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ABSTRACT
Carbon dioxide (CO2) is by far the most significant greenhouse gas released by human
activities through fossil fuel combustion. In order to minimize CO2 emissions to the
atmosphere, sequestration of CO2 in underground geological formations has been
considered the most promising alternative to control greenhouse effects. In particular,
deep saline aquifers are prime candidates for CO2 sequestration due to their large
potential storage capacity and common occurrence. CO2 sequestration in deep saline
aquifers can be achieved by several trapping mechanisms which are generally categorized
as structural, dissolution, mineral and capillary trapping. Capillary trapping is a physical
mechanism by which CO2 is naturally immobilized in the pore spaces of aquifer rocks
during geologic carbon sequestration operations, and thus a key aspect of estimating
geologic storage potential. It is an important, yet poorly understood trapping mechanism,
primarily because of the lack of well characterized, laboratory or field data that could
lead to a better understanding of the physical mechanism associated with capillary
retention of CO2 in geological media.

Here, we studied capillary trapping of supercritical carbon dioxide (scCO2), and the effect
of initial scCO2 saturation and flow rate on the storage/trapping potential of Berea
sandstone. We performed two-phase, scCO2-brine displacements in two sequential
drainage-imbibition core flood cycles to quantify end saturations of scCO2 with the aid of
micro-computed tomography imaging. Drainage I led to an average initial scCO2
saturation of 45% after scCO2 injection, and Imbibition I resulted in an average residual
scCO2 saturation of 26% after brine injection. In comparison, Drainage II and Imbibition
iii

II were performed at higher flow rates and yielded average initial and residual scCO2
saturations of 61% and 31%, respectively. We also analyzed pore size distribution to
estimate primary capillary pressure characteristics of the samples under investigation.
Overall, we concluded that the initial scCO2 saturation influences the residual scCO2
saturation to a greater extent than the rate of imbibition and therefore, it is a dominant
factor in determining the amount of CO2 that can be geologically stored.

Our study contributes to the research of CO2 capillary trapping in saline aquifers by
proposing experimental methods that can mimic deep saline aquifers conditions in the
lab, by investigating pore size distribution with high resolution X-ray imaging and, most
important, by quantifying the capacity of capillary trapping of CO2 in a brine-CO2-rock
system.
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Chapter 1
Introduction

Carbon dioxide capture and storage (CCS) is considered one of the most promising ways
to reduce CO2 emissions resulting from the combustion of fossil fuel[IPCC, 2005]. CO2
storage in geological formations refers to the process where CO2 is stored in long term in
geological formations such as oil and gas reservoirs, coal beds and deep saline aquifers.
A schematic drawing (Fig. 1) [Hardin and Payne, 2000] depicts the process of CO2
capture and storage in the underground.

Figure 1. Terrestrial and geological sequestration of carbon dioxide emissions from a
coal-fired plant. CO2 is captured and separated and then transported through pipelines to
storage sites, which are oil and gas reservoirs, coal beds and deep aquifers
1

Indeed, the results gained from CO2-injection projects focused on enhanced oil recovery
(EOR)[Moritis, 2010] and acid gas[Bachu and Adams, 2003] indicate the feasibility of
storing CO2 in geological formations. Deep saline aquifers and coal beds can be used
successfully for CO2 sequestration if large enough capacity and a confining structure
exist in a stable geological environment[Bachu, 2000; Bachu and Adams, 2003; Bachu
and Dusseault, 2005; Bradshaw et al., 2004; IPCC, 2005]. Table 1 lists the sequestration
opportunities of these geological formations in the US. Compared to other geological
formations such as mature oil and gas fields and unminable coal seams, deep saline
aquifers have the highest capacity and their storage integrity and the environmental risks
of using them to store CO2 are considered to be at an acceptable medium level [Shukla et
al., 2010], according to environmental risk assessment practices. Worldwide, the storage
capacity of deep saline aquifers accounts for 90% of the potential capacity of the CO 2
storage options [ZEP, 2007]. Overall, deep saline aquifers are the primary candidates for
CO2 sequestration for three reasons: they are geographically widespread [Bennion and
Bachu, 2008], have a large storage capacity, and are rated as acceptable in regard to the
environmental risk of using them for this purpose. Among the CO2-injection projects
focused on deep saline aquifers are the Sleipner project in Norway, the Otway Basin Pilot
project in Australia, the In Salah project in Algeria, and the Quest project in Canada
[IPCC, 2005; Winkler et al., 2010]. However, our knowledge of deep saline aquifers in
regard to their storage capacity and CO2-trapping mechanisms and how we can use these
to improve sequestration efficiency and reduce environmental risks is still deficient [De
Silva and Ranjith, 2012].
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Table 1. Sequestration storage capacities and risks in the US [Shukla, 2010]

Storage option

Capacity (Gt-CO2)

Storage integrity

Environmental risk

Depleted oil and gas fields

25 - 30

High

Low

Coal beds

5 -10

Medium

Medium

Deep saline aquifers

1 - 150

Medium

Medium

CO2 sequestration in deep saline aquifers can be achieved through any one of four main
trapping mechanisms: structural trapping, capillary trapping, dissolution trapping, and
mineral trapping [Bachu and Adams, 2003; Bachu et al., 2007; Benson, 2008; Gunter and
Perkins, 1993; Gunter et al., 2004]. Figure 2 [CO2 Capture Project, 2008] illustrates the
four mechanisms. Structural trapping (Fig 2A) occurs when CO2, injected into a saline
aquifer, percolates upward to the surface through the porous rock until it reaches the
impermeable cap rock, which prevents it from leaking to the surface. This trapping
mechanism dominates the initial stage of CO2 injection [De Silva and Ranjith, 2012].
Capillary trapping (Fig. 2B) involves CO2 immobilization at the pore scale by capillary
forces. This process occurs when CO2 is displaced by natural groundwater flow or by the
injection of chase brine. When the water flows back, capillary forces cause some CO2 to
become disconnected and retained in place in the form of immobilized blobs. Dissolution
trapping (Fig. 2C) accounts for CO2 dissolved in the formation brine, which progressively
sinks in the reservoir as a heavier CO2-enriched brine phase. Mineral trapping (Fig. 2D)
relies on CO2 in formation water forming a weak carbonic acid that reacts with minerals
in the rocks to form carbonate minerals [Xu et al., 2004]. Mineral trapping consists of the
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formation of solid minerals within the reservoir rock as a result of chemical reactions
triggered by carbonic acid formed upon dissolution of CO2 in brine [Bachu et al., 1994].

A

B

C

D

Figure 2. Four trapping mechanisms for CO2 sequestration in deep saline aquifers [CO2
Capture Project, 2008]. A) structural trapping, B) capillary trapping, C) dissolution
trapping and D) mineral trapping

Of the four main trapping mechanisms, capillary trapping makes an important
contribution to overall CO2 retention in terms of the amount that can be trapped, the
duration it can be retained, and how efficient the stored CO2 can be secured. Figure 3 and
Figure 4 displays the contribution of each trapping mechanism over time, while Figure
also highlights the storage security for the trapping mechanisms. A more specific study
conducted on Songliao Basin in China exhibits the abundance of CO2 sequestrated by the
three trapping mechanisms, capillary trapping, dissolution trapping and mineral trapping,
along with the operating timeframes as shown in Figure 5. According to the figures
4

(Fig.3, Fig.4 and Fig.5), structural trapping accounts for 80% of early-time trapping
during geological storage of CO2, but its contributions decrease over time. Moreover,
structural trapping is constrained by cap rock, which has the potential to be compromised
and thus potentially involves a high risk of leakage [IPCC, 2005; Wildenschild et al.,
2011]. In comparison, capillary trapping can trap more than 40% of the injected CO2 in
less than 100 years and immobilize CO2 in the pore space. Additionally, CO2, retained in
the pore space as disconnected blobs, creates a large surface-to-volume ratio, which helps
CO2 to dissolve into the nearby brine. Such dissolution of CO2 over large reservoir
volumes favors the interaction between CO2, brine and rock minerals, increasing the
contribution of mineral trapping. Thus, with time, mineral trapping becomes increasingly
important. For example, it was estimated that after 1,000 years, mineral trapping will
increase its contribution compared to the other trapping mechanisms [IPCC, 2005; Zhang
et al., 2009]. As mineral trapping immobilizes CO2 in the form of carbonate minerals, it
offers the most secure irreversible CO2 storage. While all four CO2-trapping mechanisms
have different contributions throughout the time and different degrees of CO2
immobilization, capillary trapping is estimated to make the most significant contribution
to overall CO2 trapping in the first 100 years after carbon dioxide injection, and may
control the extent of solubility and mineral trapping at the later stages. However, it is a
challenging task to quantify the trapping contribution of capillary retention over time
because the retention mechanism remains poorly understood, primarily because of the
lack of well-characterized laboratory data, thus the reason for the present experimental
study.
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Figure 3. Contribution of each form of trapping mechanism over time [CO2 Capture
Project, 2008]

Figure 4. Trapping contribution and corresponding operating time frame of various
trapping mechanisms along with storage securities [IPCC, 2005]

6

Figure 5. CO2 sequestration by different trapping mechanisms with the operating
timeframe [Zhang et al, 2009]

Saline reservoirs typically consist of quartz, feldspar, carbonate, and clay minerals
[Balashov et al., 2013], ranging from 1,000 meters (P=10 MPa, T=40◦C) to 2,000 meters
(P=20 MPa, T=75◦C) in depth for typical sequestration sites [Nordbotten et al., 2005].
Under such conditions, CO2 is in the supercritical phase (scCO2) and thus requires less
storage volume compared to gaseous CO2 (gCO2)for a given mass of the fluid [Balashov
et al., 2013]. The scCO2 has weak solubility in brine [MacMinn et al., 2011], and the
extent to which it is soluble depends on the pressure, temperature, and brine composition
[Duan and Sun, 2003; Duan et al., 2006; Yan et al., 2011; Yang et al., 2008].

The relative amounts between the dissolved CO2 and the free-phase scCO2 determines
how far the CO2 will migrate before all of the CO2 is eventually trapped by capillary
forces. As CO2 dissolves into salt water, CO2 and brine becomes mutually saturated, and
drainage and immiscible displacement of CO2 by brine, take place (Fig. 6). The amount
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of trapped CO2 by capillary process depend on several major factors including flow rate
of the brine, the structure of the pore network, and initial CO2 saturation.

A

B
CO2

Rock

Brine

Figure 6. CO2 distribution after A) drainage and B) imbibition, respectively. The gray
represents rock matrix, the white is brine and the dark is CO2. A) After CO2 is injected
into deep aquifers, it first enters into large pore spaces, leaving a thin layer of brine on the
rock surface. With the increase of CO2 saturation, it progressively invades smaller pores,
B) after brine flows back, CO2 is isolated as individual droplets in the center of the pore
spaces, surrounded by brine [Pentland, 2010]
Imbibition, i.e., replacement of CO2 by the brine in the pore network, involves complex
pore-scale dynamics of film flow, film swelling, and snap-off (Fig. 7). The pore space in
reservoir rocks has irregular corners and high roughness of rock-pore interface. This
allows formation of the brine films on the rock surface, and, consequently, flow of the
brine along the pores edges as brine imbibes into the pore network (Fig. 7A) [Dong and
Chatzis, 2010]. As capillary pressure drops, the brine swells (Fig. 7B) and fills narrow
throats, which snaps off the connection between the CO2 blobs in the neighboring pores
(Fig. 7C). Thus, the CO2 is isolated and trapped in the center of the pores as an
immobilized phase [Chatzis and Dullien, 1983; Pentland et al., 2011; Pentland et al.,
2010]. Film swelling is a capillary-driven nonlinear diffusive process in which the
competition between snap-off and frontal displacements depends on the flow rate of the
8

brine [Nguyen et al., 2006]. A low flow rate favors snap-off, because it provides a long
time for significant film swelling, which results in a very spread-out, percolation-like
pattern with a significant amount of CO2 trapped. A high flow rate corresponds to a
piston-like flat front with little trapping, as there is not enough time for the film to swell
when the flow rate is high [Hughes and Blunt, 2000; Melean et al., 2003; Nguyen et al.,
2006; Piri and Karpyn, 2007; Xie and Morrow, 2001]. The magnitude of the imbibition
flow rate effect on residual saturation largely depends on the pore-to-throat aspect ratio.
The higher the ratio, the greater the imbibition flow rate effect [Nguyen et al., 2006].

