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Abstract
CO2 storage in saline aquifers (sandstone/carbonate types) has been proposed as a promising solution
to help reduce CO2 emissions to the atmosphere. CO2 will likely be stored as a dense, supercritical
(sc.) phase. There are different mechanisms by which CO2 could be stored safely underground;
structural and stratigraphic trapping, dissolution trapping, capillary trapping, and mineral trapping.

I study capillary trapping. We assume that in the middle of a CO2 plume, many kilometres in extent,
the CO2, brine and rock have been in mutual contact for several years. In these circumstances, the
degree of capillary trapping is determined by a displacement of CO2 by brine under these equilibrated
conditions. Reproducing such conditions in the laboratory poses a challenge. I have measured the
first trapping curve, the relation between initial and residual CO2 saturation, for carbonates in the
literature, as well as contributing to the first data on sandstones.

For capillary trapping experiment, the porous plate method was used during primary drainage. Two
sandstones (Berea and Doddington) and two types of carbonates (Ketton and Indiana) were studied.
These experiments were conducted at temperatures of 33, 50, and 70 ˚C and 9 MPa pressure, which
matches the conditions observed for several current and planned storage sites. Two displacement
steps, primary drainage and water flooding were followed to reach residually trapped CO 2 saturation.
The isothermal de-pressurization method was used to measure the amount of scCO2 residually
trapped. The drainage capillary pressure curve, the Leverett J-function and the trapping curve were
measured.

During capillary trapping experiments, the brine was equilibrated with CO2 to achieve immiscible
displacement. We used a stirred reactor, to equilibrate CO2 with brine. The solubility of CO2 in brine
was also measured using the isothermal depressurization method and compared with data in the
literature.
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In Berea sandstone the trapping curves at 33, 50 and 70˚C were compared. We showed that
temperature (density) variation has no effect on the saturation of scCO2 that is residually trapped. In
Doddington sandstone our result was consistent with that from a micro-flow cell in which the trapped
scCO2 was imaged using an X-ray source at the pore scale.

We find that significant quantities of the CO2 can be trapped, with residual saturations up to 35%, but
less than in analogue experiments where oil is displaced by brine. Hence, it is hypothesized that
scCO2-brine systems in sandstones are weakly water-wet with less trapping than the more strongly
wetting analogues.

Capillary trapping in carbonates is very challenging. In carbonates, another step was required, where
brine/CO2/carbonate will be equilibrated together before running the capillary trapping experiment.
The apparatus used for sandstone rocks was modified so that the geochemical reaction between
CO2/rock was accounted for. Samples are taken and analysed to ensure that the brine/CO2 mixture is
saturated with carbonate minerals.
In Indiana, the CO2 trapping curve for scCO2 at 50 ˚C and 9 MPa was compared with that of gaseous
CO2 at 50 ˚C and 4.2 MPa. A scCO2 residual trapping endpoint of 23.7% was observed in Indiana for
scCO2, with a smaller trapping end point in Ketton limestone. This indicates a slightly less trapping of
scCO2 in carbonates than in sandstone. There is also less trapping for gaseous CO2 (endpoint of
18.8%). The system appears to be more water-wet under scCO2 conditions, which is different from
the trend observed in Berea; the greater concentration of Ca2+ in brine at higher pressure was
hypothesised to lead to more water-wet conditions. Our work indicates that capillary trapping could
effectively store CO2 in carbonate aquifers.
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Chapter 1
Introduction

1.1 Carbon Capture and Storage (CCS)
Carbon capture and storage (CCS) offers a promising solution to help reduce carbon dioxide (CO2)
emissions to the atmosphere. CCS is based on the concept of closing the CO2 loop, as the CO2
resulting from fossil fuel combustion is injected back to the subsurface. In other words CO2 passes
from underground reservoirs to the atmosphere through the combustion process, is injected back again
to the subsurface after being captured from combustion gases at industrial sites, such as fossil-fuel
burning power stations.

1.1.1 Sources of CO2 Emissions and its Effect on Environment
Carbon dioxide (CO2) is the main greenhouse gas that contributes to anthropogenic global warming.
CO2 emissions are increasing and likely to increase in the future without drastic action, Figure 1-1.
The long-term limit on CO2 concentration to avoid serious consequences from climate change is
considered to be is in the range of 300 to 500 ppm, while the present global mean CO2 concentration
is already above 390 ppm, increasing by ~2 ppm/year, indicating that we are already in the dangerous
zone [1]. The Intergovernmental Panel on Climate Change estimates that global warming of more
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than 2-3°C may be dangerous and more efforts are required to reduce greenhouse gases emissions and
prevent further temperature increases [2].

Figure 1-1: The trend of CO2 concentration [1] and temperature anomaly [3] from 1959-2011.
*

Temperature anomaly is the departure from a reference value or long-term average.

Anthropogenic emissions of carbon dioxide result mainly from fossil fuel combustion [4], Figure 1-2.
The amount of energy-related CO2 emissions pumped out into the atmosphere is increasing every
year, see Figure 1-3, and Table 1-1.

Due to the increasing difficulty to change our energy dependence on fossil fuel, and while more time
is required to develop other sources of environmentally friendly, low-carbon energy sources, storage
of carbon dioxide in a safe place has been proposed as a partial solution for global warming.
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Figure 1-2: World Greenhouse gas emissions by sector flow chart.

[Source: WRI, World Resources Institute. All data is for 2000. All calculations are based on CO 2 equivalents, using 100-year global warming potentials
from the IPCC (1996), based on a total global estimate of 41,755 MtCO 2 equivalent]

Figure 1-3: Global emissions of CO2 from fossil fuels: 1900-2004.
[Source: WRI, World Resources Institute, December 2005. Emissions include fossil fuel combustion, cement manufacture and gas flaring]
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Table 1-1: World energy-related carbon dioxide emissions by region, 1990-2035
(billion metric tonnes)
History

Projections

Region/Country

1990

2007

2015

2020

2025

2030

2035

OECD

11.5

13.7

13.0

13.1

13.5

13.8

14.2

North America

5.8

7.0

6.7

6.9

7.2

7.4

7.7

Europe

4.2

4.4

4.1

4.0

4.0

4.1

4.1

Asia

1.6

2.3

2.1

2.2

2.3

2.3

2.4

Non-OECD

10.0

16.0

18.5

20.7

23.0

25.5

28.2

Europe and Eurasia

4.2

2.9

2.9

2.9

3.0

3.0

3.2

Asia

3.7

9.4

11.2

13.0

14.9

16.9

19.0

Middle East

0.7

1.5

1.9

2.1

2.3

2.5

2.7

Africa

0.7

1.0

1.2

1.2

1.3

1.5

1.6

Central and South
America

0.7

1.2

1.3

1.4

1.5

1.6

1.7

Total World

21.5

29.7

31.5

33.8

36.5

39.3

42.4

[Sources: 1990 and 2007: EIA, International Energy Statistics database (as of November 2009), web site
www.eia.gov/emeu/international. Projections: EIA, World Energy Projection System Plus (2010)]

1.1.2 CO2 Properties
CO2 is normally found in the atmosphere in the gaseous phase. When referring to the CO2 phase
diagram, Figure 1-4, increasing the pressure while keeping constant atmospheric temperature alters
the CO2 phase to a liquid state. Though CO2 could also be in the supercritical phase beyond its critical
pressure and temperature, this supercritical state is unfamiliar.
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Figure 1-4: The CO2 phase diagram [5].

