of
scCOa.
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Figure 6-4. Primary drainage (a) capillary pressure-saturation (P.-S) curves and (b) capillary
pressure normalized by interfacial tension-saturation (P./c-S) curves for the two scCO,-brine
experiments (continuous and quasi-static) and for a continuous ambient air-brine drainage
experiment. The quasi-static points are labeled with their scan designation in (a). Uncertainty
bars indicate the range of pressure variation during equilibration. The hollow supercritical
quasi-static points indicate estimated pressure values.
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The brine saturation at the end of primary drainage (“initial” brine saturation) measured here
(scan G, Sw = 9%) is relatively low compared with other scCO, flow experiments. For
example, Iglauer et al. [2011] measured an initial brine saturation of approximately 50% in
homogenous Doddington sandstone cores of 9 mm length and 4.95 mm diameter, and
Akbarabadi and Piri [2013] measured initial brine saturations ranging from 30% to 75% in
Berea and Nugget sandstone cores of approximately 15 cm length and 3.8 cm diameter.
Similarly, Krevor et al. [2012] report initial brine saturations of 41% to 54% in a variety of 5
cm diameter, 10 cm length sandstone and reservoir rock samples; however, Krevor et al. state
that the minimum achievable end-of-drainage brine saturation is dependent on the capillary
pressure achieved in the experiment, and the authors indicate that lower brine saturations
should be attainable at sufficiently high capillary pressure. The difference in initial bine
saturation values between these previous studies and the value reported here is due to our use
of a hydrophilic membrane at one end of the core (the works mentioned above use co-current
flow, and do not include a membrane in the experimental design). A similar effect is shown
by Pentland et al. [2011a] who achieved initial brine saturations of approximately 10% with
the use of a semi-permeable disk in their experimental set-up. The hydrophilic membrane (or
semi-permeable disk) prevents scCO, breakthrough, thus approximating a semi-infinite
geologic media, and allows higher capillary pressures (and consequently, lower brine
saturations) to be achieved. As a result of this experimental design, we have presented a more
complete pressure-saturation curve for primary drainage, derived from real-time
measurements of capillary pressure across the core coupled with x-ray tomography based

saturation information.

6.4.2 Connectivity and Topology of scCO, Front during Drainage

The connectivity of NW fluid after drainage plays a significant role in controlling the amount
of residual trapping of the NW fluid that is achieved after the subsequent imbibition of W
fluid back into the pore space [Herring et al., 2013; Wardlaw and Yu, 1988]. Here, the
connectivity of the CO; is investigated via I'sccop [Renard and Allard, 2013]:

1 N(Xsccoz)
l—‘scCOz = Z 02 n? (Eq. 6.1)

i— 2
Nsccoz =1
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where n; is the number of connected scCO, voxels of each individual i scCO, cluster (i.e.
the size of each individual scCO; cluster, in voxels), Xs.co2 is the set of all scCO, voxels, and
Nscco, 1S the total number of scCO, voxels. The relative fraction of connected scCO, clusters
increases as drainage proceeds and brine saturation decreases (Figure 6-5). The relative
fraction of connected scCO, clusters approaches unity even at relatively high brine saturation
(0.60); this indicates that the scCO; invades the core largely as one connected component,

rather than multiple distinct fingers emanating from distinct sources.
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Figure 6-5. Connectivity of the supercritical CO, (scCO,), quantified by the connectivity
measure ['sccoz, as a function of brine saturation during the brine drainage process in
Bentheimer sandstone

The high connectivity of the scCO, is confirmed by investigating the distribution of the
scCO; cluster sizes (Figure 6-6). Figure 6-6a demonstrates that throughout the drainage
process, the number of small clusters (clusters of approximately 0.01 mm?® and smaller) first
increases (points A to E), then decreases (points E to G). These small clusters are present due
to snap-off, which occurs when pumping is paused during scanning. The number of small
clusters first increases as more scCO; enters the pore space, then decreases as pumping
continues and scCO, saturation increases and connects individual clusters via pore throats.
Figure 6-6b is a truncated plot, showing the size distribution of the medium (0.01 — 1 mm?)
and large (> 1 mm?®) clusters, which establishes that for drainage points B-G, there exists
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precisely one large cluster that increases in volume from points B-G. Comparison of Figure
6-6b with Figure 6-6¢ establishes that this one large scCO, cluster makes up the great
majority of the total scCO, volume within the pore space (90% of the total scCO, volume for
point B, and increasing as drainage proceeds) for every drainage point (excluding point A,

which was measured before the start of drainage).