A

B

C
Rock
CO2

Brine

Figure 7. Pore-scale dynamics of A) film flow, B) film swelling and C) snap-off
[Pentland, 2010]. The grey represents rock matrix, the white is brine and the dark is CO2
The trapped CO2 has a pore-network scale size, and the residual saturation fluctuates with
the porosity along the flow direction [Zhou et al., 2011]. In porous media with high
porosity and low pore-to-throat ratio, such as unconsolidated sand, the maximum residual
saturation decreases as porosity increases due to snap-off, which tends to limit pore-scale
trapping [Pentland et al., 2010]. The distribution of pore size controls the distribution of
the trapped phase.

Additionally, initial CO2 saturation (SCO2,i) has a significant effect on the capillarytrapped CO2 saturation: the higher the initial non-wetting phase saturation, the higher the
9

residualCO2 saturation (SCO2,r) [Akbarabadi and Piri, 2013; Al Mansoori et al., 2009;
Pentland et al., 2011; Suekane et al., 2008; Wildenschild et al., 2011].

In order to characterize the migration and immobilization of the CO2 plume in deep saline
aquifers, a number of studies have focused on the fluid properties [Duan and Sun, 2003;
Duan et al., 2006; Fenghour et al., 1998; Span and Wagner, 1996], the relative
permeability [Akbarabadi and Piri, 2013; Bennion and Bachu, 2008; Spiteri et al., 2008],
the interfacial intension [Aggelopoulos et al., 2011; Ali et al., 2012; Bennion and Bachu,
2008; Chalbaud et al., 2009; Iglauer et al., 2012; Nielsen et al., 2012] and the capillary
pressure [Akbarabadi and Piri, 2013; Altundas et al., 2011; Plug and Bruining, 2007; Shi
et al., 2011] of the CO2-brine system, using both modeling and experimental approaches
[Shukla et al., 2010]. However, the research quantifying the amount of SCO2,r trapped by
capillary forces in CO2-brine systems under CO2 storage conditions, and the relationships
between SCO2,i and SCO2,r is still limited.
X-ray micro-computed tomography (μ-CT) has been found to be a promising technique
for monitoring fluid behavior and transport in porous media and for investigating CO2
capillary-trapping mechanisms in particular [Izgec et al., 2008; Pentland et al., 2011;
Pentland et al., 2010; Perrin and Benson, 2010; Perrin et al., 2009; Shi et al., 2011]. For
example, Pentland et al. [2010, 2011] quantified trapped supercritical CO2 in a CO2-brine
system on sand packs and Berea sandstone (SS) using ~6

/pixel resolution CT

imaging and constructed an experimental capillary-trapping curve based on CT data.
Mansoori [2009] performed similar experiments but with analogue fluids at ambient
conditions to study the trapped non-wetting phase saturation as a function of the initial
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non-wetting phase saturation. Shi et al. [2010] conducted scCO2/brine a drainageimbibition cycle performing core-flooding experiments on Berea SS using X-ray imaging
data with a resolution of 350 μm. They found that the SCO2,r was in 23 to 37% range. Zhou
et al [2011] investigated CO2 gas trapping in Berea SS and reported a residual gas
saturation of 29.2% for the horizontal flow and 30.9% for the vertical flow using different
flow rates of imbibition. They concluded that trapped gas bubbles are stable against the
increased flow rate up to a capillary number of 1.0 ×10-5. Uemura et al. [2011] compared
the infiltration process of liquid CO2 with that of supercritical CO2 in Berea SS by
injecting CO2 into a water-saturated sample, and observed similar distributions in the two
cases. Wildenschild et al. [2011] studied the trapped non-wetting phase area as a function
of the varying interfacial tension, viscosity, and fluid flow rate of three non-wetting fluids
(air, octane, and Soltrol 220) on glass beads with14.9

resolution X-ray imaging. They

observed that a higher initial non-wetting phase saturation leads to a higher residual nonwetting phase saturation and suggested optimizing the CO2 injection rate in order to trap
as much CO2 as possible during the non-wetting phase. Akbarabadi and Piri [2013] used
steady- and unsteady-state methods to examine the effect of hysteresis on capillary
trapping and the relative permeability of the CO2-brine system on Berea and Nugget SS
under reservoir conditions. Their experimental results obtained by CT imaging with
250

resolution and showed a residual scCO2 saturation ranged from 31 to 45%. In

summary, all these studies show a close relationship between the SCO2,i and the SCO2,r in
CO2-brine systems, with the amount of trapped CO2 in 23 to 45% range. However, the
experimental data is still scarce: to our knowledge, limited studies have been performed
to quantify residual scCO2 saturation in CO2-brine system [Akbarabadi and Piri, 2013;
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Pentland et al., 2011; Shi et al., 2011] —all in different experimental (T, P, salinity)
conditions.

Therefore, the objectives of this study are to: (1) perform scCO2/brine core-flooding
experiments on one Berea SS core sample, (2) monitor fluid displacement and visualize
the allocation and movement of the scCO2 using μ-CT, (3) quantify residual saturations
of scCO2 and complement the existing literature data for a scCO2-brine system in Berea
SS, and (4) examine the effect of imbibition rate and SCO2,i on SCO2,r using both
experimental apparatus. The overall goal is to understand the most critical factors and
mechanisms controlling the amount of CO2trapped under supercritical conditions and to
apply this knowledge to estimate the efficiency and the environmental risks associated
with the long-term storage in complex field environments.
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Chapter 2
Methods

To investigate the above-mentioned objectives, we performed core-flooding experiments
on a Berea SS rock sample under supercritical conditions. We used a -CT scanner to
map sample porosity fluid saturations. This system allowed us to examine the impact of
initial brine saturation on capillary trapping of scCO2.

The -CT scanner, Universal HD-600 OMNI-X, was used to characterize the porosity
distribution and fluid saturation in the sample. In general, the resolution of an X-ray CT
scanner depends on the X-ray source focal spot size, the detector pixel resolution and
sample position with respect to the source and detector. The X-ray source energy applied
in our experiment was 225 kV with a 1024×1024 detection frame. As a result, for our
experimental system, we obtained a voxel resolution of 15.36

×15.36

×14.94
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2.1 Experimental Setup

Figure 8 displays the schematic of our experimental setup of the scCO2 capillary-trapping
experiments, using a -CT scanner. We used Berea SS, already well characterized in the
literature as relatively homogeneous in regard to chemical and mineral composition
[Pentland et al., 2011; Shi et al., 2011]. The sample was cored into a cylinder measuring
1.27 cm in diameter and 5.08 cm in length (Fig. 9A) and placed vertically inside an Xray-transparent Temco core holder (Fig. 9C). The petrophysical properties of the core
sample used in this study are listed in table 2. The core holder is a biaxial, Temco FCH
model, 53.34 cm long, with an OD of 8.89 cm and a wall thickness of 1.905 cm. The
body of the core holder is made of an aluminum frame wrapped in a composite material
out of carbon fibers in an epoxy matrix, allowing it to withstand 100◦C temperature and
20.68 MPa pressure. The sample was covered with an aluminum sleeve (Fig. 9B) to
isolate it from the surrounding confining fluid and to resist the penetration of volatile,
corrosive fluids like scCO2. Nitrogen was introduced to the annular space between the
core-holder and the sleeve at the confining pressure of 13.79 MPa, and an effective
pressure of 5.52 MPa was maintained for the core sample.
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Figure 8. Schematic of experimental setup of the scCO2 capillary-trapping experiments
using -CT scanner
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Figure 9. The Berea SS sample, the aluminum jack and the core holder used in the scCO 2
capillary trapping experiments. A) Berea SS sample, B) aluminum sleeve and C) Temco
core holder

Table 2. Dimensions and petrophysical properties of the core sample used in this study.

Sample name

Diameter
cm

Length
cm

Berea SS

1.27

5.08

Porosity
Φ(X-ray)
%
21.0

Permeability
Kabs (Brine)
mD
159

Pore volume
(PV)
cm3
1.35

Injection and confining pressure were controlled by the three dual-cylinder Quizix pumps
shown in figure 8: pump I and pump II (model C-5000-10K) (Fig. 10A), and pump III
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(model C-6000-10K) (Fig. 10B), capable of operating pressures of up to 69 MPa. The
maximum operating flow rates were 15 cm3/min and 200 cm3/min for models C-500010K and C-6000-10K, respectively. Two vessels provided the fluids for the experiment,
brine and scCO2. The brine phase was an 8 wt% NaI solution. NaI, rather than NaCl, was
used to enhance contrast between the fluids in the CT images. Vessel I was filled with
pure scCO2, whereas vessel II was filled with mutually saturated brine and scCO2,
supplying brine from the bottom and scCO2 from the top of the vessel. In vessel II, scCO2
and brine were equilibrated at operating conditions (8.3 MPa and 46.3◦C) to minimize
fluctuation of CO2 solubility in brine during the actual flooding experiment. The
temperature of the system was controlled by the two Temco temperature controllers. The
core holder was wrapped with heating tape and insulation, and a temperature detector
inserted through the top metal distributor in order to measure the temperature near the
core sample.

A

Figure 10. The Quizix pumps used in the scCO2 capillary trapping experiments. A)
Quizix model C-5000-10K pumps and B) Quizix model C-6000-10K pump
The core holder was placed vertically in the -CT scanner (Fig. 11), and flow direction
was downwards for all drainage and imbibition cycles in the experiments. Pump II was
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programmed to receive fluids from the bottom outlet of the sample, at constant pressure,
and then transfer them back to vessel II for a close-loop re-circulating system.
Simultaneously, Pump III provided confining pressure by injecting N2 in the annular
space inside the core holder.

Figure 11. Temco core holder wrapped with insulation and placed vertically in the -CT
scanner
Pure CO2 and brine with 8 wt% NaI were used in the experiments. The operating
temperature and pressure conditions were 46.3◦C and 8.3 MPa, respectively (Fig. 12). It
was found that at P = 8.3 MPa and T= 50◦C, the solubility of CO2 in 1 m NaCl and in 3 m
NaCl is 0.90 and 0.67 moles CO2/kg H2O, respectively [Duan and Sun, 2003]. Therefore,
in 8 wt% (1.5 m) NaCl brine, we expect CO2 solubility to be ~0.73 mole/kg. These values
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are in a good agreement with typical brine, containing Na+ and Cl- ions at similar T-P
conditions. For example, at 10 MPa and high temperatures (200 ◦C), scCO2 solubility is
very low (0.32 mole/kg [Duan and Sun, 2003]), but it increases to 0.55 mole/kg at 50◦C
[Yan et al. 2011], thus approximating the solubility of scCO2 in our lab brine. Note that
the typical formation salt water most commonly contains the ionic of Na+, K+, Ca2+, Mg2+
and Cl- [Duan et al., 2006]. The choice of NaI was made to enhance CT scanning contrast
of multiple fluid phases. However, we do not expect CO2 solubility to change
significantly [Kiepe et al. 2002].

Figure 12. CO2 phase diagram with the operating conditions for the scCO2 capillary
trapping experiments. The operating conditions for the experiments were at pressure of 8.3
MPa and at temperature of 46.3◦C. CO2 was in supercritical status under the conditions
through the experiments.
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2.2 Experimental Procedure

Figure 13 illustrates the procedure used for the CO2 capillary trapping tests. The key steps
of the coreflood experiment for CO2 capillary trapping are as follows:

I.

Supercritical CO2 was injected into the evacuated core from the top until the core
pressure reached 8.3MPa.

II.