In Figure 1-5 a pressure capsule was filled with gaseous and liquid CO2. There is a distinct barrier
between the gas and liquid CO2, Figure 1-5 (a). When raising the temperature and pressure gradually
the separation surface between the CO2 gas and liquid phases starts to disappear, Figure 1-5 (b). Once
the temperature and pressure reaches the critical limits 31.1 °C (CO2 critical temperature, Tcr) and
7.38 Mpa (CO2 critical pressure, Pcr), Figure 1-5 (c); both phases merge and CO2 transfers to the
supercritical phase where CO2 is neither gas nor liquid. In this state CO2 will has a density like a
liquid but flows like a gas [6].

(a)

(b)
Figure 1-5: Video stills showing the production of a supercritical CO2 phase.
[source: http://www.nasa.gov/vision/earth/technologies/harvestingmars.html]

(c)
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In the supercritical phase CO2 take up much less space than gaseous CO2 in the pore space at reservoir
conditions, Figure 1-6. When injecting the CO2 into the underground formation, CO2 will transfer
from the gaseous phase at the surface level to the supercritical phase at the subsurface below 800
meters. As the pressure increases with increasing depth, the occupied volume by CO2 decreases.
Injection sites are likely to be deeper than 800 m; hence CO2 will be stored as a dense, supercritical
phase [7, 8] – this will maximize the stored mass of CO2.

Figure 1-6: CO2 density, volume and phase change with depth.
[Source: CO2CRC (http://www.co2crc.com.au/imagelibrary/) The blue numbers in this figure show the
volume of CO2 at each depth compared to a volume of 100 at the surface.]
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1.1.3 CO2 Storage
CO2 can be injected into geological storage sites, such as saline aquifers or depleted oil reservoirs [9],
where it will be trapped permanently. For CCS to be effective it is necessary to ensure that CO 2
remains secure underground for hundreds to thousands of years [10].

Storage can be in deep oceans, depleted oil reservoir, coal beds, and saline aquifers, or even for
enhanced oil recovery [7], see Figure 1-7.

Figure 1-7: CO2 storage options.
[Source: www.erp.ac.uk/sccs]

Unlike other storage sites, saline aquifers are abundant and geographically widespread with
potentially huge storage capacities [8, 11, 12]. Long term storage of carbon dioxide (CO2) in deep
saline aquifers has been proposed to mitigate global warming [2, 9]. When selecting a saline aquifer
storage site there should be a low permeable cap rock sealing in order to prevent scCO2 from escaping
back to the atmosphere [13].
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1.1.4 CO2 Trapping Mechanisms
When CO2 is injected into geological formations there are a number of trapping mechanisms by which
CO2 will be stored permanently. These mechanisms (stratigraphic and structural trapping,
geochemical trapping, solubility trapping and capillary trapping) will prevent CO2 migration and
subsequent escape to the atmosphere [10, 14]. Each mechanism will vary widely in the expected time
scale over which safe and immobilize supercritical scCO2 storage will occur, Figure 1-8.

Figure 1-8: The different scCO2 storage mechanisms arranged according to
time scale and security.
[Source: CO2CRC (http://www.co2crc.com.au/imagelibrary/)]

To get a more insight on how and where these mechanisms will occur when CO2 is injected in an
aquifer, we will discuss this in more detail. Once a suitable confined aquifer with a proper cap sealing
has been identified, CO2 injection starts. In the beginning all the pores of the rock structure within the
aquifer contain saline water only, see Figure 1-9 (a). As CO2 is introduced to the aquifer through the
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injection well, a CO2 plume starts to form and buoyancy forces drive it upwards to the top of the
aquifer; see Figure 1-9 (b), where it will be prevented from further progressing by the cap rock. CO2
will accumulate below this cap rock, see Figure 1-9 (c); this mechanism is known as structural
trapping [13]. It is the fastest mechanism to occur though less secure, since the cap rock may allow
some flow through it, or be compromised by faults, wells or other high-permeability pathways. It is
important as it retain the CO2 in place underneath the cap rock till other mechanisms take place.

When CO2 meets the brine in the aquifer, it starts to dissolve in the brine; this is known as dissolution
trapping [8, 15, 16], see Figure 1-9 (c). The speed with which this mechanism will occur depends on
the CO2 diffusivity and solubility in brine. This may occur at the edge of the accumulated CO2
underneath the cap rock, or at the edges of the CO2 migrating plume, or even in the CO2 plume itself.
The CO2-laden brine is denser than the original brine and it will sink down through the aquifer
(convective flow), and will be replaced with lower density CO2-free brine. This fresh brine will meet
the CO2 and follow the same cycle.

As the advancing CO2 comes out of the injection well, it will displace some of the brine out of the
pores in its way through the aquifer, leaving behind a connected network of CO2 [15, 17-19]. This
stage is referred to in experimental work as a drainage process. As buoyant CO2 migrates upwards,
the trailing edge will be displaced by brine. The tail of the plume leaves in its way isolated CO2
bubbles locked securely for ever in the formation pores, see Figure 1-9 (c) and (d). This process is
referred to as secondary imbibition or water flooding in experimental work. This is the residual or
capillary trapping mechanism [20, 21]; it is considered to be a rapid, efficient, and safe storage
mechanism, since this trapped CO2, while it may slowly dissolve or react with the rock, cannot
escape. As just described, residual trapping is believed to occur in the trailing edge of the travelling
CO2 plume during the active CO2 injection period; after CO2 injection ceases, the process continues as
the plume moves under gravity, and as it is displaced by any regional groundwater flow. Residual
CO2 will be located everywhere the plume of continuous CO2 has gone.
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(b)

(a)

High
density

brine
Low
density

brine

(c)

(d)

Figure 1-9: The different mechanisms for CO2 trapping that will take place during CO 2 injection
in a saline aquifer. (a) Originally the pore space is fully saturated with brine. (b) CO 2 is injected
and displaces brine in a continuous plume. This is primary drainage. CO 2 is the non-wetting
phase and invades a connected pathway of the larger pores. (c) The plume is buoyant and moves
to the top of the formation where it spreads under the cap rock. Some CO 2 dissolves in brine and
this brine sinks through the aquifer. (d) Where CO 2 is displaced by brine, it leaves behind
residual or capillary trapped CO2: isolated pore-space bubbles that cannot move. Capillary
trapping leaves immobile CO2 throughout the aquifer, with only a small mobile plume at the top.
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The residual trapping mechanism could be engineered by following the CO2 injection period with
brine containing dissolved CO2, as in the case of Otway phase 2 CO2 injection project in Australia
[22].

All above mentioned mechanisms are expected to occur in any type of aquifer, except mineral
trapping that is likely only to be significant on hundred-to-thousand year timescales for carbonate
rocks. The CO2 dissolved in brine reacts with the minerals in the host rock, causing dissolution and
precipitation of mineral over a long time scale (over thousands to millions years) and the CO 2
transfers to its most stable form in solid carbonate [23, 24].
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1.1.5 Current and Planned CO2 Storage Projects in Saline Aquifers
CO2 storage in saline formations and depleted oil reservoirs is being performed around the world;
Figure 1-10, with more projects to open in the near future. These injection projects range from
domestic to field scale projects, with huge investments and cooperation between oil companies. In
addition more underground saline formations are being identified as a potential sinks for CO2 storage
with huge storage capacity. The increasing demand for reducing CO2 emissions due to strict
legislations and the abundance of saline aquifers, make CO2 storage in saline aquifers an attractive
solution to reduce atmospheric emissions of CO2.