The topology of the scCO, can be investigated from a qualitative perspective as well (Figure
6-7). Three dimensional (3D) isosurfaces and two dimensional (2D) binary X-Z oriented
slices of the scCO; show the extent of temperature-induced scCO, phase separation out of the
brine prior to drainage (Figure 6-7, scan designation A). We note here that such exsolution
may occur in any experiment using CO,-saturated brine, which highlights the importance of
maintaining temperature uniformity throughout the experimental system. The tomographic
data show the increase of scCO, saturation during the progression of drainage (Figure 6-7,
scan designations B, D, and G). A subsection of these binary X-Z oriented slices overlain on
the original grayscale data (Figure 6-7) demonstrates the evolution of the scCO, front on the
pore scale. As shown by all three image types, although scCO, was injected at the top of the
core, the scCO, does not move in a uniform, stable front. Rather, it first invades the largest
pores, gradually filling smaller pores as drainage proceeds, and travelling in all directions.
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Figure 6-6. Size of supercritical CO; (scCOy) fluid clusters at each point A-G during the
brine drainage process in Bentheimer sandstone: (a) distribution of scCO; clusters as a
function of cluster volume for small clusters less than 0.01 mm?, (b) close-up view of
distribution of scCO, clusters as a function of cluster volume for clusters larger than 0.01
mm?, and (c) cumulative scCO, volume as a function of cluster volume. Note difference of
scale between (a) and (b). Although there is a relatively large number of small (<0.01 mm?®)
fluid clusters, most of the cumulative volume of scCO, present within the sandstone (greater
than 90%) is derived from a single large cluster for drainage points B-G (with a size ranging
from 9.4 mm? for scan B to 28.7 mm® for scan G).
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Figure 6-7. Three dimensional (3D) isosurfaces, two dimensional (2D) binary X-Z oriented
slices, and a closer view of the 2D binary slices overlain on the original grayscale image of
supercritical CO, (scCO;) within Bentheimer sandstone at four points during the drainage
process. Core diameter is approx. 6 mm and the scale is shown for the close-up slices.
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For a drainage process in 2D micromodels, three flow regimes have been identified: capillary
fingering is characterized by flow through a single interconnected flow path with a width of
tens of pore bodies; viscous fingering presents several disconnected flow paths with widths
of 1-3 pore bodies; and stable displacement occurs when the NW fluid advances as a solid
front [Lenormand et al., 1988; Zhang et al., 2011]. The characteristics of these flow regimes
are not as clearly defined in 3D porous media; however, the quantitative measures
demonstrating high connectivity dominated by a single scCO, fluid cluster (Figures 6-5 and
6-6) and qualitative data illustrating the evolution of the scCO, front (Figure 6-7) we present

here provide evidence that during this drainage experiment, scCO, invades the sandstone via

capillary fingering. This is expected; given the low mobility ratio M = €% — (.03 and low

Hbrine

Kco,Vco,

capillary number Ca = = 107%%0f this drainage experiment (Figure 6-8). The

agreement between previous studies on 2D systems and the supercritical 3D system
investigated here provides support that the flow regimes developed by examination of 2D
micromodels [Lenormand et al., 1988; Wang et al., 2012; Zhang et al., 2011] are relevant to

3D systems with geologic porous media and supercritical conditions.
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Figure 6-8. Flow regime phase diagram for drainage. The flow regimes are
defined based on the capillary number (Ca) and mobility ratio (M) of the
drainage process; solid lines indicate boundaries defined by Lenormand et al.
[1988] and dashed lines indicate boundaries defined by Zhang et al. [2011].

Conditions of the scanned supercritical CO, (scCO;) drainage experiment
within Bentheimer sandstone are represented by the red diamond.