The core sample was evacuated. Stages I and II were designed to ensure that no
air was present in the pores.

III.

Fresh brine was injected into the sample from the bottom at ambient T and P. At
the end of this stage, the pore space of the rock sample is filled with fresh brine
(Fig. 13B).

IV.

CO2-saturated brine was injected to displace the fresh brine until the core pressure
reached 8.3MPa (1200 psi). This was done to prevent the CO2 from dissolving
into the fresh brine. In this stage, there was only dissolved CO2 in the sample;
there was no trapped CO2 (Fig. 13B). After this stage, we conducted two
drainage-imbibition cycles.

V.

Brine-saturated CO2 was injected at a constant flow rate for drainage. There was
saturated CO2 and brine in the pore spaces of the rock matrix (Fig. 13B). This
stage is referred to as Drainage I (exp.1).

VI.

CO2-saturated brine was injected at a constant flow rate for imbibition. In this
step, some CO2 had dissolved and some was trapped (Fig. 13B). We refer to this
stage as Imbibition I (exp.2). We repeated the drainage-imbibition cycle in the
next two stages in the same way as for stages V and VI butused higher flow rates.
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VII.

Drainage II (exp.3).

VIII.

Imbibition II (exp.4).

Figure 13. A) Schematic of experimental procedure. Supercritical CO2 conditions were
maintained at stages IV, V, and VI. Tomography scans were taken at each stage as
indicated by radiation symbols. Arrows show the direction of the flow. B) Grain-scale
schematics of different stages of experiment
The trapped CO2 was quantified by comparing the X-ray CT images from step IV, where
there was only dissolved CO2, with that from step VI, where some CO2 had dissolved and
some was trapped.

Table 3 lists all the experiments performed in this study with their procedures and
associated experimental conditions.
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Table 3. Number of experiments, fluid, and temperature and pressure conditions used in
this study.

Sample name Experiment Temp.(°C)/Press.(MPa)
Fluid
Berea SS
Exp.1-4
46.3/8.247
scCO2/brine (8% NaI)

To ensure that our experiment would proceed under capillary flow conditions, we
calculated the capillary number as follows [Cense and Berg, 2009]:
⁄

(1)

where

is the viscosity of the injected fluid, in either the non-wetting or the wetting

phase,

is the velocity of the injected fluid flow rate, and

is the surface or interfacial

tension between the two fluid phases. When the capillary number is less than10-6, the
flow in the porous media is dominated by capillary forces [Cense and Berg, 2009].
Therefore, we selected the flow rates for our experimental systems so that the capillary
number would always be less than 10-6 (Table 3).

2.3 Image Processing

In order to perform calculations for residual CO2 saturation, a voxel-to-voxel comparison
between various stages is required. Each voxel represents a volume element of imaged
sample. There are 3,260 slices of images for an entire core sample with 1024×1024
voxels in each slice. In addition, the core sample used in the experiment is small
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compared to its core holder, and was continuously subjected to high pressure,
temperature and fluid flow for a long time. The positioning of the core sample was, thus,
very sensitive to any change in effective pressure, temperature or manipulation
throughout the duration of the experiment. The mismatch of voxel-to-voxel comparison
between different experimental stages can be minimized, but is difficult to avoid
completely. Therefore, image processing assists in the data cleaning and data
conditioning for further measurements.

In general, the spatial location of a voxel in a sample can be affected by movement in the
form of: rotation, translation and/or scaling. In order to ensure voxel-to-voxel match of
various experimental stages, AvizoTM 3D Visualization Framework (Avizo 6.3, 2010) is
employed. Avizo is a scalable application framework for visualizing and processing
image data, such as three-dimensional X-ray CT images. In the process of aligning image
data, one stage of images is chosen as the standard image set to be compared with other
stages, and the rest need to be modified based on the standard one.

Figure 14 displays an example of image processing in which a residual CO2 sample
image set is cropped, rotated 3.7◦ counter clockwise and moved upwards to match spatial
positions of the reference saturated-brine sample images. Figures 14A and 14C show a
radial cross section and the reduction of unnecessary data points, while (B) and (D) show
longitudinal cross sections. After processing, the original data are reduced from
1024×1024×3260 to 800×800×3010 voxels per stage. The clear and processed data are
then suitable for quantitative analysis, which was performed in MATLAB (MATLAB
R2008b).
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Figure 14. Comparison of pre-processed and post-processed image data for the residual CO2 at
the imbibition stage. A) pre-processed radial crossection, B) pre-processed longitudinal
crossection, C) post-processed radial crossection and D) post-processed longitudinal crossection.
The grey represents silica-rich matrix, dark spots are residual CO2 and the white are higher density
materials. The grey circle outside Berea SS sample in (A) is aluminum jacket and the bright part at
the bottom of (B) is metal distributor, both of which are cleared up as irrelevant data.
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2.4 Quantification of Porosity and Fluid Saturation

2.4.1 Quantification Approaches

Quantification of porosity and fluid saturation demands a representative approach that
accurately describes fluid behavior and generates quantitative and predictive results.
Traditionally, modeling flow and transport in porous media is performed at the
continuum-scale by solving the continuity equation together with momentum, energy,
and/or species balances. The limitations of this traditional approach are the need for semiempirical parameters and corresponding rock properties, like heterogeneity,
interconnectivity and other complexities. In contrast, the pore-scale approach captures
heterogeneity, interconnectivity and non-uniform flow behavior that cannot be resolved
explicitly at the macroscopic scale. The shortcoming is the difficulty in obtaining direct
pore-scale measurements. However, the utilization of X-ray CT to produce threedimensional (3D) data sets at micron-scale resolutions improves both continuum-scale
approach and pore-scale approach significantly by capturing rock properties, fluid
behavior and pore-scale geometries. This work will explain the calculation of residual
CO2 saturation in these two approaches.

2.4.1.1 Continuum-scale Approach

Continuum-scale approach quantifies the capillary trapped CO2 by comparing images
from the saturation stage (Fig. 13A), where saturated brine occupies the pore spaces, with
images from the imbibition stage (Fig. 13A), where both saturated brine and trapped CO2
exist in the pore spaces. The quantification for the experiments was performed using the
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CT registration numbers, which are proportional to the material density at high energy
[Vinegar and Wellington, 1987; Wellington and Vinegar, 1987]. For any system that
includes a porous matrix and two immiscible fluids (for example, brine and supercritical
CO2) the average CT number,

, is equal to

(2)
where

,

,

,

, and

are average sample bulk porosity, brine

saturation, and CT numbers for matrix, brine, and CO2, respectively.

The voxel porosity (

) for each image slice can be determined by subtracting the

average CT number of the brine-saturated sample,
, from the average CT number of the dry sample,
. The resulting voxel porosity yields Equation (3):
–

where

(3)

is the CT number of the brine-saturated sample,

air-saturated sample,

and

the CT number of the

are brine and air CT numbers, respectively.

The voxel saturation values for CO2 (

) and brine (

) were calculated using

equations (4) and (5), respectively:
)⁄[

(
(

)⁄[

]
(

(4)
)]

(5)

Where:
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,
,
the superscript # represents voxel value and

,

,

are reference CT

registration numbers recorded at stage I (pure scCO2), II (dry rock) and IV (only
saturated brine), respectively.

2.4.1.2 Pore-scale Approach

Pore-scale approach quantifies capillary trapped CO2 by segmenting voxels into two
categories, CO2 voxel and non-CO2 voxel, with threshold number. Figure 15 shows a
local area on one image slice in pore-scale, pre- and post-thresholding. There are voxels
with 100% CO2, which can be directly identified as CO2 voxels, and voxels which are not
100% occupied by CO2 and need to be identified through thresholding (Fig. 15A). In
pore-scale approach, an appropriate threshold number is applied to segment voxels with
CT registration numbers into two families, CO2 voxels and non-CO2 voxels.

Figure 15. Segmentation of voxels by thresholding, A) pre-thresholding and B) postthresholding. The dark represents CO2 while the gray indicates the non-CO2 (rock matrix
and brine). Voxels which are 100% occupied by CO2 or are 100% occupied by the nonCO2 (A) are directly identified as CO2 voxels or non-CO2 voxels (B), respectively.
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Voxels which are partly filled with CO2, highlighted with red square in (A), need to be
segmented as either CO2 voxels or non-CO2 voxels by thresholding, as displayed in (B).
The threshold number decides the residual CO2 saturation in this pore-scale approach. By
simple thresholding, all voxels that contain a CT registration number equal to or higher
than a threshold number are segmented from the voxels with a CT registration numbers
lower than this threshold number. The threshold number used to segment CO2 voxels
from non-CO2 voxels is discussed later.

After all voxels are defined as CO2 voxels or non- CO2 voxels, calculation for CO2
saturation can be performed as follow.
∑

(6)

Φ
⁄

is the volume of CO2 voxels on each image slice, while

(7)

(8)

is the pore volume on

each image slice. Residual CO2 saturation generated by the pore-scale approach is the
saturation of one slice, different from that achieved by continuum-scale approach which
has the saturation of one voxel.

28

2.4.2 Application and Comparison of Two Approaches

We employed preliminary results (Fig. 16) from trial experiments to examine the
application of continuum-scale approach and pore-scale approach in the quantification of
rock sample porosity and fluid saturation.

2.4.2.1 Trial Experiments

In trial experiments, the flow system for controlling high pressure and high temperature
was established and tested. Coreflood experiments mimicking capillary trapping of CO2
in deep saline aquifers were performed on a reference Berea core sample and were
monitored by X-ray CT imaging. The dimensions and petrophysical properties of the
sample is listed in Table 4. The experimental fluids and operating conditions are shown
in Table 3.

Table 4. Dimensions and petrophysical properties of the reference core sample used in
trial experiments.

Sample name

Diameter
cm

Length
cm

Berea SS

1.27

5.08

Porosity
Φ(X-ray)
%
20.0

Permeability
Kabs (Brine)
mD
76

Pore volume
(PV)
cm3
1.29

The sample was initially heated under 125◦C for 2 hours, in order to remove possible
moisture in it. In the experiment, this core sample was evacuated first, down to 180
micron, to reduce air bubbles as much as possible. Figure 16 shows the experimental
steps that have been achieved in trial experiments. Stage I, II, III and IV followed the
experimental procedure as explained before for Figure 13A. In stage V, Drainage was
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attempted. Two pore volumes of brine-saturated CO2 were injected into the system while
trying to displace CO2-saturated brine in the sample, but only a small amount of CO2
reached the sample top. Drainage was not completed. Then, an accidental depletion of the
confining pressure occurred and led to a decrease in the core pressure from 1200 psi
down to atmospheric pressure, which made the CO2 transform from a supercritical state
to a gas state, and it escaped from the NaI solution. Some of the CO2 gas spread into the
system while some of it was trapped as an immobile phase in the pore space.

Figure 16. Schematic of trial experimental procedure. Tomography scans were taken at
each stage as indicated by radiation symbols. Arrows show the direction of the flow.
Although the trial experiments are not accomplished in the designed way, a valuable
residual-CO2 sample where CO2 is trapped in gas phase is obtained (Fig. 17) and is able
to be used to quantify residual gas saturation in the continuum-scale approach and in the
pore-scale approach. It also demonstrates the feasibility of the experiment for full
circulation of supercritical CO2 under CO2 sequestration conditions, and the ability of the
experiment to quantify capillary trapping of CO2. Several trials of experiments provide us
better understanding of the flow system and the techniques to get X-ray CT imaging with
high resolution which accurately and clearly record fluid displacement.
30

Figure 17. Preliminary imaging results from trial experiments. A) Brine saturated sample
image and B) residual CO2 sample image. The grey is silica-rich rock matrix filled with
brine and the dart spots in B) are gas CO2 blobs. The bright spots are some high density
materials.

