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Abstract

Laboratory Experiments and Modeling to Evaluate Critical

CO2 Saturation for Geologic Carbon Storage

Jose Eduardo Ubillus, MSE
The University of Texas at Austin, 2024

SUPERVISORS: David DiCarlo, Hailun Ni

During geologic carbon storage, the flow regime is strongly capillary- and

buoyancy-dominated as the CO2 plume migrates away from the injection well and

during the post-injection redistribution period. Small-scale geological heterogeneities

in the targeted storage formations can affect CO2 saturation and cause a substantial

increase in trapped CO2 during this flow regime. These heterogeneities can retain

a significant amount of CO2 because of capillary heterogeneity trapping, also known

as local capillary trapping. Sand tank laboratory experiments have shown that the

value of this parameter can vary greatly depending on the type (i.e., geometry) and

degree (i.e., grain size contrast) of heterogeneity. This work aims first to investigate

the impact of small-scale heterogeneities on trapping performance using sand tank

experiments and then examine how heterogeneity-induced trapping affects field-scale

simulation results.

Various realistic ripple deposits with varying grain size contrast and wettabil-

ity were produced using an automated glass bead packing system in a meter-scale slab

chamber to study the impact of small-scale heterogeneities trapping performance. A

surrogate fluid pair was used to mimic the properties of in-situ brine and supercritical

CO2. Using a light transmission system, we measure the infiltration patterns, cap-
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illary heterogeneity trapping, and overall trapping performance. The experimental

results showed variations in trapped saturation and capillary heterogeneity trapping

exhibited when the ripple bedform architecture was altered (10% to 20% increment).

Similar growth in trapping performance is observed when grain size contrast increases.

Additionally, wettability changes (water-to-oil-wet) increased nonwetting saturation

and capillary heterogeneity trapping up to 5% and 10% to 20%, respectively.

It is crucial to adequately upscale the e�ect of small-scale heterogeneities;

otherwise, it can lead to inaccurate �eld-scale CO2 storage simulations. Capillary

heterogeneity trapping buoyancy-driven 
ow can be captured through a parameter

known as the critical CO2 saturation. This parameter, which represents the �rst

nonzero value on the CO2 drainage relative permeability curve, can inform �eld-scale

numerical simulations.

We conducted numerical full-physics simulations to investigate the in
uence

of critical CO2 saturation on plume dynamics distribution and trapping mechanisms.

Three sets of 2D �eld-scale simulations were run in a synthetic composite con�n-

ing system with varying critical CO2 saturations from 0.1 to 0.4. The �rst set was

implemented without hysteresis and dissolution e�ects to capture only the impact

of critical saturation on residual trapping. The second set included dissolution to

understand the role of critical saturation in solubility trapping. Lastly, simulations

involving both hysteresis and dissolution were performed to study the in
uence of

di�erent trapping mechanisms on CO2 retention and plume migration.

Furthermore, we study the impact of critical saturation when di�erent estab-

lished capillary pressure models are used. The Brooks-Corey (BC), Modi�ed Brooks-

Corey (MBC), and van Genuchten (VG) models are employed. While neither the BC

nor VG models consider critical saturation in their formulation, the MBC model does

incorporate the critical saturation value as a direct input. The simulation showed that

the plume size and lateral extent decreased as critical saturation increased, keeping

the plume con�ned within the pore space domain boundaries. Moreover, movable gas
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decreased over time as critical saturation increased. As expected, hysteresis boosted

CO2 residual trapping due to imbibition. However, the impact of imbibition trapping

diminished with increasing critical saturation since a more signi�cant proportion of

CO2 had already been trapped during the drainage process thanks to the e�ect of

capillary heterogeneity trapping.