Figure 1-10: A world map showing the location for current CO2 storage projects sites, prepared using
Google Maps and the information in Table 1-2.
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A summary of current CO2 injection projects in underground geological formation for CO2 storage
purposes, listing their locations, characteristics and conditions is provided in Table 1-2.

Table 1-2: Summary of current CO2 storage projects.

Project Name

Porosity Permeability
(%)
(mD)

Depth
(m)

Thickness Temp. Pressure
(m)
(˚C)
(kPa)

Location

Lithology

In Salah

Algeria

Sandstone

10-18

10

18501950

20

90

17900

Nagaoka

Japan

Sandstone

22.5

6.7

1100

60

48

11100

CO2-SINK

Germany

Sandstone

23

500-1000

650

80

33-36

6200

CO2-MAN

Germany

Sandstone

23

500-1000

650

80

33-36

6200

Sleipner

Norway

Sandstone

27-30

1100-8140

>800

200-300

36-41

800010000

Snøhvit

Norway

Sandstone

10-15

130-880

2600

45-75

98

26500

Ordos

China

Carbonate

1-15

1-35

>2000

700

~120

~44000

Otway

Australia

Sandstone

20

5500

2100

25-30

63

17800

France

-

-

-

4500

120

150

8000

Illinois, USA

Sandstone

15 a

225 a

2135

300 a

-

15000 a

MRCSP-East Bend Kentucky, USA

Sandstone

5-15

10 to >100

1036

92

27

10962

MRCSP-Michigan
Basin

Dolomite

13

22

1067

22

25-31

13858

Mississippi, USA Sandstone

21 a

1180 a

2595 a

64 a

110 a

-

19

90

3030

355

-

-

Lacq
MGSC- Decatur

SECARBMississippi test
SECARBAnthropogenic test
a

Michigan, USA

Alabama, USA

Sandstone

Michael, et al. (2009) [25]

These current running projects [26, 27] were developed to extend the knowledge of CO2 storage in
underground saline aquifers and depleted hydrocarbons reservoirs.



Sleipner Project [28-30]: CO2 is captured from natural gas production at Sleipner west, located
in North Sea, Norway and then stored back in the overlying Utsira deep saline aquifer. This
project is the first commercial scale CO2 storage project in the world. It started in 1996 with more
than 12 million tonnes of CO2 have been injected to date.
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In-Salah Project [31-33]: It is an industrial scale CCS project in Algeria (started 2004) with an
objective to store 17 million tonnes over 20 year. CO2 is captured from hydrocarbon gases
produced from the In-Salah gas field, and then re-injected back into a deep saline formation
connected to the field.



Nogaoka Project [34-36]: It started in July 2003 in Japan and ended on January 2005. CO2 was
injected into a sandstone on-shore saline aquifer. A total of 10,405 tonnes of CO2 was stored.



CO2-SINK/ CO2-MAN (Ketzin) Project [37-42]: (CO2-SINK: CO2 Storage by Injection into a
Saline Aquifer at Ketzin/ CO2-MAN: CO2 Reservoir Management) During CO2-SINK CO2
injection started in Germany in June 2008 in a natural saline aquifer at Ketzin, and ended in
March 2010 after successfully injecting 32,000 tons of CO2. CO2-MANproject succeeds the CO2SINK project at the Ketzin site in Germany. It started in September 2010 and will end in August
2013. Since June 2008, more than 53,000 tonnes of CO2 has been injected.



Snøhvit Project [43-45]: CO2 injection started on April 2008 in Norway, with a plan for a thirty
year life time for the project, and total CO2 storage of 23 million tonnes. CO2 is separated from
natural gas produced from the Snøhvit field then stored beneath the gas bearing Tubåsen
sandstone formation at the edge of the Snøhvit reservoir.



Ordos Project [46]: This project is the first CO2 injection project in China. It is a pilot project,
aimed at storing CO2 in the carbonate Ordovician Majiagou formation in the northern Ordos
Basin, Shaanix Province, China. It started in 2010 with a total of 40,000 tonnes of CO2 injected
till August 2012. The full scale project will operate until 2020.



Otway Project [47, 48]: It is the world’s largest demonstration project, located at the State of
Victoria, Australia. In phase 1, CO2 reach gas (75.4% CO2 and remainder mainly methane) has
been injected since March 2008 in the Naylor depleted natural gas field in the Waarre C
Formation. Injection ceased in 2009 with a total of 64,445 tonnes of CO2 injected. In 2010, phase
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2 started, with a focus on monitoring and testing of residual and dissolution trapping of the
injected CO2. Injection has been performed at a saline formation in Paaratte formation, where
150 tonnes of CO2 were injected.


Lacq Project [49, 50]: This demonstration project in France started in early 2010 with captured
CO2 from flue gas generated at a power station. CO2 is then injected into the Rousse depleted
natural gas reservoir. This project is planned to continue for two years, with around 120,000
tonnes of CO2 stored.



MGSC-Decatur [51, 52]: (MGSC : Midwest Geological Sequestration Consortium) Located at
Decatur, Illinois, USA, where CO2 is captured from an ethanol plant in Decatur, then injected
into the Mt. Simon sandstone saline formation. CO2 injection started in November 2011 and will
last for 3 years, with a total of 1 million tonnes of CO2 to be injected.



MRCSP- East Bent site (phase II), Cincinnati Arch [53]: (MRCSP: Midwest Regional Carbon
Sequestration Partnership) This is a demonstration project started in September 2009 to inject
1000 tonnes of CO2 into the Mt. Simon sandstone formation, at Rabbit Hash, Kentucky, USA.



MRCSP (phase II and III) Michigan Basin site [53]: In phase II, 60,000 tonnes of CO2 was
injected from February 2008, till autumn 2009, into the Bass Island dolomite saline formation at
Otsego County, Michigan. Phase III started in June 2010, on a wide scale at the Michigan Basin
site in Otsego County, Michigan. CO2 is injected into the St. Peter sandstone formation.



SECARB (phase II) Mississippi test [54]: (SECARB: Southeast Regional Carbon
Sequestration Partnership) During this test 3,020 tonnes of CO2 was injected into the massive
sand unit of the lower Tuscaloosa sandstone formation at Escatawpa, Mississippi, during 2008.



SECARB (phase III) Anthropogenic test [54-56]: This project started CO2 injection in July
2011 into the Cretaceousage Paluxy sandstone formation, within the Citronelle dome, at
Citronelle town, Alabama. CO2 injection will continue until 2014.
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In addition there are other planned CO2 storage projects [26, 27] to run in the near future, such as the
Aquistore [57], the Fort Nelson [58] and the Quest [59] projects in Canada, also, the Porto Tolle
project [60] in Italy, the Korea-CCS2 project [61] in South Korea, the Maritsa TPP project in
Bulgaria, Compostilla project [62] in Spain, and Lianyungang IGCC project in China. In the United
Kingdom there are four new projects (Captain Clean Energy, White Rose CCS [63], SSE Peterhead,
and Teesside Low Carbon [64] projects) planned to start in the near future; Australia also has two big
projects to start in 2015, Collie south West CO2 Geosequestration Hub, and Gorgon CO2 Injection
[65] projects. In addition the Future Gen2.0 [66] and the Big Sky-Kevin Dome [67] projects will start
in 2015 and 2013 respectively in the United States of America.