2.4.2.2 Sandstone Porosity

Figure 18 and figure 19 display vertical and radial porosity profiles of the sample
obtained by continuum-scale approach, both of which show a uniform distribution of
porosity at around 20%. The purpose for examining porosity is to identify rock
heterogeneities that could potentially affect residual CO2 saturation and to investigate the
application of the continuum-scale approach in the quantification of rock sample
porosity. This uniform distribution of porosity demonstrates homogeneity of the core
sample and also confirms the feasibility of continuum-scale approach in quantification of
sandstone porosity.
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Figure 18. Vertical porosity profile of Berea SS sample by the continuum-scale approach
with preliminary results from trial experiments

Figure 19. Horizontal porosity profiles at different sections of Berea SS sample by the
continuum-scale approach with preliminary results from trial experiments
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2.4.2.3 Residual CO2 Saturation by Continuum-scale Approach
After image processing in Avizo (Fig. 16) and calculation by the continuum-scale
approach in MATLAB, the residual CO2 saturation distribution along the sample height
and the sample radius are obtained. Figure 20 displays the saturation distribution of CO2
along the sample height. The profile shows a similar distribution in the majority of the
sample with a value of 28%, along with some fluctuations, but starts to increase at the
height of 4.29 cm, reaching up to 36% at the top. This is because the core sample is fixed
vertically, and a certain amount of supercritical CO2 reaches the top of the core during the
drainage stage. Thus more CO2 gathers on the top section. Besides, when the pressure is
depleted, CO2 in the solution transforms from the supercritical state to the gas state and
tends to move upwards. Therefore, a higher saturation is observed on the top of the
sample.

Figure 20. Vertical CO2 saturation profile by the continuum-scale approach in the trial
experiments
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Figure 21 shows the radial distribution of CO2 saturation. Three curves represent the
distributions at different locations along the height of the core sample, respectively. The
radial saturation of CO2 is relatively even in the majority of the area, expect the region
close to the periphery of the sample. All three curves tend to climb rapidly where it is 0.1
cm to the sample edge, reaching up to around 40%. This higher saturation distribution of
CO2 is consistent with the CO2 blob image shown in Figure 16. It suggests that when the
pressure was depleted, not only did the gas CO2 move upwards, but it also spread to the
periphery of the sample. This could be because of the decease of the confining pressure at
the edge which was faster than that of the core pressure, and thus gaseous CO2 extended
to the peripheral regions and was trapped there as immobile CO2 bubbles. The
distribution of gas at the bottom, center and top of the sample is consistent with that
along the sample height, which is higher at the top and is lower at other sections.

1
Bottom: 0-0.66cm

CO2 saturation

0.8

Center: 2.14-2.94cm
0.6

Top: 4.42 - 5.08cm

0.4
0.2
0
0

0.2

0.4

0.6

Sample radius (cm)

Figure 21. Horizontal CO2 saturation profiles at different sections of Berea SS sample by
the continuum-scale approach in the trial experiments
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2.4.2.4 Residual CO2 Saturation by Pore-scale Approach
In the pore-scale approach, it is important to determine an appropriate threshold number.
This threshold number should distinguish the CO2 voxels from the non-CO2 voxels by
segmenting voxels with CT registration numbers that are equal to or higher than the
threshold number from the rest of voxels with CT registration numbers lower than the
threshold number.

This segmenting can be performed on the residual CO2 imaging or on the subtraction
result of brine-saturated images minus residual CO2 images. Figure 22 displays the
comparison between the imaging of a brine-saturated sample, a residual CO2 sample and
the result of subtraction. In Figure 22, image (A) and (B) are the same as those in Figure
16, which is a saturated brine sample image and a residual CO2 sample image,
respectively. Image B) exhibits obvious dark spots that are CO2 bubbles. Image (C), the
result of (A) – (B), highlights those CO2 blobs in contrast by minimizing the presence of
brine and matrix to the largest extent, and image (D) is the enhanced effect of this
contrast. In conclusion, the result of subtraction (Fig 22C) better presents the existence
and location of CO2 blobs, and provides a better imaging base for threshold
examinations.

In the investigation of pore-scale approach, simple thresholding based on the histogram
of subtraction result, and visualization examination in Avizo is applied.
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Figure 22. CO2 bubbles presented in A) brine saturated sample image, B) residual CO2
sample image, C) the result of image (A) – image (B) and D) the enhanced effect of image
C). In (A) and (B), the grey is silica-rich rock matrix and brine and the dart spots in (B)
are CO2 bubbles. With arithmetic between image (A) and (B) and imaging enhancement,
the white spots in (D) are CO2 blobs.
Figure 23 is a data histogram of subtraction result of two data sets, a brine-saturated
sample data set and a residual CO2 sample data set. The X-axis is the difference in the CT
registration numbers between those two, and the Y-axis is the frequency of these
differences. The mountain of the curve represents the non-CO2 voxels and the plain ones
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stand for the CO2 voxels. It is observed that the transition between these two is
continuous and smooth without any obvious boundary which can be identified as a
threshold number. Therefore, a reasonable range for a threshold number needs to be
chosen and checked. Since the plain curve starts around 600 and extends to 1300 on the
X-axis, the initial range for a threshold number is estimated from 600 to 1300. Threshold
numbers in this range are investigated in Avizo visually.
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Figure 23. Histogram of subtraction result of brine-saturated sample date minus residual
CO2 sample data
This investigation is performed on the data set of subtraction results (Fig 22C) which
enhances the population of CO2 bubbles. Figure 24A shows the image of the subtraction
results and B) is a local amplification of (A), which provides a better visualization of the
presence of CO2.
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Figure 24. Slice imaging of subtraction results of brine-saturated sample data minus
residual CO2 sample data. A) entire image and B) a local part of (A).
When a threshold number is examined, voxels with CT numbers larger than this threshold
number are defined as CO2 voxels and are labeled in red. Figure 25 displays the
distribution of CO2 bubbles defined by four different threhold numbers. Comparing
Figures 25 (A), (C) and (D), the threshold number of 1275 only captures the center of the
CO2 bubbles, leaving a great deal of CO2 on the periphery. On the contrary, when the
threshold number is 675, although it defines enough amount of CO2 bubbles, it also
includes the noise part around the bubbles, which exaggerates the volume of CO2
bubbles. In the middle of the two numbers, the threshold number of 975 returns relatively
reasonable areas of CO2 bubbles, capturing the majority of the volume and ignoring the
noise parts. But it still misses some small spots close to the CO2 clusters. Thus, several
threhold numbers between 675 and 975 are examined for better representation of CO2
bubbles . Eventually, the threshold number of 875 is selected and its visul result is shown
in Figure 25 B). It overcomes the shortcomings of the other threshold numbers and
generates a fine visulization of the CO2 bubble distribution.
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Figure 25. Distribution of CO2 bubbles defined by different thresholding numbers. A)
threshold number = 675, B) threshold number = 875, C) threshold number = 975 and D)
threshold number = 1275.
Based on the thresholding, residual CO2 saturation is calculated. Figure 26 shows the
residual CO2 saturation profiles along the sample height with different threshold numbers
by the pore-scale approach. Despite of various threshold numbers, the CO2 saturation
profiles all show a similar trend. Saturation on the bottom of the sample (0 - 1 cm) is
slightly higher than that in other parts (1cm - 4cm), except on the top (4cm - 4.98cm),
where the saturation increases dramatically. This high gas saturation comes from the
injection of supercritical CO2 during the drainage process, which only reaches the top
section of core sample. For this reason, more CO2 is trapped on the top in comparison to
other parts of the sample when pressure is depleted. Among these profiles, saturation
profile with the threshold number of 975 and 1275, respectively, practically overlaps each
other, while the one with the threshold number of 875 is close to those two profiles. The
profile with a threshold number of 675 is distinguished. Not only is it distant from the
others, but also the increase of saturation on the top of the sample is more dramatic than
the others. Besides, the fluctuation of this saturation profile is also larger than the others.
With the same interval of 300 between threshold numbers of 695, 975 and 1275, the
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difference of the saturation profiles between the 675-profile and the 975-profile is larger
than that between the 975-profile and the 1275-profile. It can be concluded that, in the
range of 600 to 1300 for a threshold number, the lower the threshold number is, the more
fluctuations the saturation profile reveals and the larger the increase is in the CO2
saturation.

Figure 26 Vertical CO2 saturation profiles with different threshold numbers by the porescale approaches with preliminary results from trial experiments
In view of the observations in Figure 25 and Figure 26, it is necessary to examine the
impact of the threshold number on CO2 saturation in a larger range. Figure 27 displays
how CO2 saturation changes with threshold numbers from 200 to 3000 at the bottom (00.66cm), center (2.14-2.49cm) and top (4.42-5.08cm) of the core sample. Saturation
drops rapidly with the increase of the threshold number from 200 to approximately 800,
and then decreases slowly and gradually until the threshold number range ends at 3000.
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There is no distinct change on saturation that can provide an accurate threshold number.
Based on the observations in Figure 23 and Figure 27, it is hard to select one threshold
number that can accurately segment CO2 voxels from non-CO2 voxels for the image data
sets. In this study, the analysis that integrates data histogram and visual examination
provides an appropriate threshold number of 875 for the calculation of CO2 saturation in
the pore-scale approach.

Figure 27. Impact of threshold number on CO2 saturation at different sections of Berea SS
sample with the preliminary results from trial experiments

2.4.2.4 Comparison between Results of the Two Approaches

Both the continuum-scale approach and the pore-scale approach generate residual CO2
saturation profiles, and the comparison between these two is shown in Figure 28. The
threshold number used in the pore-scale approach is 875.
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Shown as in Figure 28, the residual CO2 saturation calculated by the continuum-scale
approach is higher than that by the pore-scale approach. It is because the continuum-scale
approach can capture small CO2 bubbles that are not segmented as CO2 voxels by the
threshold number in the pore-scale approach. Both profiles show a similar trend and
indicate higher CO2 saturation on the top section of the core sample. The difference in the
trend appears in the growth rate of this saturation increase on the top. The growth rate of
the saturation profile by the pore-scale approach is higher than that by the continuumscale approach. This is because more CO2 exists on top and the CO2 volume in one voxel
is large enough, thus the voxel can be segmented as CO2 voxel by the threshold number
in the pore-scale approach.

Figure 28. Gas CO2 saturation profiles by the continuum-scale approach and the pore-scale
approach
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The comparison demonstrates the feasibility of the continuum-scale approach and the
pore-scale approach for the residual CO2 saturation calculations, since both approaches
produce reasonable and comparable results, and the difference of them conforms to its
own technique. The continuum-scale approach accurately captures trapped CO2 blobs,
providing fine residual CO2 saturation profiles for analysis, while the pore-scale generates
comparable results that can work as references. Therefore, the continuum-scale approach
is selected as the approach for the quantification of sample porosity and fluid saturation.
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Chapter 3
Results and Discussion

In this section, we present the results of the scCO2 capillary trapping experiments
performed using µ-CT scanner. Figure 29 shows the imaging of the Berea SS sample at
different stages, stage of saturation, drainage and imbibition, respectively (Fig. 13A). The
Berea SS sample from saturation stage is saturated with brine which has a higher density
and thus leads to a brighter imaging (A). Then the brine is displaced by scCO2 with a
lower density and is represented as dark spots on imaging (B). At the end of imbibition
stage, scCO2 is trapped as immobilized droplets surrounded by brine and is identified as
residual scCO2, which are the dark spots on imaging (C) and are less than those in the
scCO2-saturated sample (B).

Figure 29. Imaging of a A) brine-saturated sample, B) a scCO2-saturated sample and C) a
residual scCO2 sample. Dark spots in B) and C) are scCO2 blobs.
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3.1. Sandstone Porosity

Figure 30 shows the vertical porosity profile for Berea SS sample in the experiments
using -CT scanner. Porosity varies from 22% to 18%, bottom to top, making this a
largely homogeneous sample.