6.5 Conclusions

We have presented unique capillary pressure-saturation (Pc-S) curves for supercritical CO,
(scCO,) and brine at reservoir conditions, i.e. 37.5°C and 8.3 MPa, where the saturation data
is calculated from x-ray CMT images paired with bulk measurements of capillary pressure
via pressure transducers. We have compared the scCO;, P¢-S curve to an ambient P¢-S curve
and normalization of the capillary pressure curves by the air-brine and scCO,-brine
interfacial tensions (o) results in a single P¢/c-S curve that describes primary drainage for
both ambient and supercritical conditions. We have shown that quasi-static equilibrium
capillary pressure data overlap that obtained in continuous pressure experiments of the

primary drainage process of scCO, in Bentheimer sandstone at reservoir conditions and low
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flow rate. We have obtained much lower initial saturations of brine in our system (9%) than
reported in other studies (30-75%), which, because of our use of a hydrophilic membrane at
the brine outlet, better approximates a semi-infinite geologic medium, and which we believe
is a more realistic characterization of CO, storage capacity during drainage. These
experiments have highlighted the importance of temperature uniformity throughout the
experimental system due to the possibility of scCO, exsolution due to temperature variation.
Additionally, we have investigated the connectivity of the scCO, front on a pore-scale basis
and provided both quantitative and qualitative evidence demonstrating scCO, invasion via
capillary fingering, which is consistent with mobility ratio/capillary number-based
predictions obtained at ambient pressure [Lenormand et al., 1988; Zhang et al., 2011] and in
homogenous (2D) high-pressure CO, system micromodel studies [Wang et al., 2012]. Our
results show a very complete drainage process of scCO, displacing brine (to a brine
saturation of 9% at the end of primary drainage) in a capillary fingering flow regime using
sandstone at reservoir conditions and indicate that 2D and ambient system experiments can

be used to approximate scCO, flow processes during primary drainage.
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Chapter 7. Summary and Conclusions

7.1 Research Summary

The research presented in this dissertation has utilized x-ray computed microtomography (x-
ray CMT) to investigate nonwetting (NW) phase fluid movement and trapping on a pore-
scale basis. In particular, we have utilized ambient-condition core experiments to focus on
three areas of study which are of significant importance to geologic sequestration of

supercritical phase COy:

(1) Variation of wetting (W) and NW fluid/engineering/medium properties and the
resulting transitions in pore-scale force dominance

(2) Impact of the post-drainage, initial state of the system on the post-imbibition, residual
state of the system

(3) Influence of wettability state on NW phase fluid flow and mobilization

In addition, supercritical-condition CO, flow experiments have been conducted and related
the results to ambient condition studies to demonstrate the applicability of previously

developed flow models.

Though the investigation attempted to isolate the individual effect of these issues, each one
influences the others, with the result that all must be considered in order to fully describe an

experimental system.

Chapter 3 presented results of an ambient condition experimental study investigating NW
phase trapping during one drainage-imbibition cycle, using multiple W-NW fluid pairs in
sintered glass bead columns. It was demonstrated that viscous and gravitational forces, as
described by Mobility ratio and Bond number, control trapping in that experimental system
rather than capillary forces. Chapter 4 presented an additional ambient condition study of
NW (air) trapping in air-brine drainage-imbibition experiments in Bentheimer sandstone,
which (contrary to the glass bead system) show trapping to be a function of imbibition
Capillary number. To explain the difference in results for different experimental systems, a
method is presented in Chapter 4 for estimating pore-scale force dependence as a function of
fluid properties (viscosity, density, interfacial tension), engineering parameters (flow rate),
and medium properties (grain size); this analysis allows for prediction of the forces and
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parameters which will have the greatest impact on capillary trapping in a multiphase-porous

medium system.

Also in Chapter 4, the same air-brine Bentheimer sandstone system was used to investigate
how the initial state of the system (in particular, the connectivity and topology of NW phase
at the initial state) impacts the residual state of the system. Two quantitative metrics were
used to describe initial state connectivity and topology. The gamma function, I'(NW),
measures the ratio of connected pairs of individual NW voxels to all the possible pairs of
NW voxels in the data volume. The normalized Euler number, ¥y, is a topological measure
of the relative amount of distinct individual NW fluid clusters to the number of redundant
connections within NW fluid clusters in the data volume, normalized to the the y value of the
same medium at 100% NW phase saturation. For I'(NW) = ¥y = 1.0, NW phase is at
maximum connectivity. It was shown that capillary trapping efficiency decreases linearly as
initial ¥y, increases, demonstrating that NW phase mobilization is more likely if the number
of redundant connections within NW phase at the initial state is high. This effect was found

to be more significant for systems dominated by viscous forces, compared to capillary forces.