Additionally, the VG capillary pressure model contributed more to residual

and solubility trapping than the MBC model. These results indicate that the shape

of the capillary pressure curve near the critical saturation plays a signi�cant role

in trapping mechanisms. Regardless of the capillary pressure model, an increase in

critical saturation causes the CO2 plume dynamics distribution and trapping per-

formance to converge. Critical CO2 saturation signi�cantly a�ects the plume size,

lateral extent, and trapping mechanisms from the �eld-scale simulations. Therefore,

these results provide insightful information about the behavior of CO2 migration and

trapping in heterogeneous geologic formations.
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Chapter 1: Introduction

Mitigating greenhouse gas emissions is one of the most signi�cant challenges

humanity is currently facing (IPCC, 2005). The Intergovernmental Panel on Climate

Change, during the Paris Agreement in 2015, proposed various solutions to reduce

anthropogenic CO2 emissions and combat climate change (IPCC, 2022). One of the

most promising technologies for achieving this goal is underground geological car-

bon storage. The process involves capturing CO2 at the source, compressing and

transporting it through pipelines before injecting the 
uid into geological formations

such as depleted oil�elds, saline aquifers, or basalt formations (Krevor et al., 2023;

IPCC, 2005; Holloway, 2005; Bachu, 2003). To achieve the goal set by the IPCC

to limit warming between 1.5-2°C, unprecedented 
uid rate handling (3-10 Gt per

year) is needed. Therefore, exponential carbon capture and storage industry growth

is required (Krevor et al., 2023).

1.1 Background

1.1.1 On the subsurface elements of potential geologic carbon storage
formations

A potential storage formation typically comprises a porous and permeable

reservoir where the CO2 is injected and an impermeable rock layer capable of prevent-

ing upward migration to ensure the 
uid remains trapped permanently. Speci�cally,

sandstones and carbonate rocks show petrophysical properties suitable for storage.

These formations have average permeabilities of 10� 15 m2 or higher, and porosity

ranges from 0.07 to 0.22 (Krevor et al., 2019). The targeted reservoir depth must

be below 800 to 1000 m in the subsurface, so the CO2 injected have supercritical

properties (Bachu, 2003). As for the sealing structure, shales and evaporites are

suitable formations to ensure 
uid containment. However, �ne-grained sandstones

or carbonates can also act as sealing layers (Holloway, 2005; Bump et al., 2023).
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These conditions can mainly occur in sedimentary rock formations. Nonetheless,

such porous formations can contain other geologic heterogeneities that can signi�-

cantly a�ect CO 2 retention (Benson and Cole, 2008; Bachu, 2003).

The aforementioned general properties are present in most geological carbon

storage reservoirs; however, other geologic factors can in
uence the storage process.

For instance, faults can compartmentalize the reservoir, leading to an increase in

pressure around the wellbore. These faults will limit the 
uid injection rate during

the operation (Holloway, 2005). Further, mm- to dm-scale heterogeneities have been

proven to in
uence 
uid 
ow in carbon sequestration settings (Li and Benson, 2015).

This extra amount of trapping because of small-scale capillary heterogeneities is called

capillary heterogeneity trapping or local capillary trapping (Saadatpoor et al., 2010).

1.1.2 Fluid 
ow dynamics and trapping mechanisms

Three competing forces in
uence the 
ow throughout the CO2 migration pro-

cess: gravity, capillary, and viscous forces. Closer to the injection well, CO2 moves

as a compact mass with high saturation distributed uniformly (viscous 
ow regime).

However, when the 
uid migrates farther away from the injection well, as is the case

in geological carbon storage, viscous forces decrease, and CO2 enters the capillary-

and buoyancy-dominated 
ow regime (Meckel et al., 2015). During this 
ow regime,

the 
uid will move as �ngers in places with enough buoyancy pressure to overcome

the capillary entry pressure of low-permeability barriers (Saadatpoor et al., 2010). In

this process, a fraction of CO2 is trapped within the reservoir because of the presence

of heterogeneities (Meckel et al., 2017). If the reservoir is extensive enough, di�erent

sealing units will be involved in retaining the 
uid, but once the 
uid �lls those units,

it will migrate toward the adjacent structure. This behavior will also create a more

tortuous migration CO2 path through the reservoir (Jackson and Krevor, 2020).