In general it is clear from the number of current and future planned CO2 injection sites, with these
huge investments, that the awareness about the risk of high CO2 level in the atmosphere is increasing.
In addition this proves that CO2 storage in saline aquifers and depleted hydrocarbon reservoir is a
feasible solution. Storage in underground saline formations is needed not only until a suitable
renewable energy source is found, but also on the long run.

While this long list of current and future projects is promising, many scientific problems remain. Of
particular importance is the long-term storage security, specifically the effectiveness of the different
trapping mechanisms. In the Otway project mentioned above, there is a specific emphasis on the
evaluation of capillary trapping at the field scale. However, to understand this requires an
understanding of capillary trapping at smaller scales, amenable to laboratory experiments, which is
the subject of my thesis. However, before presenting the experiments, I will first provide some
background on the pore-scale fundamentals of carbonate rocks and capillary phenomena.

Chapter 1. Introduction

37

1.2 Formation Rock Characteristics
The most common rocks in the geological formations that could store CO2 are mainly sandstone or
carbonate rocks. 15-30% of sedimentary rocks globally are carbonates; while 65% of the world’s total
conventional oil and gas are found in carbonate rocks [68]. Both sandstone and carbonate type rocks
are classified as sedimentary rocks. A more detailed discussion is given in the following section.

1.2.1 Sandstones
Sandstone rocks are sedimentary, clastic rocks. They are composed of sand grains, a mud or clay
matrix, and crystalline cement produced during digenesis [69]. Sandstones are composed largely of
quartz that is generally not reactive, though the presence of clay can affect its reactivity.

There are many types of sandstone rocks, but here we will focus of two types that will be used later in
the addressed study in this work: Berea and Doddington.

Berea sandstone is quarried from the Northern Ohio deposits of Cleveland Quarries [70]. It is of
homogeneous composition, extreme hardness and has excellent chemical resistance. Berea sandstone
is widely recognized by the petroleum industry as a standard benchmark and is normally used for core
flooding research because of its relatively high porosity and permeability. The chemical composition
of Berea sandstone is listed in Table 1-3.
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Table 1-3: Chemical compositiona of Berea sandstone [70].

a

Chemical Compositiona

%

Silica ( SiO2)

93.13

Alumina ( Al2O3)

3.86

Ferric Oxide ( Fe2O3)

0.11

Ferrous Oxide (FeO)

0.54

Magnesium Oxide (MgO)

0.25

Calcium Oxide (CaO)

0.1

This is a generic literature values, and not the actual values for the rock we used, that could vary in composition.

Doddington sandstone is from the Fell Sandstone Group. It is a fine- to medium-grained stone,
speckled, light to deep purplish pink in colour with occasional rust coloured markings [71]. It is
quarried from the Doddington Sandstone Quarry near Doddington, Northumberland, Great Britain
[72]. It is mainly used in the building industry and for sculptures. The chemical composition of
Doddington sandstone [73] is listed in Table 1-4.
Table 1-4: Chemical analysisa of Doddington sandstone [73].

a

Chemical Compositiona

%

Silica (SiO2)

97.44

Ferric Oxide (Fe2O3)

0.87

Magnesium carbonate (MgCO3)

1.26

Calcium carbonate (CaCO3)

0.12

Water and loss

1.48

This is a generic literature values, and not the actual values for the rock we used, that could vary in composition.
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1.4.2 Carbonates
Carbonate rocks are also sedimentary. Carbonates are composed of allochemical grains (grains
produced by precipitation somewhere else and transported, usually short distances, to the depositional
site), mud matrix, consisting of fine-grained carbonates minerals, and a crystalline cement of calcite
(or dolomite) precipitated during digenesis [69].

Carbonate rocks could be limestone, dolomite, chalk or marl. In this study we choose two rocks for
our work Ketton and Indiana, both of which are limestone type rocks.

Ketton stone is an oolitic, yellowish brown, medium-grained, granular limestone. It is used mainly as
a building stone. It is quarried from the Ketton Quarries at Ketton, Rutland, Great Britain [73]. Table
1-5 shows the chemical composition of Ketton limestone.
Table 1-5: Chemical analysisa of Ketton limestone [73].

a

Chemical Compositiona

%

Calcium carbonate (CaCO3)

92.17

Magnesium carbonate (MgCO3)

4.10

Ferric Oxide (Fe2O3)

0.9

Water and loss

2.83

This is a generic literature values, and not the actual values for the rock we used, that could vary in composition.

Indiana limestone was used as a reference material in the petroleum industry in laboratory
experiments [74]. It is quarried from the Salem Formation, located in Indiana, USA that was formed
during the Mississippian age. It is mainly calcite cemented grain stone made up of fossil fragments
and oolites [74, 75]. Table 1-6 shows the chemical composition of the type of Indiana limestone we
use (Grey type) [75].
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Table 1-6: Chemical analysisa of Grey type Indiana limestone [75].

a

Chemical Compositiona

%

Calcium carbonate (CaCO3)

97.07

Magnesium carbonate (MgCO3)

1.2

Alumina (Al2O3)

0.68

Silica (SiO2)

0.8

Iron oxide

0.12

Water and loss

0.13

This is a generic literature values, and not the actual values for the rock we used, that could vary in composition.

Carbonates are often more complicated than sandstones, both mineralogically and in terms of their
pore space characteristics, often characterized by low porosity and permeability, in addition to being
fragile. The reactivity of carbonate rock adds additional challenges when working with scCO2 as
scCO2 tends to react with the minerals inside the rocks, Figure 1-11. Here the scCO2 dissolves in
brine, forming an acidic solution that then dissolves away the rock. Hence, experiments to study
displacement processes can be affected by on-going geochemical reactions. In this thesis, I will
eliminate these effects to study flow and displacement under equilibrium conditions, representative of
the centre of a large CO2 plume.

(a)

(b)

Figure 1-11: Dissolution reactions caused by un-equilibrated brine/CO2 flooding in Ketton limestone core,
(a) Before brine/CO2 flooding, (b) After brine/CO2 flooding.
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Working with carbonate rocks in the laboratory when doing CO2 core flooding experiments is more
challenging when compared to working with unreactive sandstone rocks. When conducting core
flooding tests of scCO2 in carbonate rocks it is not an option to have reaction taking place inside the
rock as this will significantly affect the pore structure e.g. porosity and permeability of the core plug,
and so the results will be affected; indeed often completely dominated by the reaction [76].
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1.3 Capillary Trapping
Capillary trapping is one of the main mechanisms which prevent the buoyant scCO2 from further
migrating upwards. We are going to discuss the capillary trapping concept, and how CO2 could be
trapped permanently and safely by this mechanism.

1.3.1 Capillary forces
When two fluids are in direct contact with each other on a rock surface, one of them will adhere to the
core (wetting to the rock surface) and the other will, in comparison, be repelled (non-wetting to the
rock surface). According to the Young-Laplace equation for capillarity, equation 1.1, the pressure
difference across the curved meniscus interface between these two fluids is the capillary pressure, PC.

(1.1)

where Pnw is the non-wetting phase pressure, Pw is the wetting phase pressure, σ is the interfacial
tension between the two fluids, and R1 and R2 are the principal radii of curvature [77, 78].

For the case for a cylindrical circular tube, where the displacement is piston-like in which the wetting
phase displaces the non-wetting phase, the meniscus interface can be approximated by a hemisphere
of radius, R1=R2=r/cosθ, where θ is the contact angle. By substituting in the Young-Laplace equation
1.1, the capillary pressure can be expressed as [77, 78],

(1.2)
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1.3.2 Contact angle:
Contact angle is the angle at which the interface between the two fluids intersect on a solid surface
[79], see Figure 1-12. The contact angle is traditionally measured through the denser phase.