Figure 30.Vertical porosity profile of the Berea SS sample in the experiments using -CT
scanner.
In order to quantify and extract pore geometry of the sample, we especially scanned the
Berea SS sample at a finer resolution of 3 µm, which is different from the resolution of
15.36

×15.36

×14.94

throughout the experiments. Figure 31 shows a

representative µ-CT image of the Berea SS sample (A), a selected sub-section (B), and
the final, segmented, binary image file (C). The histogram of the pore distribution shows
that the majority of the pore radii are in the range of 3 to 20 µm; however, some pores
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larger than 40

are also present (Figure 32). The pore volume distribution indicates

that ~80% of the total pore volume comprises pores with a radius smaller than 30
(Figure 32).

Figure 31.Tomography data for the dry Berea SS sample used in the experiments (Exp.14). The -CT imaging was performed at 3 m/pixel resolution. A) Representative µ-CT
image. Dark areas inside the rock represent pores, light grey is silica-rich matrix and
brighter spots indicate higher density material (possibly, Fe-rich); B) Cropped section
from image A (2.27 x 1.72 mm); C) Segmented binary image, black areas indicate pore
space. Before thresholding and segmentation, process of median and despeckle were
applied to reduce image noise. Stack volume is 5.86 mm3 (2.27 mm x 1.72 mm x 1.5
mm).
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Figure 32. Histogram of pore size distribution and percentage of cumulative pore volume
of the Berea SS sample. The BoneJ plugin [Doube et al., 2010] within the ImageJ software
[Abramoff et al., 2004] was used to calculate pore diameters.
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3.2. Saturation Profiles

In the experiments, we performed two cycles of drainage and imbibition to investigate the
effect of imbibition rate and initial scCO2 Saturation (SCO2,i) on residual scCO2 Saturation
(SCO2,r). Table 5 presents the volume and the flow rate of the injected fluid, and the
capillary number at each stage. In the experiments, larger volumes at higher flow rates
were injected in Drainage II and Imbibition II cycles, relative to Drainage I and
Imbibition I, in order to investigate the effect of the imbibition flow rate on the residual
saturation of scCO2.

Table 5. Experimental data for the drainage and imbibition stages at supercritical
condition.

Exp. no

Stage

Fluid injected

Volume
injected
3

(cm )

Flow rate
(cm3/min)

Capillary no.

Exp.1

Drainage I

Saturated CO2

102.6

1.0

7.44 × 10-10

Exp.2

Imbibition I

Saturated brine

45.2

0.1

4.16 × 10-8

Exp.3

Drainage II

Saturated CO2

515

5.0

1.86 × 10-8

Exp.4

Imbibition II

Saturated brine

100

2.5

1.04 × 10-6

Figure 33 shows the CO2-saturation profiles for the two consecutive drainage and
imbibition cycles (Exp.1-4) on the Berea SS sample. The flow direction was from top to
bottom as indicated by the arrow. The four saturation profiles share similar trends along
the length of the core with a slight decrease in CO2 saturation from top to bottom.
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Drainage II exhibits a ~ 1.5 times higher CO2 saturation than Drainage I (Fig. 33). We
attribute this to the fact that, the flow rate and total volume of CO2 injected during
Drainage II was five times greater than in Drainage I. During Imbibition I, up to 26% of
CO2 was trapped in the form of residual scCO2 Saturation (SCO2,r). In addition, the
average SCO2,r at the end of Imbibition II was found to increase to approximately 31%,
and therefore higher than that achieved at the end of Imbibition I in spite of higher
volumes of brine injected, as well as higher rate of injection. The flow rate for Imbibition
II was 25 times higher than for Imbibition I (Table 5). It is known that low flow rate
favors the snap-off trapping because it allows enough time for film flow to develop and
swell. In contrast, higher flow rates facilitate piston-like frontal displacement which is not
favorable for snap-off trapping [Hughes and Blunt, 2000; Melean et al., 2003; Nguyen et
al., 2006; M Piri and Z Karpyn, 2007; Xie and Morrow, 2000]. Our data indicate that,
although the SCO2,i at Drainage II was much higher than after Drainage I, 61% and 45%,
respectively, the difference in SCO2,r as a result of imbibition is not as high as one would
expect. We attribute this to the increased brine flow rate in Imbibition II, which could
hinder the capillary trapping mechanisms. Therefore, these results are evidence of the
predominant influence of initial scCO2 Saturation on the resulting CO2 trapping over the
rate of injection – within a capillary-dominated regime. However, it is difficult to
quantify the relative contribution of each factor, i.e., higher SCO2,i and higher brine flow
rate.
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Figure 33. CO2 saturation profiles of drainage-imbibition cycles on the Berea SS sample
in the experiments. Description of cycles: Drainage I – inject CO2 and replace brine at a
slow rate of 1 cm3/min. This process yields an average of 45% CO2 saturation. Imbibition
I – inject brine and displace CO2 at a slow rate of 0.1 cm3/min. As a result 25-30% CO2 is
trapped within the brine. Drainage II – repeat CO2 injection and brine replacement at a
fast rate of 5 cm3/min. Since more fluid and at higher rate was injected, the CO2 saturation
is higher – 61% - than for Drainage I. Imbibition II - inject brine and displace CO2 at a
fast rate of 2.5 cm3/min. Although CO2 was displaced at much higher rate than at
Imbibition I stage, amount of trapped CO2 increased by 5%.
From the initial and residual saturations obtained from the two drainage-imbibition
cycles, it can be concluded that between 51 to 58% of the initial CO2 is trapped
permanently after the chase brine injection processes. Table 6 lists the initial and residual
CO2 saturations with the trapping efficiencies (SCO2,r/SCO2,i) attained as a result of
experiments 1 to 4. It is evident that at lower initial brine saturation more CO2 is trapped.
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This is owing to the fact that at low initial CO2 saturations more brine-filled elements
exist, resulting in more efficient trapping of CO2.

Table 6.Initial and residual CO2 saturations along with trapping efficiencies obtained as a
result of the experiments 1 to 4.

Exp. no

SCO2,i (%)

SCO2,r (%)

R (%)
(SCO2,r/SCO2,i)

Exp.1, 2

45

26

58

Exp.3, 4

61

31
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3.3. Residual versus Initial Saturation

Recently, several studies have addressed the relationship between initial and residual
fluid saturation in Berea SS for a scCO2-brine system [Akbarabadi and Piri, 2013;
Krevor et al., 2012; Pentland et al., 2011]. This relationship is usually presented in the
form of the initial-residual (IR) plot, also known as the capillary-trapping curve, which
shows residual saturation as a function of the initial saturation of the non-wetting phase.
In an IR plot, each drainage-imbibition displacement set yields an SCO2,i at the end of the
drainage stage and a SCO2,r at the end of the imbibition stage. The shape of the IR curve
and the magnitude of the end-point saturation provide important information with regard
to capillary trapping in a system [Pentland et al., 2011; Spiteri et al., 2008]. The end
point indicates the optimal initial non-wetting phase saturation that the system can
achieve for a given flow rate, and the injection of the wetting phase beyond this point
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cannot decrease the residual non-wetting phase any further [Al Mansoori et al., 2009;
Pentland et al., 2011; Pentland et al., 2010]. The slope and curvature of the IR plot are
important parameters in hysteresis models [Spiteri et al., 2008].

We compared our scCO2 saturation data with those obtained in the studies conducted
under similar experimental conditions (Table 7). Our results showed that capillary
trapping can retain a certain percent of the CO2 as an immobilized phase in porous media.
The SCO2,r ranged from 24.8% to 35.1% that correspond to SCO2,i ranging from 42.3% to
65.3%. The data generally show good agreement with the trapped CO2 data presented by
Pentland et al.[2011] and Akbarabadi and Piri [2013]a, who reported similar SCO2,r
ranges (23-33%) in the corresponding SCO2,i ranges (Fig. 34). Experimental data from
Akbarabadi and Piri [2013]b and Krevor et al. [2012] shows higher SCO2,r (16-33%) in
the corresponding SCO2,i range (17-41%) compared to others’ (Fig. 34). Generally,
experiments exhibited here are all conducted under similar operating coditions (P, T)
with similar equipments and comparable system set-up and procedure (drainage and
imbibition) on Berae SS samples. The outstanding difference between them is the sample
permeability. More scCO2 is trapped as residual scCO2 in the sample with high
permeability, 612 mD of the sample for the experiments of Akbarabadi and Piri [2013]b
and 914 mD for Krevor et al. [2012], respectively. Therefore, the difference in the SCO2,r
could be attributed to the difference in sample permeabilites. Our data showed that as the
SCO2,i increased from ~42.3 to to 65.3%, i.e., about 23%, the SCO2,r rose by about 10%
(from ~24.8% to 35.1% CO2). These trapping results show that 50-58% of the CO2 at the
end of drainage was trapped through capillary trapping mechanism. This is a very
significant portion of the initial CO2 in-place.
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Table 7. Comparison of experimental parameters between this study and previous studies on Berea SS in scCO2-brine systems.

Study

Porosity

Permeability

Solution salinity

(mD)

T
◦

P

( C)

(MPa)

Pentland et al. [2011]

0.22

418

5 wt% NaCl, 1wt% KCl

70

9.0

Akabarabadi and Piri [2013]a

0.20

50

10 wt% NaI, 5 wt% NaCl, 0.5 wt% CaCl2

55

11.0

Akabarabadi and Piri [2013]b

0.21

612

10 wt% NaI, 5 wt% NaCl, 0.5 wt% CaCl2

55

11.0

Krevor et al. [2012]

0.22

914

water

50

9.0

Present study

0.21

159

8 wt% NaI

46.3

8.3
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Figure 34. Comparison of initial-residual CO2 saturation obtained in the experiments with
previous work, and IR (initial-residual) scCO2 curves describing correlation between
residual CO2 saturation and initial CO2 saturation and the fitting with experimental data.

Many empirical models on initial-residual saturation relationships have been developed
in the literature [Land, 1968; Ma and Youngren, 1994; Kleppe et al., 1997; Jerauld, 1997;
Ma et al., 1999; Suzanne et al., 2003; Spiteri et al., 2008]. In this work we employed
Land’s [1968] (Eq. 9) and Spiteri’s [2008] (Eq. 10) to describe the residual CO2
saturation. The Land model (Eq. 9) describes the relationship between residual non-
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wetting phase saturation after water imbibition and initial non-wetting phase saturation
based on published data [Land, 1968]. The Spiteri model (Eq. 10) is initially developed
as a quadratic relationship between the trapped oil saturation and the initial oil saturation
by fitting the data and is utilized for residual CO2 saturation prediction.
⁄(

)

(9)

(10)

where

(

)

is Land’s trapping coefficient, where (

maximum residual CO2 saturation when

=1;

the IR (initial-residual) curve and
If

)

is the ideal

is the initial slope of

is the curvature of the IR curve from Eq. 10.

, the model predicts the trapped non-wetting phase is more than what is

originally present, which is not physically possible [Spiteri et al., 2008]. In Figure 34, our
results are compared with the two models. The Land trapping coefficient and the
parameters of the Spiteri model that fit our experimental data are shown in Table 8.

Table 8. Results of fitting the experimental I-R saturation data using the Land and Spiteri
models.

Model

Parameter
(

)

Value
0.37

Land model
1.65
0.75
Spiteri model
0.38
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The model curve shows that the greater the saturation of the scCO2 before imbibition
(initial CO2), the more scCO2 is trapped (Fig. 34). However, this dependence is not linear
for the whole range of
linear with

=

values. For example, at low

, as inferred from Spiteri coefficient

8). Interestingly, Akbarabadi and Piri [2013] report
≈

< 0.2, IR relationship is
(Table

= 1, which suggests that

at significantly low SCO2,i values. The residual saturation increases linearly

until a maximum ~ 13%, when initial saturation reaches approximately 20%. Then the IR
curve flattens with curvature value,

= 0.38 (Table 8). The curve terminates at the ideal

end point where the ideal maximum SCO2,i can be reached in a system and thus leads to
the ideal maximum SCO2,r. The parameters used in this model are presented in Table 8.
We found that the ideal residual CO2 saturation (

)

is equal to 0.37 for the Berea

SS in the experiments (Table 8) by Land model, i.e., if scCO2 is injected into deep saline
aquifer where it occupies all rock pore space (

=1), then 37% of CO2 will be

trapped. However, this scenario is unlikely due to CO2-brine immiscibility and the
heterogeneity of pore network and mineral surfaces.