The critical factor in this process is to ensure that the CO2 plume will be

immobilized and trapped within the reservoir boundaries. Four trapping mechanisms
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contribute during 
uid migration to achieve permanent CO2 storage: Structural trap-

ping occurs when the 
uid accumulates beneath sealing structures such as anticlines

or salt domes. As the 
uid moves through the reservoir, water will imbibe back

previously CO2-�lled pores, forming isolated CO2 blobs trapped by capillary forces

(Krevor et al., 2011). This mechanism is known as residual trapping. Small-scale

heterogeneities signi�cantly impact residual trapping (Krevor et al., 2015; Li et al.,

2013). Dissolution trapping is the third mechanism present during CO2 plume mi-

gration, CO2 will dissolve in water, which contributes to stabilizing the CO2 plume

front (Bakhshian and Hosseini, 2019; Bakhshian, 2021). Finally, CO2 mineralization,

known as mineral trapping, can enhance CO2 trapping. However, deep saline aquifers

can present insu�cient amounts of minerals for the process to take place (Krevor et al.,

2023).

1.1.3 The impact of small-scale heterogeneities in geologic carbon storage

Recent studies, including investigations at pore- and core-scale levels (e.g.,

micromodels, micro-CT imaging, and core 
ooding), have been in
uential in unrav-

eling the intricacies of CO2 
uid behavior within sedimentary rocks (Bakhshian and

Hosseini, 2019; Krevor et al., 2015, 2011; Krishnamurthy et al., 2017; Kurotori and

Pini, 2021; Li and Benson, 2015; Ni et al., 2019; Seyyedi et al., 2022). However, these

studies could only consider the in
uence of small-scale heterogeneities within their

domain sizes, which are limited. In contrast, intermediate tank-scale experiments

o�er a broader domain size, enabling a more comprehensive characterization of het-

erogeneity e�ects. Considerable attention has been devoted to tank-scale experiments

to elucidate CO2 
uid 
ow dynamics.

For instance, Trevisan et al. (2015, 2017b) conducted sand tank experiments

mimicking an aquifer con�guration, demonstrating that dm-scale heterogeneities can

increase CO2 storage capacity through local capillary trapping. In addition, Agar-

tan et al. (2015, 2020) studied the e�ect of small-scale heterogeneities on dissolu-

tion trapping. Their results suggest that dissolved CO2 remains immobilized below
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low-permeability zones. Despite the e�ort to quantify the e�ect of small-scale het-

erogeneities through sand tank experiments, such domain geometries need to match

realistic sedimentary structures in nature.

Subsequent research entailed multiphase 
ow tank-scale experiments using an

automated feeder machine to replicate realistic heterogeneous geometries. Such tank-

scale experimental methods are valuable as they allow easy engineering of di�erent

degrees and types of heterogeneity present in nature. The study underscored that

increased cross-bedded formations grain size contrast (i.e., degree of heterogeneity)

correlates with a higher buoyant 
ow nonwetting saturation level (Krishnamurthy

et al., 2022). Other than cross-beds and herringbone structures (Davidson et al.,

2022), no other studies have been conducted on di�erent types of sedimentary do-

mains. However, Ni et al. (2023) demonstrated that heterogeneity geometry can

signi�cantly impact the amount of CO2 capillary trapping. Therefore, in this work,

we look at di�erent realistic ripple domains to quantify how variations in bedform

patterns a�ect trapping.

In adjacent research in oil recovery, studies have found that wettability pro-

foundly in
uences 
uid 
ow dynamics (Masalmeh, 2003; Spiteri et al., 2008). Most

sedimentary rocks in deep saline aquifers, notably sandstones, typically exhibit high

water-wet characteristics. Nevertheless, these reservoirs may exhibit variability in

wettability, which can subsequently impact 
uid migration and trapping behaviors

(Al-Khdheeawi et al., 2017). Numerous studies have explored pore-scale homoge-

neous domains to quantify changes in saturation and trapping using techniques such

as micro-CT imaging (Celauro et al., 2014; Geistlinger and Ataei-Dadavi, 2015). How-

ever, how tank-scale wettability alterations a�ect CO2 trapping remains a knowledge

gap within the scienti�c literature.