Results of ambient condition experiments of air and brine flow in Bentheimer sandstone
which had been treated to exhibit varying degrees of wettability (strongly water-wet, weakly
water-wet, and intermediate-wet) were discussed in Chapter 5. It was demonstrated that
reduced capillary trapping resulted for systems with contact angle closer to 90°; and also
quantitatively and qualitatively shown that flow patterns are significantly different for
systems of different wettability: as contact angle increases towards 90°, capillary forces are

reduced and flow is dominated by buoyancy forces.

In Chapter 6, a novel supercritical condition experimental system was introduced that allows
for experiments wherein bulk measurements (i.e. pressure measurements across the core) are
coupled with in-situ synchrotron x-ray CMT visualization of supercritical CO, flow. It was
demonstrated that by consideration of the influence of viscous and capillary forces, drainage
of supercritical CO, follows flow regimes developed in ambient condition 2D micromodel
experiments; this confirms that pore-scale phenomena observed at ambient conditions are

influential to flow processes at geologic conditions as well.
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7.2 Application to Geologic Sequestration

For application to carbon capture and storage (CCS) operations, this research suggests that in

order to optimize capillary trapping of supercritical CO, in a geologic storage reservoir:

The supercritical CO,-brine-geologic reservoir system should be analyzed from a
pore-scale force balance perspective to determine which fluid/flow/medium
properties will dominate the capillary trapping process.

Engineering parameters of the CO, and/or chase brine injections (e.g. temperature,
pressure, flow rate) can be more efficiently optimized based on the above force
balance analysis.

Reservoir medium properties (grain- and pore-size distribution, and wettability)
should be carefully considered in order to limit the effects of gravity and thus reduce
buoyant transport of CO,.

CO; injection should be managed in order to limit connectivity of the CO, after
injection stops; either by limiting the initial CO, saturation or by manipulation of
injection patterns. For example, one suggestion would be to have a shorter vertical
injection interval in the injection well: injection only into the lower portions of the
aquifer would allow for vertical migration and might prevent the CO, plume from
approaching high saturation levels at the injection point.

After CO; injection, the subsequent imbibition process should be carried out at very
low Ca regime; this would be accomplished by allowing imbibition via natural

groundwater flow, or by using very low flow rates for chase brine injection.

7.3 Future Work

In this work several factors which influence capillary trapping in ambient condition systems

have been investigated, and it has been demonstrated that it is feasible to investigate these

same factors in supercritical-condition experiments. The supercritical experimental set-up

which was designed, built, and implemented during the course of the work encompassing this

dissertation, and which was presented in Chapter 6, is uniquely capable of investigation of

the same factors under supercritical conditions:
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e The pore-scale force balance analysis presented in Chapter 4 should be confirmed
for supercritical conditions. Increasing or decreasing experimental pressure and
temperature, and increasing experimental flow rate will allow for exploration of
buoyancy, viscosity, and capillary-dominated flow and trapping of supercritical
CO..

e The relationship between initial state connectivity and capillary trapping, as
presented in Chapter 4, should be confirmed for supercritical conditions in order to
verify the importance of considering CO, topology during CO, injection.
Conducting a series of supercritical condition drainage-imbibition capillary trapping
experiments would allow for investigation of this relationship. Further, CO,
connectivity and topology in different and more heterogeneous media could also be
studied.

e Wettability alteration as a function of exposure to supercritical CO, and brine can
be investigated from a pore-scale perspective by investigation of supercritical CO,-
brine-solid interfaces (e.g. Andrew et al.[2014]). A temporal change in contact
angle of residually trapped CO; clusters, along with visualization of successive CO,
flow patterns (as in Chapter 5) during multiple drainage-imbibition cycles of
supercritical CO, and brine would allow for determination of wettability alteration

and prediction of CO; flow in wettability altered media.

To further confirm applicability of these findings for CO, sequestration applications,
upscaling relationships need to be developed which link these pore-scale processes to overall
reservoir-scale trapping mechanisms. For this, larger scale ambient condition experiments
with proxy fluids could be conducted with 2D visualization based techniques (e.g. neutron

radiography, or use of “transparent soils”).
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