56

3.4. Capillary Pressure-Saturation Relationship
Numerous studies have found that capillary pressure plays an important role in the scCO2
displacement by brine and determines the percentage of the capillary trapping [Kumar et
al., 2005]. Capillary pressure is the difference between pressures of the two immiscible
fluids and depends on the interfacial tension, pore structure and wetting angle [Ali et al.,
2012]. Interfacial tension between two immiscible phases is created due to the difference
in cohesive forces between the molecules at the surface and in the bulk of each phase
[Bear, 1972]. The difference between the contact angle of the receding brine during
drainage and the contact angle of the advancing brine during imbibition results in a
hysteresis of the system [Bear, 1972; Chiquet et al., 2007; Pentland et al., 2011; Saraji et
al.; 2013]. This hysteresis is irreversible and leads to the capillary trapping of CO2
[Spiteri et al., 2008]. Primary drainage capillary pressure determines the threshold
pressure at which CO2 enters the rock [Pentland et al., 2011], and hysteresis determines
the amount of trapped CO2 by capillary forces at the imbibition stage.

The early stages (Exp.1 and Exp. 2) of the capillary pressure (Pc) values in the
experiments are calculated using the μ-CT data attained as described here.

The basic relationship between capillary pressure, interfacial tension, contact angle, and
pore radius is given by the Young-Laplace equation:
⁄

where

(11)

is the brine-CO2 interfacial tension, is the contact angle (measured in the brine

phase) of the brine-CO2-rock system, and

is an effective pore radius. Using this
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equation, we estimated the primary capillary pressure for drainage and imbibition owing
to the availability of pore size mapping from -CT imaging. As we did not have direct
measurements of

and

for our particular CO2-brine system, we used values from the

similar studies listed in Table 9. Interfacial tension is assumed to be the same for drainage
and imbibition for a two given fluids. However, contact angles are different due to
contact angle hysteresis and relate to each other through Equation 12:

(12)

where

is the difference between imbibition and drainage contact angles. The

value of the drainage contact angle in sandstone was taken from [Chiquet et al., 2007],
while

value was estimated from [Extrand and Kumagai, 1997]. Effective pore

radius in Equation 11 was estimated from CT-derived data pore size distribution (Fig.
31).

Calculated capillary pressure curves for the whole CO2 saturation range (from 0 to 1) and
for the specific CO2 saturation obtained in this work (0.25-0.45) are shown in Figure 35.
Here, CO2 saturations were inferred from the cumulative pore volume distribution (Fig.
32), i.e. CO2 saturation equal to 1 (all pores are filled); this corresponds to cumulative
pore volume equal to 1. The capillary pressure curve show that average SCO2,i of 45% for
Drainage I to the average SCO2,r of 26% for Imbibition I, which corresponds to the
drainage capillary pressure of 3.972 kPa and the imbibition capillary pressure of 1.885
kPa, respectively. As the primary drainage capillary pressure defines the ability of low
permeability layers to stop the upward migration of CO2 [Pentland et al., 2011], 3.972
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kPa is the minimum primary drainage capillary pressure required to achieve a SCO2,r of
26% in this system.

Table 9. Estimation of the interfacial tension and the contact angles between scCO2 and
brine in sandstone.

Study

Sample

Chalbaud
et al.
[2009]

Hydrophobic

Chiquet et
al. [2007]

Quartz

Extrand
and
Kumagai

Silicon
wafersa

Berea SS

Glass

T

P

(◦C)

(MPa)

27

8.21

Solution
salinity

Interfacial
tension

(mole/kg)

(mN/m)

0.87 NaCl 28.80

71

Drainage
contact
angle
(◦)

Contact
angle
hysteresis
(◦)

NA

NA

37.54
8.0

0.5 NaCl

NA

30.68

NA

21

0.101

water

NA

NA

14.5

46.3

8.3

0.53NaI

32.63b

30.68

14.5

[1997]
Present
study
(exp.1-4)
a

Although the contact angle hysteresis on sandstone is not available, the value of the
silicon wafers was used for this study because its Ra (average roughness) value (0.132
nm) was similar to that of sandstone (0.168 nm) [Baek et al., 2012].
b
This value was obtained by linear extrapolation of Chalbaud et al.’s [2009] interfacial
tension data to elevated temperature (46.3◦C).
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Figure 35. Primary drainage and imbibition capillary pressure (Pc) curves using equation.

The capillary-pressure trajectories followed during drainage and imbibition cycles can be
conceptualized in the schematic drawing presented in Figure 36. The solid bounding
drainage and imbibition curves represent the maximum saturation changes that occur in a
system, and they define the maximum SCO2,i and SCO2,r. In Drainage I, CO2 is injected to
reach a particular SCO2,i just prior to Imbibition I. From that point, Imbibition I consists of
increasing brine saturation to reach SCO2,r. Subsequent CO2 injection, along Drainage II,
leads to a higher CO2 saturation, SCO2,i prior to Imbibition II. Consequently, Imbibition II
renders a higher SCO2,r thus explaining the intrinsic relationship between SCO2,i and SCO2,r.
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Figure 36. Schematic drawing of drainage and imbibition cycles as capillary pressure
paths. The path of Drainage I follows the bounding drainage curve.

If we continue the drainage-imbibition cycle as shown in Figure 37, the resulting residual
saturation will become more close to the maximum residual CO2 saturation defined by
the bounding curve. When the maximum residual CO2 is reached, the prior initial
saturation is the optimal initial CO2 saturation, which is the end point for capillary
trapping curve. After that, any increase in initial saturation will not increase the residual
saturation, but it will lead the imbibition capillary pressure path to follow that of the
imbibition bounding curve.
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Figure 37. Schematic drawing of consequent drainage and imbibition cycles as capillary
pressure paths
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Chapter 4
Conclusions

Based on our experimental results and comparison with previous experimental data and
empirical models, we confirm that capillary trapping can effectively immobilize CO2 in
porous media in CO2-brine systems. More importantly, we quantify the capacity of CO2
trapped by capillary retention in a brine-CO2-rock system. The effect of SCO2,i on SCO2,r
demonstrates that SCO2,r increases with an increase in the SCO2,i, but the amplitude of this
increase in the SCO2,r is less than the increase in the SCO2,i. The ideal end point of the
curve indicates the ideal maximum SCO2,r that can be achieved in the system,
corresponding to the ideal maximum SCO2,i.

Significant quantities of CO2 (26 - 31%) can be immobilized in Berea SS by capillary
forces, as a result of imbibition under the operating conditions of our CO2-brine system
(8.3Mpa, 46.3◦C). SCO2,r by capillary trapping can be up to an average of 31% with a
given SCO2,i. Fitting our experimental data with the empirical model suggests that the
ideal maximum amount of CO2 trapped by the capillary mechanism is as high as 38%
under the given conditions. In this experiment, SCO2,i had more influence on the SCO2,r
than the imbibition flow rate had, and it also has an effect on SCO2,r. The higher the initial
saturation, the higher the residual saturation before it reaches the maximum value. Pore
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size distribution is analyzed to estimate the primary capillary pressure for this system. A
minimum primary drainage capillary pressure of 3.972 kPa is needed to achieve a SCO2,r
of 26% for this system. Additional experimental variables need to be considered to
develop generalized relationships between the SCO2,i and the SCO2,r for the CO2-brine
system. In our future work, we will examine the influence of rock type and higher
imbibition flow rates on SCO2,r in order to provide more robust IR curves for different
CO2-brine systems for use in field-scale applications.

This work contributes to the study of capillary trapping of CO2 in saline aquifers by
presenting a feasible experimental system that maintains CO2 at its supercritical status, by
examining the pore size distribution of Berea SS sample by high resolution X-ray
imaging and, most important, by quantifying the capacity of capillary trapping of CO2 in
a brine- CO2-rock system under supercritical status. We establish a system with high
pressure and high temperature that can successfully maintain CO2 at its supercritical
status throughout the cyclic coreflood experiments on a small sample. The fluid
movements in the pore spaces are monitored by the -CT scanner and are represented as
X-ray imaging with high resolution. The selected equipment, the system set-up and the
operating conditions provide useful information for future experiments. We examine the
pore size distribution by X-ray imaging with a high resolution of 3 m and apply this for
the study of capillary pressure. This could help to improve the pore network modeling for
CO2 sequestration by providing more accurate description of the pore spaces and thus
leads to betters results of the capillary pressure. Based on the methods, we quantify the
capacity of capillary trapping of CO2 under saline aquifers conditions. In view of the
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sophistication in the experiments, experimental data that especially addresses this
problem is still lack. Our research is among a few pioneer groups that obtain results for
the capacity of capillary trapping of CO2 and helps to gain confidence in this trapping
mechanism. We present the results in the form of IR curve which can be a better tool to
quantify the CO2 trapping. The data can be used for the development of numerical and
analytical method for better prediction in simulations.

65

Chapter 5
Future Work

We suggest future work to be focused on the two main tasks: (1) examination of the
impacts of different imbibition flow rates and different rock types on capillary trapping of
CO2 under CO2 storage conditions, and (2) investigation of the effect of salt precipitation
on rock properties changes induced by scCO2 injection into rock samples.

Further capillary trapping experiments (task 1) can be conducted with different
imbibition flow rates on the cores with the same initial CO2 saturation to quantify the
effect of imbibition flow rate on capillary trapping of CO2 while keeping SCO2,i constant.
This might provide suggestions for water injection to enhance CO2 trapping in deep
saline aquifers. Such experiments will be done on other rock types, such as different type
of sandstone and carbonates formed in different depositional environments. Specifically,
experiments on carbonates which, unlike sandstones, are characterized by highly
heterogeneous porosity/permeability distribution and high sensitivity to acid gas can
complement the understanding of CO2 trapping in saline aquifers and provide solid
experimental data for modeling.

Task 2 will be focused on the salt precipitation, associated with CO2 sequestration in
deep saline aquifers. The injection of dry CO2 vaporizes formation water, promoting
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increased brine concentration and, therefore, salt precipitation [Giorgis et al., 2007]. In
highly saline formations, the amount of salt that potentially precipitates can be quite
substantial to occupy the pore space, reducing porosity, which, in turn, leads to the
reduction of rock permeability [Ott et al., 2011]. Such salt accumulations and decrease of
permeability particularly occur near the borehole where large amounts of CO2 are
injected, making a major impact on the well injectivity [Muller, 2009; Andre et al.,
2011]. The amount and pattern of salt precipitation depends on the salinity of formation,
the solubility of CO2 in the formation, the flow rate of injected fluid, the properties of
rock matrix, the time frame and the injection area [Ott et al., 2011]. Combined with the
variation of all factors, salt precipitation creates considerable uncertainties to the CO2
sequestration project.
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Appendix A
Nomenclature

: average CT registration number

: voxel CT registration number

: average porosity

: voxel porosity

: voxel water saturation

: voxel CO2 saturation
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Appendix B
Introduction of Salt Precipitation during CO2 Injection
into Saline Aquifers

Carbon dioxide (CO2) is by far the most significant greenhouse gas released by human
activities through fossil fuel combustion [IPCC, 2005]. In order to minimize CO2
emissions to the atmosphere, large number of captured CO2 needs to be stored in
geological formations, such as depleted oil and gas reservoirs, coal beds and deep saline
aquifers. Among the different formations, deep saline aquifers are considered prime
candidate for CO2 storage due to its large potential capacity and widespread geological
occurrence [Bennion and Bachu, 2008]. Given the factors of economy and technology,
injection wells are limited for CO2 sequestration in deep saline aquifers. Therefore, large
volume of CO2 is usually injected at high flow rate for the lifetime of 25-50 years
[Peysson, 2011]. The injection of dry CO2 vaporizes formation water, promoting brine
concentration and precipitation of salt [Giorgis et al., 2007]. In highly saline formations,
the amount of salt that potentially precipitates can be quite substantial [Ott et al., 2011].
The accumulative salt occupies pore space and thus reduces porosity, which leads to the
reduction of permeability of the porous medium. The reduction results in impairment to
injectivity, especially the area near wellbore [Andre et al., 2011]. The amount and pattern
of salt precipitation depends on the salinity of formation, the solubility of CO2 in the
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formation, the flow rate of injected fluid, the properties of rock matrix, the time frame
and the injection area [Ott et al., 2011]. It is necessary to understand the effect of salt
precipitation induced by injection of CO2 into deep saline aquifers on the injectivity.