16



1.1.4 Numerical modeling of CO 2 plume dynamics and trapping perfor-
mance

Accurately modeling the fate of the CO2 plume is essential for the success of

geological carbon storage in deep saline aquifers. Nevertheless, this remains a di�cult

challenge because various geological structures in the targeted storage formations play

a crucial role in CO2 migration. For instance, faults can act as potential leakage

pathways (Askar, 2023), caprock integrity during injection is a primary concern (Chu

et al., 2023), and small-scale heterogeneities signi�cantly impact plume dynamics

(Ershadnia et al., 2020; Jackson and Krevor, 2020).

E�ectively predicting the e�cacy of the trapping mechanisms is crucial for

forecasting the destiny of the captured CO2. Numerous studies have focused on de-

termining the absolute permeability, relative permeability, and capillary pressure of

CO2-brine systems (Alkan et al., 2010; Chuan et al., 2014; Pini and Benson, 2013;

Pini et al., 2012; Kurotori and Pini, 2021). These investigations are fundamental

for modeling the injection of supercritical CO2 into saline aquifers. For instance,

Alkan et al. (2010) illustrated through numerical simulations that capillary pressure,

salinity, and solubility collectively a�ect storage capacity. Additionally, Chu et al.

(2023) demonstrated that residual water and gas saturation are pivotal parameters

in
uencing CO2 di�usion distance within the reservoir-caprock system, utilizing var-

ious relative permeability and capillary pressure models. This study remarks on the

importance of accurate parameter selection to evaluate caprock integrity and leakage

risk during CO2 plume migration.

Previous research has examined variations in relative permeability and capil-

lary pressure curve shapes. Oostrom et al. (2016) compared the impact of di�erent

curve relations on CO2 �eld-scale simulations, revealing that the choice of model af-

fects the lateral extent of the plume and saturation distribution. Similarly, Gershen-

zon et al. (2016) investigated the implications of Brooks-Corey and van Genuchten

capillary pressure curves on CO2 trapping. This study found that the Brooks-Corey
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model results in trapping via capillary pinning due to capillary entry pressure, while

van Genuchten leads to capillary retardation trapping. Despite extensive e�orts to

study how altering simulation inputs (such as relative permeability and capillary

pressure curves) a�ects CO2 migration, more work is needed to integrate the e�ect

of realistic small-scale heterogeneities.

1.2 Outline

Quantifying the impact of small-scale heterogeneities during CO2 plume redis-

tribution is imperative to improve �eld-scale numerical simulations of underground

geological carbon storage. Multiphase 
ow beadpack experiments under buoyancy-

and capillary-dominated 
ow conditions are widely used to understand CO2 migration

and trapping through various heterogeneous formations (Agartan et al., 2015; Tre-

visan et al., 2017a; Krishnamurthy et al., 2022; Davidson et al., 2022).

In this thesis, we conduct meter-scale bead pack experiments in di�erent types

and degrees of heterogeneities (i.e., ripple-laminated facies) to quantify the expected

amount of CO2 trapped during drainage and redistribution (Chapter 2). Subse-

quently, the experimental results will be incorporated into realistic reservoir simu-

lation models to accurately assess CO2 retention capacity and plume migration in

carbon storage projects. We conduct reservoir simulations in a synthetic composite

con�ning system to investigate the implications of varying critical CO2 saturation

on plume dynamics and trapping performance. Furthermore, we investigated the ef-

fect of such variations in critical saturation using multiple capillary pressure models

(Chapter 3). Finally, Chapter 4 summarizes the contributions of this thesis and future

work.
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Chapter 2: Experimental Investigation of
CO 2 Buoyant Flow Saturation: The Impact of