(a)

(b)

(c)

Figure 1-12: Contact angle, θ, between two phases, measured through the denser phase. (a) Nonwetting liquid. (b) Wetting liquid. (c) Intermediate-wet liquid.
[Source: http://www.attension.com/contact-angle]

When the contact angle (θ) is less than 90o, the denser phase through which the contact angle was
measured will be the wetting phase, the smaller the θ value the more wetting to the surface the fluid
will be. The wetting phase will have (0 < θ < 90o), while the non-wetting phase will have (90o < θ <
180o) [77]. When the non-wetting phase displaces the wetting phase, as in the case for primary
drainage, the measured contact angle is defined as the receding contact angle – the denser phase is
being displaced. While in the case when the wetting fluid displaces the non-wetting fluid, as in the
case for secondary imbibition, the measured contact angle is defined as advancing contact angle – the
denser phase is invading - see Figure 1-13.

CO2
Brine
Rock
surface

Figure 1-13: Advancing and receding contact angles.
[Source: http://www.adhesionbonding.com]
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1.3.3 Invasion Percolation (IP)
In core flooding experiments, when the core is fully saturated with brine (that contains dissolved
CO2), and scCO2 is introduced at constant capillary pressure, during this primary drainage stage, the
CO2 will displace the brine, leaving the pores initially saturated with CO2 (at an initial saturation, Si),
see Figure 1-14. It is important to note that in my experiments I will eliminate the effects of
dissolution by only using brine that is fully saturated (that is in equilibrium) with CO2.

Figure 1-14: CO2 injection through the pore network during primary drainage.

During primary drainage a constant capillary pressure is applied: if this pressure is sufficient to
overcome the threshold pressure of the pore throat, the non-wetting phase will invade the pore space
and advance to the next connected pore. As long as the applied Pc is greater than the throat threshold
pressure the non-wetting phase will continue to fill the pores one by one, until it is interrupted by a
smaller diameter throat that requires a higher applied Pc. This process of invasion in order of throat
radius is known as invasion percolation (IP) [80, 81]. The initial non-wetting phase (scCO2) saturation
increases with applied capillary pressure.

As implied from equation 1.1 and 1.2, the larger the pore radius the lower the capillary pressure
required for the non-wetting phase to invade the pores and the easier the drainage process. The higher
the capillary pressure, the smaller the pore radius, and hence more of the void space is invaded.
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1.3.4 Trapping mechanisms
1.3.4.1 Snap-off
When scCO2 primary drainage is followed by water flooding, some scCO2 bubbles will be left behind
residually trapped in the pores of the rock, Figure 1-15. This is capillary trapping – the focus of my
thesis.

Figure 1-15: Brine displacement after CO2 injection showing residual trapping.

Residual scCO2 trapping may occur by two distinct mechanisms: snap-off or bypassing. We will focus
here on the snap-off mechanism [82-84], Figure 1-16. When the wetting phase displaces the nonwetting phase through the pore body to a pore throat (a narrower region of the void space), the wetting
phase will move along the rock surface, and separate the non-wetting phase away from the rock
surface. The wetting phase will, freely spread along the rock surface and surround the non-wetting
phase, separate it out from the travelling CO2 plume, and will continue its way to the throat. The
fundamental mechanism for this is film or layer flow of the wetting phase along the rock surface. As
the wetting phase pressure increases, this layer increases in thickness until it is no longer stable and
coalesces to fill the centre of the narrowest regions of the pore space. The non-wetting phase will be
left permanently trapped (locked) in the pore body. This snap off mechanism depends on the
wettability of the fluid to the rock; the more wetting the brine will be to the rock, the more likely this
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mechanism will occur, since this favours wetting layer flow. In addition, the smaller the pore throat
diameter compared to the pore body, the more trapping will occur, since this heightens the inherent
instability.

Non-wetting
phase

Wetting
phase

Figure 1-16: The snap off mechanism – wetting phase (brine)
displacing non-wetting phase (CO2) leading, eventually, to residual
saturation [83].

1.3.4.2 Bypassing
The other trapping process is bypassing. This is when a connected advance of water surrounds a
region of non-wetting phase due to small-scale heterogeneities in the pore structure. This mechanism
is less sensitive to wettability and generally – alone – only allows a small amount of trapping. It is
snap-off, since it preferentially strands the non-wetting phase in the larger pores, which is the
principal control on trapping.
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1.3.5 Wettability
Wettability is the tendency of one fluid to spread over the rock surface in the presence of another
fluid. It can be assessed directly through measurements of the contact angle. Many factors govern the
wettability, such as temperature, contact time, fluid composition, and rock mineralogy. It is
acknowledged that the amount of trapping is controlled by the wettability of the CO2-brine-rock
system [85]. Wettability will affect the amount of residually trapped scCO2, if the rock is water-wet,
then water will be favoured in contact with the rock surface and will occupy the smaller pores. The
wetting phase tends to occupy the smallest pores, while the non-wetting phase tends to be separated
from the rock surface and occupy the larger pores, as discussed above.

However, previous work at Imperial College has suggested that in the CO2/brine system, scCO2 will
be the non-wetting phase (will occupy the large pores) in sandstone and the brine will be the wetting
phase (will occupy the small pores) [21]. Figure 1-17 shows a micron-scale image showing residual
scCO2 in the pore space of Doddington sandstone demonstrating that there is significant trapping. I
will reproduce this measurement on a larger core sample to confirm the conclusions of this study.

Figure 1-17: A micro-CT image of Doddington sandstone showing the residual
scCO2 [21]. The colours indicate the size of trapped cluster. The image has a
resolution of approximately 10 microns and water and rock are not shown. The
overall residual saturation is 25%. Later in the thesis I will measure a similar
residual saturation at the core scale.
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Fundamentally the wettability is controlled by the surface electrical charge [86]. This charge can vary
as a consequence of the brine-CO2-mineral interaction [87, 88]. For instance, the presence of Ca2+ in
the brine will enhance the wettability towards a water-wet state [89]. Hence, in carbonates, we may
also expect to see significant trapping with a trend towards more trapping under supercritical
conditions. This will be tested directly in the thesis.

1.3.6 Dimensionless force ratios
Capillarity is not the only force that impacts a displacement process. Fluid displacement in porous
media is controlled by three forces: capillary, gravitational force, and viscosity forces [81].
Gravitational forces act in the direction of gravity, and viscous forces act in a direction opposite to
fluid flow – along the pressure gradient. Viscous and gravity forces dominate at the field scale,
controlling the macroscopic movement of the plume. However, typically displacements are slow at
the pore scale and capillary forces determine the micron-level fluid configurations that in turn control
trapping. It is necessary to reproduce these capillary-controlled conditions in laboratory experiments.
The dimensionless capillary and Bond numbers (equation 1.3 and 1.4) represent the dimensionless
ratios of viscous and gravitational effects respectively to capillary effects.

(1.3)

(1.4)
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where μ is the wetting fluid viscosity, V is the wetting phase fluid velocity, σ is the interfacial tension,
∆ρ is the density difference in the two fluids, g is the acceleration due to gravity, and D the mean pore
diameter [81].
The experiments are designed to achieve a capillary number (Ca) < 10-5 , with linear flow velocities
ranging from 1.03 to 1.89 mm/min, see Table D-1 and Bond number (Bo) << 1; this mean that
capillary forces will dominate over viscous and gravitational forces. To maintain a low capillary
number, the flooding process should be at very small flow rate, typical of field-scale situations
(1ft/day) where plume migration occurs over decades.