After CO2 is injected into deep saline aquifers, it is in supercritical status, and a small
fraction of CO2 dissolves in aqueous phase [Lindeberg and Bergmo, 2002], increasing the
formation water acidity and mineral dissolution potential [Andre, 2007]. The injected
CO2 removes water by gas expansion in two steps. The first step is immiscible
displacement by viscous pressure, and the second step is domination of an evaporation
regime which lasts longer period [Giorgis et al., 2007]. Large amount of injected CO2
migrates in porous media and replaces the brine that is originally in porous media,
occupying the center of pore space and leaving a thin film of brine on the rock surface.
CO2 relative permeability increase as more water is removed during this process [Giorgis
et al., 2007]. The film of brine is exposure to continuous dry CO2 flow, and evaporation
occurs due to imposed concentration gradient between gas and water [Giorgis et al.,
2007]. The injected CO2 flow creates saturation gradient on the brine in the pore space
and thus results in capillary pressure gradient. When the capillary pressure gradient
overcomes the injection pressure gradient, bine is driven to flow back towards
evaporation front to support the evaporation. As a consequence, extensive evaporation
occurs, inducing drying front with diffusive shape propagating in the media [Mahadevan
et al., 2007; Andre et al., 2011]. As formation water evaporates into flowing CO2 stream,
the concentration of salt in brine increase. When it reaches the solubility limit, salt that
mainly consists of halite [Bacci, 2011] begins to precipitate. The precipitated solids tend
to coat the quartz grains with platy crystals over pore throats and grains [Muller, 2009],
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which can block the pore space of porous media and thus reduce porosity and
permeability. Permeability changes depend on the porosity changes and geometric
properties changes, and the geometric properties of pore channels determine the fluid
movement. Therefore, salt precipitation alters rock permeability by changing the pore
channels and the place and amount of accumulative salts decides the effect of the
alternation [Zhang et al., 2011]. Strong reduction in permeability results in significant
rise in the bottom-hole injection pressure and hinders fluid movement [Giorgis et al.,
2007; Muller, 2009]. This particularly occurs near the borehole where large amount of
CO2 flows [Muller, 2009] and results in significant chemical and physical changes in this
injection zone, making a major impact on the well injectivity.

There are many factors that influence salt precipitation with respect to salt amount, salt
distribution and effect, which include formation salinity, brine mobility, injection flow
rate as well as pressure and temperature. Salinity is the main drive of salt precipitation.
Water moves from high saturation region to low saturation region by capillary pressure.
Saturation profile is determined by the balance between water removed and water
induced by capillary pressure [Mahadevan et al., 2007]. Simulations show that there is a
threshold value of liquid saturation above which the system is in balance [Giorgis et al.,
2007]. Brine mobility ties strongly to this balance. When the brine has a low mobility, the
evaporation front advances with limited salt precipitation and only minor effects on well
injectivity, while when the brine has sufficient mobility, the precipitation front is
recharged by the brine flowing towards the wellbore, due to the capillary pressure
gradient driven by the evaporation [Giorgis et al., 2007]. The evaporation rate is
proportional to the injection flow rate. Increase in the injection flow rate promotes a
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steeper brine saturation gradient and a stronger capillary pressure gradient, and thus
introduces higher backflow of brine to supply evaporation. On the other hand, higher
injection flow rate generates higher injection pressure which acts against capillary
pressure [Giorgis et al., 2007]. Pressure affects salt precipitation by controlling the CO2
plume size. The higher the pressure is, the larger the amount of precipitated salt is. The
influence of temperature on salt precipitation is minimal compared to salinity and
pressure, and it is dependent on the aquifer pressure [Zeidouni, 2009]. Combined with the
variation of all factors, salt precipitation creates considerable uncertainties to the CO2
sequestration project.

Investigation of the effect of salt precipitation on CO2 sequestration project has been
conducted by numerical solutions and analytical solutions, but experimental data that
addresses the behavior of the precipitation is scanty. Piri et al. [2005] modeled the radial
injection of supercritical CO2 in a deep saline aquifer, studying the effect of evaporation
on the amount of dissolved CO2 and salting out effect. They demonstrated that
evaporation increases the concentration of salt in formation water which in turn reduces
the amount of CO2 dissolved in aqueous phase. Giorgis et al. [2007] modeled salt
precipitation during the injection of dry CO2 in a depleted gas reservoir. They announced
that high mobility of brine leads to high salt precipitation by recharging the precipitation
front, and high injection rate (>1 kg/s) allows the continuity of the injection with limited
effect on injectivity. Pruess [2009] developed an analytical model to directly calculate
the solid saturation of salt precipitation based on water mass balance. This model is
limited to constant injection of CO2 into a 1-D linear of radial homogeneous model with
uniform initial conditions. Zeidouni et al. [2009] developed an analytical tool to estimate
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the amount of salt precipitation and the radius of dry-out zone, as well as to investigate
the sensitivity of salt precipitation to different parameters, including aquifers pressure,
temperature, salinity and relative permeability. They concluded that CO2 plume size is
most sensitive to the pressure and the aqueous phase relative permeability, while the salt
precipitation is most affected by the brine salinity and aqueous phase. Andre et al. [2011]
evaluated the dynamic of the water saturation decrease in sandstone and the
consequences of induced salt depositions on the injectivity. They demonstrated that high
salinity of the initial brine and large residual water content lead to large salt precipitation,
and this can be limited by increasing injection flow rate sufficiently.

People performed core flood experiments to investigate the effect of salt precipitation
induced by CO2 injection on brine-saturated sandstone samples, especially focusing on
the changes of porosity and permeability along with their relationship. Wang et al. [2009]
reported that the gas effective permeability reduces 50% due to salt precipitation. Further,
Bacci et al. [2011] found that small decrease in porosity induces significant impairment
in permeability. They established a correlation between the two properties and used it for
model calibration. Ott et al. [2011] observed decrease in absolute permeability and
increase in effective CO2 permeability, and they attributed this to the cross-sectional
precipitation pattern. They also concluded that salt seems to precipitate in the vicinity of
CO2-flow channels, leaving them essentially open. Meanwhile, the effect of rock type
and initial permeability on the alteration of permeability resulting from drying
mechanism was investigated by Peysson et al. [2011], and they observed a coherent
linear decrease and, by local investigation, that salt precipitates near the surface of the
sample and thus the solids block the pores. Mahadevan et al. [2007] examined the
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evolution of saturation of trapped liquid in porous media due to gas injection. They
demonstrated the dependence of liquid saturation profile and the rate of drying on the
viscous pressure drop, the state of saturation of the gas and the capillary characteristics of
porous medium. Muller et al. [2009] combined supercritical CO2 coreflood experiment
and modeling to investigate the physical process of salt precipitation, and suggested that
the severe salt precipitation near the injection point can be overcame by pre-flushing the
formation with fresh water or by altering flow rate and pre-saturating CO2.

In general, the understanding of salt precipitation by CO2 injection into deep saline
aquifers is still limited. It is due to the inherent difficulty of representing realistic
geologic sequestration conditions at laboratory scale. However, investigation on gas
induced salt precipitation at atmosphere conditions can help to understand the
precipitation pattern and salt development, as well as the effect of precipitated salt on
porosity and permeability.
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Appendix C
Salt Precipitation during CO2 Injection into Sandstone

The objectives of this study are to: (1) investigate salt precipitation as a result of brine
evaporation during CO2 injection into Berea sandstone (Berea-SS) core sample (2)
monitor and visualize the allocation and movement of salt precipitation using X-ray
micro-computed tomography (μ-CT), and (3) investigate precipitation pattern on Berea
sandstone core sample.

C-1 Methods

To investigate the above-mentioned objectives, we performed drying experiment on one
Berea SS core sample with gas CO2 injection and vacuum. The experiment was recorded
by a -CT scanner.

The -CT scanner, Universal HD-600 OMNI-X, was used to characterize the porosity
distribution and salt precipitation development in the sample. The resolution of X-ray CT
scanners depends on the ratio of the distance between an X-ray detector and an X-ray
source and on the distance between an object and the X-ray source. The X-ray source
energy applied was 225 kV with a 1024×1024 detection frame, respectively. As a result,
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for our experimental system, voxel resolution of 15.36

×15.36

×14.94

was

obtained.

C-1.1 Experimental Setup
Figure C-1 displays the schematic of our experimental setup of the gas CO2 drying
experiments using an

-CT scanner. We used Berea SS sample, already well

characterized in the literature as relatively homogeneous in regard to chemical and
mineral composition [Pentland et al., 2011; Shi et al., 2011]. The porosity and
permeability of the sample is 20% and 159 mD, respectively. The sample was cored into
a cylinder measuring 1.27 cm in diameter and 5.08 cm in length and placed vertically
inside an X-ray-transparent Temco core holder. The core holder is a biaxial, Temco FCH
model, 53.34 cm long, with an OD of 8.89 cm and a wall thickness of 1.905 cm. The
body of the core holder is made of an aluminum frame wrapped in a composite material
out of carbon fibers in an epoxy matrix, allowing it to withstand 100◦C temperature and
20.68 MPa pressure. The sample was covered with an aluminum jacket to isolate it from
the surrounding environment and to protect the sample holder from volatile, corrosive
fluids like CO2.
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Figure C-1. Schematic of experimental set-up for drying experiment on Berea SS core
sample by gas CO2 injection and vacuum for salt precipitation
Injection was controlled by the dual-cylinder Quizix pump (model C-5000-10K) shown
in Figure C-1, capable of operating pressures of up to 69 MPa. The maximum operating
flow rate was 15 cm3/min. A CO2 cylinder provided the fluids for the experiment. The
Berea SS sample was saturated with brine consisting of an 8 wt% NaI solution. NaI was
chosen over other salts as it supplies the greater contrast in the CT images since iodide
attenuates X-rays much more than the beads because of its high atomic number (Landry,
2010). The temperature of the system was controlled by a Temco temperature controller.
The core holder was wrapped with heating tape and insulation, and a temperature detector
inserted through the top metal distributor in order to measure the temperature near the
core sample. The core holder was placed vertically in the

-CT scanner, and flow
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direction was downwards. The pump was programmed to retract CO2 from the cylinder
and inject fluid at a constant flow rate into the core sample.

C-1.2 Experimental Procedure
Figure C-2 illustrates the procedure used for the drying experiment by gas CO2 injection.
The key experimental steps are the following:

I.
II.

The core sample was evacuated.
Fresh brine was injected into the sample from the bottom at ambient T and P. At
the end of this stage, the pore space of the rock sample is filled with fresh brine.

III.

Gas CO2 was injected at a constant pressure of 34.5 kPa (5 psi) continuously for
24 hours at the temperature of 21◦C.

IV.

Vacuum was applied to the bottom of the sample for 1 hour to accelerate the
drying process, and sample was completely dry at the end of this stage.