Realistic Bedforms and Heterogeneous Wettability

2.1 Introduction

Previous studies have shown that mm- to dm-scale heterogeneities can pro-

foundly in
uence CO2 migration and trapping dynamics (Trevisan et al., 2015; Agar-

tan et al., 2020). Nevertheless, such sand tank geometries may only partially re
ect

the complex sedimentary structures in the subsurface. Ni et al. (2023) demonstrated

that the geometry of small-scale heterogeneities can signi�cantly impact the amount

of CO2 capillary trapped. For example, Krishnamurthy (2020) showed that an in-

crease in grain size contrast between coarse and �ne grains increases the trapped

nonwetting saturation from 0.27% to 38% in cross-laminated formations. However,

no other heterogeneities have been tested besides cross-laminated formations and

herringbone patterns (Davidson et al., 2022). Therefore, conducting tank-scale ex-

perimental investigations is imperative to precisely quantify the impact of such types

of heterogeneities on trapping performance. Furthermore, various studies have shown

the impact of wettability alterations on 
uid migration and trapping in homogeneous

domains (Spiteri et al., 2008; Celauro et al., 2014; Masalmeh, 2003; Geistlinger and

Ataei-Dadavi, 2015). But the scienti�c literature lacks tank-scale wettability alter-

ations in realistic heterogeneous formations.

In this chapter, we assess the impact of modi�cations in bedform architec-

ture, variations on grain size contrast, and wettability changes in ripple bedforms on

trapping performance. We perform capillary- and buoyancy-driven 
ow experiments

within a 3D slab and capture the migration patterns using light transmission tech-

niques. In the following sections, we discuss the 
uid 
ow dynamics regarding ripple

domains and the e�ect of the degree of heterogeneity and wettability on trapped
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saturation. Additionally, we explore the implications of such variations on capillary

heterogeneity trapping.

2.2 Experimental overview

Realistic heterogeneities found in nature are selected from Rubin and Carter

(2006) bedform architecture models. For this study, we choose ripple patterns con-

sisting of two di�erent facies: matrix (coarse grains) and laminae (�ne grains). The

patterns are packed using glass beads of di�erent diameters with an automated feed-

ing system in a 2.5D slab chamber (60 x 60 x 2 cm3) (Krishnamurthy et al., 2019).

The height of the heterogeneous portion of the domain is approximately 42 cm.

Glass beads with varying degrees of wettability are used. The wettability of

the glass beads was estimated by measuring the contact angle between the beads and

water (Guo et al., 2023; Hernandez, 2011; Wang and Tokunaga, 2015).

The multiphase 
ow experiments consist of drainage and redistribution, with

both stages at atmospheric conditions with inlet constant rate and outlet constant

pressure. Heptane (i.e., nonwetting phase) and a glycerol-water mixture (i.e., wetting

phase) are used as analog 
uids for supercritical CO2 and in-situ brine, respectively

(Krishnamurthy et al., 2019; Ni and Meckel, 2021). To prepare for the experiment,

the chamber is �lled with the glycerol-water mixture at high 
ow rates to dissolve

gaseous CO2 , previously injected to displace air inside the tank, until the mixture


ows out from the outlet reservoir.

During the drainage phase, heptane is injected from the bottom middle inlet

of the chamber at a low 
ow rate (0.2 ml/min) to guarantee that the 
ow is gravity-

and capillary-driven. The injection continues for 24 hours after heptane leaves the

chamber. Redistribution happens immediately after stopping the injection and lasts

for 24 hours. A light transmission visualization technique (Bob et al., 2008; Darnault

et al., 1998; Niemet et al., 2002; Tidwell and Glass, 1994; Weisbrod et al., 2003) is

used throughout the entire experiment to capture the nonwetting phase saturation.
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Saturation �elds are recorded every 30 seconds for the drainage stage and every 30

minutes for the redistribution stage. We report three saturation �elds taken through-

out the experiment: at heterogeneous domain breakthrough, the end of injection

(drainage), and the end of redistribution.