1.3.7 What is being measured?
While the emphasis of my experiments will be on capillary trapping, there are three quantities that I
will measure, described below.

1- Capillary pressure (Pc) curve. This is the relation between the wetting phase initial saturation
through the core under study versus the applied capillary pressure; see Figure 1-18. Drainage
capillary pressure is obtained by increasing the pressure when the non-wetting phase displaces
the wetting phase throughout the drainage process. Imbibition capillary pressure is obtained
when decreasing the pressure when the wetting phase displaces the non-wetting phase during the
imbibition process. In my experiments I only measure the primary drainage capillary pressure.
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Figure 1-18: Capillary pressure (Pc) curve, for water-wet, mixed-wet and oil-wet rock [90].

2- Capillary pressure J-function. This is used to combine all the measured drainage capillary
pressure data for the same rock type in one curve, by accounting for the change in permeability,
porosity and wettability of the rock [91]. The mercury injection curve is used as a standard for
comparison, where mercury is injected into the core and the relation between applied capillary
pressure (pressure difference across the core) is substituted in the Leverett J-function (J(SW)),
equation 1.5, versus the corresponding mercury injected volume (wetting phase saturation) is
plotted, see Figure 1-19.
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(1.5)

where Pc is capillary pressure, σ is interfacial tension, θ is contact angle, φ is porosity, and K is the
brine permeability.

Figure 1-19: (Mercury/air) Capillary pressure J-function
versus initial saturation in Berea sandstone.

3- Trapping curve, This is a curve developed to show the change in the residual non-wetting phase
saturation with the change in the initial non-wetting phase saturation, see Figure 1-20. This
curve measures the amount of non-wetting phase that could be trapped permanently with
capillary forces within the pores network of a rock.
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Figure 1-20: A typical trapping curve – the relation between
initial and residual non-wetting phase saturation.
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1.4 Capillary Trapping Laboratory measurements methods
There are different methods that can be used to measure initial and residual non-wetting phase
saturation: centrifuge, porous plate, steady state and unsteady state methods.

1.4.1 Centrifuge method
In this method the core is saturated with the wetting phase and placed in a core holder. The nonwetting phase is introduced to the core holder to fill the annular void, Figure 1-21 (a). Then the core
holder is centrifuged at different speeds. After each change in the speed the amount of the wetting
phase that is displaced is measured until no more is produced. We can then obtain the primary
drainage capillary pressure curve. For the imbibition capillary pressure curve; the core is then placed
in a core holder surrounded by the wetting phase, Figure 1-21 (b). The core holder is then centrifuged
at different speeds till no more non-wetting phase is produced. At each speed the amount of displaced
non-wetting phase is measured [92]. This method could not be used for scCO2 experiments, due to
equipment limitation at conditions suitable for scCO2 experiments.

(a)

(b)

Figure 1-21: Position of core and core holder in a centrifuge for measurement
of: (a) oil-displacing water capillary pressure curve; (b) water displacing oil
capillary pressure curves [92].
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1.4.2 Unsteady state method
In this method the core is saturated with the wetting phase then flooded with certain pore volumes of
the non-wetting phase (primary drainage), Figure 1-22, after which the core is flooded with another
pore volumes of the wetting phase (secondary imbibition).

Figure 1-22: A schematic of the unsteady state method.

We can develop the scCO2 trapping curve by using this method, though we can only reach a low
initial saturation – for practical flow rates, the low viscosity of the CO2 means that the core remains
only partially saturation – and the capillary end effect could not be eliminated in this method.

1.4.3 Steady state method
This is mainly a method used for relative permeability measurements, but when the relative
permeability curves (drainage and imbibition) are developed we can obtain the non-wetting phase
initial saturation (Si) and residual saturation (Sr) end points, see Figure 1-23, as secondary results.

In this method both the wetting and non-wetting phase are introduced together until no more change
in pressure and saturation through the core is detected, Figure 1-24. This method is complicated and
takes long time, but does provide data over the full saturation range. However, it still suffers from the
limitations on initial saturations and end-points mentioned for the unsteady state method.
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Water
drainage

CO2
drainage

CO2
imbibition

Sr

Si

Figure 1-23: Water-CO2 relative permeability curves [93], showing the
non-wetting phase initial saturation (Si) and residual saturation (Sr).

Figure 1-24: Steady state method where both fluids are introduced
together through the core.

1.4.4 Porous plate method
In the porous plate method [94, 95] a semi permeable porous disk, having finer pores than the rock
sample, is placed at one end of the core under study. The type of porous plate is selected according to
the type of fluids to be tested. Hydrophilic porous plate will let the water through but will retain
scCO2, while hydrophobic porous plate will let the scCO2 through but will stop the water from
passing. In our experiment we drilled a hole through the plate to bypass it when it is not needed
during brine flooding and secondary imbibition, Figure 1-25; this helped a lot in reducing the time
required to finish a full experimental run.
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Both the porous plate and the core will first be saturated with bine. During primary drainage where
the non-wetting phase will displace the wetting phase, the porous plate (hydrophilic type) will let the
wetting phase through but will retain the non-wetting phase [92]. The secondary imbibition procedure
is an unsteady state displacement as no porous plate will be used; the wetting phase will displace the
non-wetting phase to residual saturation. For some fluids a porous plate could also be used for
imbibition capillary pressure measurements, but this is not the case for our experiment as currently
there is no available porous plate for CO2 imbibition experiment.

Figure 1-25: Core flooding experiment steps using the porous
plate method. The porous plate is placed at one end of the core
will let the brine/scCO2 through but will retain the scCO2 behind.

We used this method in our study here, to achieve a uniform distribution of scCO2 across the core, to
eliminate the capillary end effect and reach higher initial non-wetting phase saturation.
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1.5 Previous experimental studies of CO2 trapping in sandstone
In the literature there are few measurements of the amount of CO2 that could be residually trapped.
Some studies [96-98] determined the end point of the scCO2/brine trapping curve only, while others
[99-101] developed a full trapping curve for sandstone rocks, see Table 1-7. No trapping curve in
which the relation between initial non-wetting phase saturation – in our case will be scCO2 - and the
residual non-wetting phase saturation is found in the literature for scCO2/brine trapping in sandstone
system when we performed our experiments. We introduced the first scCO2 trapping curve in the
literature; though later more trapping curves were developed and published. A comparison between
our results and other available scCO2/brine trapping curves in the literature published by Akbarabadi
and Piri, 2012 [100] and Krevor, et al 2011 [101] will be presented in the experimental part of the
thesis.

Table 1-7: Summary of initial and residual CO2 saturation measurements on sandstones from the
literature.

Porosity

T
(˚C)

P
(MPa)

Initial
saturation
(Si)

Residual
saturation
(Sr)

Reference

0.198

35-50

7.6-10.0

-

0.248-0.282

[96]

0.22

70

9

0.85

0.35

[99]

-

45

8.0

0.61

0.40

[98]

0.201

20

3.45

0.67

0.41

0.201

55

11

0.58

0.28

Nugget

0.143

55

11

0.77

0.45

Cardium #1

0.153

43

20.0

0.803

0.102

Cardium #2

0.161

43

20.0

0.575

0.253

Viking #2

0.195

35

8.6

0.577

0.297

0.212

55

11

0.57

0.37

[100]

0.23-0.26

50

9

0.44

0.19

[101]

Sample

Method

Berea

Unsteady
state

Berea
Mt. Simon

Steady
state

[100]

[97]
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1.6 Previous experimental studies of CO2 trapping in carbonates
There are few experiments in the literature [102, 103] reporting some isolated points of scCO2
trapping in carbonates, see Table 1-8, the used brine was not saturated with the rock so there is a
possibility that dissolution has affected the results. The trend of residual saturation as a function of
initial saturation has not been measured before; we introduced the first scCO2 trapping curve in
carbonate in the literature.