Figure C-2. Procedure for the drying experiment on Berea SS sample by gas CO2
injection for salt precipitation. Roman numbers indicate different stages of experiment.
The tomography scan was taken at each stage as indicated by radiation symbols. Arrows
show the direction of the flow.
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C-2 Results

Figure C-3. Salt precipitation images of the Berea SS sample after stage IV of
experiment. Dark areas inside the rock represent empty space, light grey is silica-rich
matrix and brighter spots indicate salt. Horizontal slices are taken at the a) top, b) center,
and c) bottom of the core, d) vertical cross-section slice
Figure C-3 shows salt precipitation on the Berea SS sample after experimental stage IV.
The top slice (Fig. C-3a) exhibits the highest amount of salt because CO2 gas was
injected from the top. The round circles outside the sample (Fig. C-3a, b, c) indicate
compressed aluminum jacket. Note there is a gap between sample and jacket on the left
side of the core, which creates a preferential pathway for the gas flow, and therefore,
enhanced salt precipitation. Such gap can imitate a fracture in a sandstone sample under
natural conditions. The overall salt precipitation pattern along the core is shown in
vertical cross-section slice (Fig. C-3d). Large vertical arrow shows direction of gas flow
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along the gap, while small horizontal arrows might indicate the extension of salt
precipitation front into the sample by diffusion.
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Appendix D
Salt Precipitation during Vacuum into Mixed Beads
Pack

The objectives of this study are to: (1) investigate salt precipitation as a result of brine
evaporation during vacuum on mixed beads pack, (2) monitor and visualize the allocation
of salt precipitation using X-ray micro-computed tomography (μ-CT), and (3) investigate
porosity change and salt body structure on mixed beads pack.

D-1 Methods

To investigate the above-mentioned objectives, we performed vacuum-drying experiment
on a mixed beads pack at ambient P and T. The experiment was recorded by a -CT
scanner to visualize salt precipitation and resulted porosity change. The X-ray source
energy applied was 215 kV in voltage and the voxel resolution was 26.62
×27.44

×26.62

.

D-1.1 Experimental Setup
Figure D-1 illustrates the schematic system for the drying experiment on mixed beads
pack. The mixed beads contained both glass and plastic (acrylic) beads. The beads were
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sieved to provide a uniform bead diameter range of 0.425-0.600 mm. The resulting bead
pack had a length of 8.53 cm and a diameter of 2.48 cm. The mixed beads pack was presaturated with 6 wt % NaI brine. The core holder, specifically designed for a series of low
pressure experiments (~1 atm), had a polycarbonate sleeve capped by stainless steel end
plugs

Figure D-1. Schematic of experimental set-up for vacuum drying experiment on mixed
beads pack.
D-1.2 Experimental Procedure
Figure D-2 illustrates the procedure used for the drying experiment on mixed beads pack
by vacuum. The key experimental steps are the following:

I.
II.
III.

The beads pack was evacuated.
Fresh brine was injected into the pack from the bottom at ambient T and P.
Vacuum was applied from top of the pack until beads pack was dry.
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Figure D-2. Procedure for the drying experiment on mixed beads pack by vacuum for
salt precipitation. Roman numbers indicate different stages of experiment. The
tomography scan was taken at each stage as indicated by radiation symbols. Arrows show
the direction of the flow.
D-1.3 Image Analysis
Raw image data were processed using AvizoTM 3D Visualization Framework 6.3 [Avizo
6.3, 2010]. Figure D-3 shows a CT image of salt precipitation from the end of stage III of
drying experiment. The precipitated salts had higher density compared to mixed beads
and were recorded as brighter solids on CT image.

In order to quantify the total porosity and the fraction of pore space occupied by
precipitated salt, separation of these two phases from each other and surrounding beads
by segmentation was performed. Image segmentation was accomplished by simple
thresholding, that is, all voxels that contain a CT registration number equal to or below a
CT registration number threshold were segmented from the voxels with CT registration
numbers above this threshold. The threshold value between phases was determined by
visual judgment. First, the pore space was segmented from the beads using the dry
images from stage I. Further the beads (

) were subtracted from the two83

phase (salt + beads) images

to produce images with only one phase (salt)

present. The obtained images were subsequently segmented using simple thresholding
and quantified. The segmented images were then analyzed by the tool of Quantification
in Avizo 6.3 for the measurement of individual volume and surface area of salt body.

Figure D-3. A cropped CT image of salt precipitation from stage III of drying
experiment on mixed beads sample by vacuum. Dark areas inside the pack represent
empty space, light grey is plastic bead and brighter spots indicate glass bead. Salt are
highlighted as red scatters.
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D-2 Results

Figure D-4. Vertical porosity profile along the sample height from bottom to top (0 cm 10 cm) in a dry sample. Each height point corresponds to the average porosity of single
slice obtained from CT imaging. Porosity is relatively uniform with the value of 23% in
the middle section of the sample (~3 to 8 cm), while displays fluctuations on the top and
the bottom sections (up to 50% at the top section). This fluctuation is due to non-uniform
packing of beads. In order to minimize the influence of sample heterogeneity on salt
precipitation, data analysis was performed only on the sample section from 4.0 cm to 8.0
cm where the beads porosity is homogeneous (Fig. D-4).
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Figure D-5. Salt fraction along the length of the bead column in the vertical section of
the sample from 4-8 cm. Arrow indicates the point of vacuum pump connection. Salt
fraction is defined as the fraction of pore space occupied by precipitated salt. It increases
from 0.08 at the top to 0.28 in the bottom, which we attribute to the fact that vacuum was
applied from top of the sample. When water near the top evaporated, the concentration of
the solution in the upper layer became higher than that in the lower layer, and brine was
driven towards the bottom of the core by diffusion due to differences in salinity. Because
of the salt accumulation in pore spaces, porosity decreased 8% to 28% in this section.
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Figure D-6. (a) Histogram of salt particles volume distribution in the vertical section of
the sample from 4-8 cm. The majority of precipitated particles have very small volume
(<~0.025 mm3). About 3% of the salt particles’ volume is larger than 0.3 mm3,
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(b) Histogram of salt particles volume distribution in the vertical section of the sample
from 4-8 cm in logarithm on X-axis. It covers the whole size range of the volume,
especially the larger ones which are not shown in Figure D-6 (a).
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Figure D-7. (a) Histogram of surface areas for salt particles in the vertical section of the
sample from 4-8 cm. The majority of precipitated particles have surface area smaller than
0.5 mm2, and those with surface area larger than 5 mm2 only account for 1% of the total
number, (b) Histogram of surface area for salt particles in the vertical section of the
sample from 4-8 cm in logarithm on X-axis.

Figure D-8. Surface area (SA) versus volume for salt particles in the vertical section of
the sample from 4-8 cm. Solid and dotted lines indicate SA-volume relationship for ideal
cubes and spheres, respectively. Note, that SA-V relationship becomes linear for volumes
greater than 1.5 mm3 for both cube and sphere. Some particles < 1 mm2 have similar
SA/V ratios as the model cube, but majority of salt bodies reveal larger surface areas at a
given volume compared to cube and sphere geometries. These results suggest that salt
body has a rough surface with complex geometry.
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Figure D-9. Surface area to volume ratio (SA/V) versus volume in the vertical section of
the sample from 4-8 cm. In general, high SA/V ratios indicate high reactivity of material.
SA/V value decreases with the increase of salt body volume. This dispersion suggests
that small salt body has more complex and rough (fractal) structures with very large
surface areas. As volume increases, the complexity of surface reduces. When the growth
of volume compensates the growth of surface area, the ratio becomes stable (at V >1.5
mm3). There might have two types of particles in our system: primarily precipitated
small ones and large ones. The latter can be secondary and might be formed as the
expense of smaller particles. This process is thermodynamically-driven spontaneous
process, and it occurs because larger particles are more energetically stable than small
ones which have a very high surface area, and therefore, very reactive [Ratke and
Voothees, 2002]. Larger particles can be formed at the expense of smaller ones by
Ostwald ripening. This is the process when small less stable crystals are dissolved and the
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resulted solution species (Na+, Cl-) are diffused to the surface of large, more stable
particles. Another mechanism is oriental aggregation of smaller particles on the surface
of a large particle and grow in all together. Regardless of the mechanism of large
particles formation, they have smaller SA/V ratios which are shown in Figure D-9. Based
on the histogram of particles volume distribution (Fig. D-6), big particles are very
uncommon. Most of the salt body consists of small particle that might be easily dissolved
by brine flow. This is the area for new research.

Figure D-10. Interface area between salt and beads along sample length from 4-8 cm.
Each number represents the total interface area between salt and beads, plastic and glass,
respectively, on each CT slice. After brine is injected into the mixed beads, the wettability
of water decides the water distribution preference, which leads to the salt precipitation
preference on beads after water is dried out. Salt precipitates on the beads surface and thus
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forms interface between salt and beads. The interface area demonstrates the preference of
salt precipitation to certain material. Comparison of interface area between salt and plastic
beads and glass beads, respectively, indicates that salt prefers precipitating on glass beads
to plastic beads. As salt precipitation increases from top to bottom (8 cm to 4 cm) (Fig. D4), interface area between salt and beads also increases. But this increase is larger for glass
beads than that for plastic beads in the lower part of the sample.

.
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Appendix E
Proposed Experiments for Salt Precipitation during
scCO2 Injection into Sandstone

We propose experiments for salt precipitation during scCO2 injection into a sandstone
sample. The objectives of this study are to: (1) investigate salt precipitation as a result of
brine evaporation during scCO2 injection into a sandstone core sample, (2) monitor and
visualize the allocation and movement of salt precipitation using X-ray micro-computed
tomography (μ-CT), (3) examine the changes of porosity and permeability, as well as the
relationship between them and (4) investigate precipitation pattern on the sandstone core
sample.

The system set-up for the experiments of capillary trapping of CO2 (Fig. 8) can be used
for the drying experiments by scCO2 injection into sandstone (Fig. E-1). We will drill the
sample into a cylindrical core with the dimension as listed in Table 2 and will use the
same equipment to perform the experiments with the operating conditions shown in Table
3 in order to maintain the supercritical status for CO2. The type of the rock will be
decided later.
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Figure E-1. Schematic of experimental set-up for drying experiment on sandstone
sample by scCO2 injection for salt precipitation
Injection will be controlled by the dual-cylinder Quizix pump (model C-5000-10K). A
CO2 cylinder will provide the fluids for the experiment. The sandstone sample will be
saturated with brine consisting of an 8 wt% NaI solution. Vessel I will be filled with pure
scCO2, whereas vessel II will receive the fluids from the bottom of the core and release
gas to atmosphere/or another container in order to keep the pressure under the working
pressure of the vessel. The temperature of the system will be controlled by the two
Temco temperature controllers. The core holder will be wrapped with heating tape and
insulation, and a temperature detector inserted through the top metal distributor in order
to measure the temperature near the core sample.
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The core holder will be placed vertically in the -CT scanner (Fig. E-1), and flow
direction will be downwards throughout the experiments. Pump II will be programmed to
receive fluids from the bottom outlet of the sample, at constant pressure, and then transfer
them back to vessel II. Since CO2 from the outlet of the core holder contains water, it will
not be re-injected into the sample. Simultaneously, Pump III provided confining pressure
by injecting N2 in the annular space inside the core holder.

Figure E-2 illustrates the procedure for the drying experiment by scCO2 injection. The
key experimental steps are the following:

I.

Supercritical CO2 is injected into the evacuated core from the top until the core
pressure reaches 8.3MPa.

II.

The core sample is evacuated. Stages I and II are designed to ensure that no air is
present in the pores.

III.

Fresh brine is injected into the sample from the bottom at ambient T and P. At the
end of this stage, the pore space of the rock sample is filled with fresh brine

IV.

Pure scCO2 is injected to evacuate the fresh brine until the core is dry. We plan to
continuously inject scCO2 for 12 hours to dry the sample and scan the same every
3 hours, but the injection time is subject to change based on pore volume and the
water saturation at the end of each scanning in the sample.
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Figure E-2. Procedure for the drying experiment on sandstone sample by scCO2 injection
for salt precipitation. Roman numbers indicate different stages of experiment. The
tomography scan was taken at each stage as indicated by radiation symbols. Arrows show
the direction of the flow.
With the X-ray imaging from stage IV, we will investigate the change of porosity and
permeability, as well as the relationship between them. We will examine the drying
pattern and the development of salt bodies. We hope the results will provide a better
understanding in the salt precipitation by scCO2 injection into saline aquifers.
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