We conduct three sets of experiments in the study. Firstly, di�erent ripple

bedform architectures are packed (in-phase, slightly out-of-phase (i.e., climbing), out-

of-phase, and large climbing ripples) with constant grain size contrast between the

matrix and the laminae facies. Secondly, in-phase ripples with varying grain size

contrast are �lled to validate previously obtained results on a cross-laminated bedform

architecture (Krishnamurthy et al., 2022). Thirdly, ripple bedforms architecture with

constant grain size contrast and di�erent wettability (water- to oil-wet).

2.3 Results

2.3.1 Changes in bedform architecture

Figure 2.1a shows the four ripple patterns (A to D) that we used { there are

slight modi�cations on the ripple crest phases between layers, and Experiment D also

shows an increase in ripple size. Figure 1b shows the 2D nonwetting phase saturation

for each bedform at breakthrough. We observe that a slight displacement in ripple

phases allowed the nonwetting phase to extend farther laterally and accumulate in

more layers. The combined e�ect increases the nonwetting phase saturation in the

heterogeneous domain and changes the migration pattern from �ngering to more

capillary heterogeneity trapping behind capillary barriers.

2.3.2 Changes in grain size contrast

In addition to the multiple ripple bedform architectures, experiments with

varying grain size contrast for the in-phase ripple pattern were performed. Figure 2.2

shows the breakthrough nonwetting saturation �eld with grain size contrast increasing

from A1 to A4. When the size contrast between the coarse and �ne grains is small (A1
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Figure 2.1: (a) Ripple domain patterns with slight changes in the ripple crest phase.
A: in-phase, B: slightly out-of-phase, C: out-of-phase, and D: large out-of-phase. (b)
Breakthrough nonwetting phase saturation �eld and domain average saturation values
for all patterns. The color bar shows pixel-wise nonwetting saturation.

and A2), the nonwetting phase 
uid breaks through the domain as a �nger quickly. At

higher contrast (A3 and A4), the 
uid builds up column height beneath the laminae

and extends laterally until a zone of low capillary entry pressure is reached to move

up into the upper layers. Increasing grain size contrast leads to more nonwetting

phase saturation trapped within the heterogeneous domain.

2.3.3 Changes in Wettability

Besides conducting experiments on the type and degree of heterogeneity, we

ran experiments in ripple patterns to study the e�ect of wettability on nonwetting

phase saturation. Glass beads with variations in contact angle were selected. Note

that only the wettability of the matrix (coarse) changed, while the laminae (�ne)

remained water-wet for all experiments. The domain and grain size contrast were

also kept constant. Water- and intermediate-wet experiments were �lled entirely by

the wetting phase. However, during water injection, the oil-wet scenarios had gas
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Figure 2.2: Nonwetting phase saturation �eld and domain average saturation values
at breakthrough for in-phase ripples with increasing degree of heterogeneity (A1 to
A4). The color bar shows pixel-wise nonwetting saturation.

bubbles trapped within the domain because of the a�nity of the beads to retain gas

during experiment preparation. Figure 2.3 shows the nonwetting phase saturation at

breakthrough for in-phase and out-of-phase ripples with di�erent contact angles.

2.3.4 Total trapped saturation

Although we measure the saturation �eld throughout each experiment, here,

we summarize the total trapped saturation at the end of drainage. This is slightly

higher than the breakthrough saturation as new migration pathways are formed dur-

ing the drainage stage, which leads to more 
uid accumulation pools. Figure 2.4

shows drainage saturation as a function of the type of heterogeneity, degree of het-

erogeneity, and contact angle. The dimensionless parameter� is used to capture the

degree of heterogeneity of the bedforms and is a function of the mean and standard

deviation of the matrix and laminae (Krishnamurthy et al., 2022).

2.3.5 Capillary heterogeneity trapping

After the redistribution stage, some regions below capillary barriers exhibit a

saturation greater than residual. This excess saturation is known as local capillary
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