Table 1-8: Summary of initial and residual saturation measurements of CO 2 in carbonates from the
literature.

Porosity

T
(˚C)

P
(MPa)

Initial
saturation
(Si)

Residual
saturation
(Sr)

Wabamun 3

0.154

41

11.9

0.148

0.045

Nisku 2

0.104

56

17.40

0.508

0.218

Nisku 3

0.109

56

17.4

0.603

0.207

Grosmont

0.118

41

11.9

0.48

0.356

0.116

40

11.4

0.47

0.131

Redwater Leduc

0.168

36

9.2

0.335

0.208

Cooking Lake 2

0.167

55

15.5

0.4037

0.268

Slave Point

0.099

43

18.8

0.454

0.256

Winnipegosis

0.148

36

8.73

0.7892

0.4149

0.14

40

9.8

0.6

0.23

Sample

Morinville
Leduc

Middle Eastern
carbonate rock

Method

Unsteady
state

Unsteady
state

Reference

[102]

[103]
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1.7 Motivation
I am going to study the trapping behavior in sandstones (Berea and Doddington) by first reproducing
previous results in the literature, and then extend the work to different temperature and rock types. In
addition I am going to study CO2 (gaseous and supercritical phases) trapping in carbonates (Ketton
and Indiana) for the first time in the literature. In this study I used CO 2 and not model liquids. Each
fluid has its own properties, and has a different wetting behavior when in contact with the rock; as I
am going to show later that oil/brine system and scCO2/brine system are not the same and don’t have
the same trapping trend. This mean it is more realistic to use CO2 than using a model fluid.

The used brine composition itself may affect the degree of trapping. In an actual aquifer there is wide
variation in the type of ions that could be found in the brine, each ion could have a positive, a
negative, or a neutral effect on the degree of trapping specially when working on carbonates rocks,
where complicated reactions could arise between the rock surface and the CO2. A more simple brine
composition (1wt% NaCl, 5wt% KCl) was used in the experiment to illuminate the associated
complications. Both calcium and magnesium will be present in the brine I am using for the
experiments in addition to the NaCl and KCl when studying trapping in carbonates. I will hypothesis
later the effect of calcium on the degree of CO2 trapping in carbonates.

Two rock types were used, sandstone and carbonates. The sandstone rocks are Berea and Doddington.
The carbonates cores are Ketton and Indiana. Berea was chosen for this test as it has a uniform pore
size distribution, in addition to being a bench mark in the petroleum industry laboratory tests. While
Doddington also has a uniform pore size distribution, it was chosen for our test as it could be easily
imaged using a micro CT scanner, this will allow us to compare our results with that of the micro-CT
experiments carried by a member in our group. The reason for studying Ketton was the same as
Doddington: both have uniform pore spaces of large size that are readily imaged using micro-CT
scanning. Hence we measured the Ketton curve to compare to on-going micro-CT experiments,
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employing my equilibration methodology, as we did for Doddington. However, at the time of writing
the micro-CT data is not yet available. Indiana has an intermediate permeability and a wide range of
pore size. It was used as a reference material in the petroleum industry in laboratory experiments [74];
this is why we chose Indiana core for our experiments.

There is an apparent controversy in the literature around the wetting behavior of scCO 2. Some
researchers have reported that scCO2 could partially wet certain mineral surfaces – this implies that
scCO2 is not the non-wetting phase and there will be little trapping [87, 88, 104, 105]. However,
others have seen no effect of CO2 on wettability [104, 106]. The trend of contact angle increasing
(less water-wet) with pressure has been observed for quartz [87, 104] and Weyburn Vuggy limestone
[105] surfaces. This was related to the increased dissolution of CO2 in brine at high pressure [105]. It
is not clear from the literature if the scCO2 will have the same wettability as in the case of decane or
gas CO2 which are strongly water wet fluids on sandstone rocks. I am going to measure the trapping
curve on sandstone and carbonate rocks and will compare it with the available literature data. This
will give an indication on the scCO2/brine system wettability and will show the difference in the
wetting behaviour between oil/brine and scCO2/brine systems, in addition to the scCO2/brine and
gasCO2/brine systems.

In general, the trapping curve could be used to quantify the trapping capacity, validate trapping
models and evaluate the storage performance of the flood. It is also needed to simulate the CO 2 flood
front and the shape of the CO2 plume during injection and post injection migration. Trapping curve
could help design safe storage, validate field tests and provide assurance that the CO2 can be retained
underground for thousands of years.

Chapter 2
Experiments

In this work we will study CO2 capillary trapping in sandstones and carbonates. In order to achieve
this goal, I have designed a new apparatus that reaches equilibrium between brine and scCO2 to
ensure immiscible displacement. In addition, I saturate the brine/CO2 solution with carbonate minerals
to eliminate the reaction between the carbonate rock under study and fluids flooded through the rock.
The procedures for CO2/brine equilibration, CO2/brine/carbonate equilibration and capillary trapping
in sandstone and carbonate type rocks will be discussed in detail in the next sections.
This experiment – although primarily concerned with capillary trapping – addresses three trapping
mechanisms (dissolution, residual and mineral trapping) - discussed in the Introduction. We can
accurately measure the solubility of CO2 in brine at elevated temperatures and pressures, through the
equilibration of brine with CO2, allowing a quantification of the effectiveness of dissolution trapping.
Then, we directly measure the amount of CO2 trapped as a function of initial saturation. Measuring
the residual for the full range of initial saturation is important, as the CO2 will not necessarily ever
fully saturate the rock during the injection phase. Finally, when we achieve equilibrium between brine
and CO2 with the host rock, we measure the production of dissolved ions. While this is not a direct
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measure of the extent of mineral trapping, it does provide a quantitative assessment of the degree of
rock dissolution.

2.1 CO2/Brine Mixing including CO2 Solubility Measurements
2.1.1 Immiscible displacement
In order to measure the capillary pressure both fluids should be immiscible. Although brine and
scCO2 are partially miscible, when brine is saturated with CO2 it will be immiscible with CO2 – there
will be no dissolution – and the capillary pressure could be measured. At the laboratory scale, in order
to conduct experimental studies of capillary trapping, an equilibrated brine/CO2 mixture has to be
prepared so that mass transfer effects are eliminated and immiscible displacement flows are observed,
see Figure 2-1. Immiscible two-phase flow occurs in the middle of the rising scCO2 plume in the
reservoir and this region is most important as it contains the largest portion of scCO2 [107].

I have developed a methodology with which CO2 can be rapidly equilibrated with brine at the litrescale at high pressure and elevated temperature conditions representative of geological storage
formations. This method could also be used to equilibrate other fluids if their viscosities are not too
high, e.g. oils can be mixed with CO2 for petroleum engineering studies or CO2 can be mixed with
other solvents (e.g. acetone, dichloromethane, diethyl ether, monoethanolamine, etc.) for chemical
engineering applications. In addition, the equilibrium solubility of CO2 in brine was measured with an
accurate isothermal depressurization method.
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Figure 2-1: CT image for brine/CO2 core flooding. In Test 1 the brine is saturated with scCO 2
but in test 2 the brine was not saturated with scCO 2 and we can see the blue area which shows
the scCO2 diffusing into the unsaturated brine during secondary imbibition test 2, resulting in
an under-estimate of capillary trapped saturation. In my experiments, equilibrium is
established before injection to eliminate effects due to dissolution of both the CO 2 and rock.
[This experiment was performed in collaboration with JOGMEC] [107]

2.1.2 Experimental apparatus
An equilibration reactor (1200 mL C276 autoclave with gas entrainment stirrer – Parr Instruments
Co., IL, USA) Figure 2-2, heated to experimental conditions in an oil bath, was used to establish
equilibrium between the CO2 and brine phases. A pressure transducer (Rosemount 3051S pressure
transmitter, Rosemount, USA) was used to monitor the pressure in the reactor. High precision syringe
pumps (Teledyne ISCO 1000D, Lincoln, NE, USA) maintained pressures with high accuracy. A water
heating jacket was used to heat the pump to the desired temperature (33°C, 50°C or 70°C). A 5MPa
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CO2 cylinder was used to supply CO2 for the experiment. The brine composition was 5wt % NaCl and
1wt % KCl in deionized water. Figure 2-3 shows the experimental apparatus. The scCO2 was held in
pump C, and the brine was kept in pump B.

Figure 2-2: A photograph of the mixer used to obtain equilibrium between the
fluids, taken in the laboratory

Chapter 2. Experiments

Figure 2-3: A schematic diagram of the apparatus used to equilibrate brine with CO 2 in
addition to measuring the dissolution of CO2 in brine. (▄▄) scCO2 path to the mixer
during equilibration. (▄▄) Isothermal expansion path from the mixer to the pump.
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2.1.3 Experimental Procedures
2.1.3.1 Rapid establishment of CO2/brine equilibrium
Three steps were developed to prepare brine saturated with CO2 and CO2 saturated with water vapour.
During the first step scCO2 was prepared in a syringe pump C. Pump C and all tubing were vacuumed
for 20 min, then high pressure gaseous CO2 (5MPa at 15°C) was transferred to pump C from a CO2
cylinder by operating pump C in constant refill mode (the pump is driven by a stainless steel piston
which was initially set to 0 ml volume which is driven back to full capacity, i.e. 1015 ml). When
pump C was completely filled with CO2 gas at the gas cylinder pressure, it was isolated by closing all
valves, and then pressurized to experimental pressure (9MPa); at these thermo physical conditions
scCO2 was generated.

During the second step, the reactor was heated, then vacuumed and filled with de-aerated brine using
a high precision syringe pump B. The reactor was then pressurized up to our experimental conditions
using pump B. The reactor is connected to the scCO2 pump C operating at the same pressure, then 500
ml from the brine volume in the reactor were displaced by scCO2 from pump C (the pump was set to
constant pressure mode) and withdrawing brine with pump B (the pump was set to constant refill flow
rate mode).The reactor was then isolated from pump B.

In the third step, CO2 and brine were brought to equilibrium inside the reactor by stirring with a stirrer
at 200 rpm. The stirrer is a mixing shaft attached to a magnetic motor and has a gas entrapment
design. It essentially pushes the lighter phase (scCO2) into the bottom phase (brine) and generates a
large surface area between the fluids by splitting the CO2 into many small bubbles, as illustrated in
Figure 2-4. This maximization of the contact surface and turbulent flow assured rapid equilibration.
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Figure 2-4: Schematic of the mixing vessel showing how scCO 2 and brine reach
equilibrium.

The pressure was maintained constant during the dissolution process with pump C set to constant
pressure mode. The pressure in the reactor was monitored using a pressure transducer and pressure
readings were logged on a computer. In addition the volume and pressure of pump C were logged to
monitor scCO2 volume balances.

As CO2 starts to dissolve in the brine, the pressure in the mixer will decrease, so an additional amount
of CO2 was pumped into the vessel during the equilibration process to maintain a constant pressure.
Equilibrium is reached if no more CO2 is pumped into the reactor and no change in the CO2 volume in
pump C is detected. Equilibration was reached in 60 minutes, Figure 2-5; however the system was
left overnight to stabilize.
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Figure 2-5: scCO2 pump C volume change with time. As brine/scCO 2
reaches equilibrium no more scCO2 is consumed and a plateau is reached.

2.1.3.2 Solubility measurements by isothermal depressurization
The solubility of CO2 in brine was measured in two steps by using the isothermal depressurization
method.

In step 1 pump B was cleaned and vacuumed, then filled with de-aerated brine. The brine was
pressurized to 9 MPa and the brine volume (VB1) was noted. The pressure was reduced gradually to
atmospheric pressure. The volume (VB2) in pump B was recorded after depressurization to
atmospheric pressure.

In step 2 pump B was emptied and vacuumed for 20 minutes, then a volume of CO2 saturated brine
(VM1) – (same volume as for the pressurized de-aerated brine (VB1) (equation 2.1)) - was transferred
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from the reactor to pump B by operating pump C in constant pressure mode and allowing CO 2 to
displace some of the brine to pump B operating in constant refill mode.

VM1 = VB1

(2.1)

This was conducted at constant pressure and temperature to prevent CO2 separating out of solution
during the transfer process. After the required amount of CO2 saturated brine was transferred, pump B
was isolated. Then the CO2-saturated brine mixture in pump B was expanded at constant temperature
(33°C, 50°C or 70°C) by reducing the applied pressure gradually. Starting with an operating pressure
of 9 MPa, the pressure was reduced gradually until atmospheric pressure was reached. The volume
(VM2) in pump B was noted.

Dead volumes in the system were measured carefully and taken into account for volume balance
calculations.

The isothermal expansion method is based on the concept that for a given volume of brine saturated
with CO2, the CO2 is released if the pressure is reduced isothermally, Figure 2-6. If the volume of
CO2 saturated brine is known before depressurization (VM1) and the total brine volume is known after
depressurization (VM2), then the amount of CO2 that separated out of solution (VCO2) can be calculated
by subtracting the two volumes (equation 2.2). We can then calculate the solubility of CO2 in brine at
this condition.

Volume of CO2 dissolved in the brine (VCO2) = VM2 - VM1

(2.2)
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Figure 2-6: Isothermal expansion. (a) Pump B was filled with brine saturated with
CO2 from the mixer under experimental pressure and temperature. (b) Pump B was
retracted back at constant temperature till reach to atmospheric pressure.

But to measure the solubility we have to consider two points to get an accurate measurement of
solubility by using the isothermal depressurization method. First as the pressure is reduced, water
vapour co-exists with CO2 gas above the liquid phase. Second the brine volume will change with
pressure reduction due to compressibility. Equation 2.2 is therefore modified:

VCO2 + ΔVB + VWV = VM2 - VM1

(2.3)

where VWV is the volume of water vapour above the liquid phase and ΔVB is the change in brine
volume with pressure due to compressibility.

So, step 1 was introduced to account for the compressibility of the brine and the amount of water
vapour that will form on top of the liquid when the pressure is reduced. By isothermal
depressurization of de-aerated brine we can know VB1 and VB2 and from equation 2.4 we can compute
the sum of ΔVB and VWV
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ΔVB + VWV = VB2 – VB1

(2.4)

Two assumptions were made. The first was assuming that the effect of CO2 on top of the liquid phase
in step 2 on the amount of water vapour is negligible. Secondly we assumed that the CO2 present in
the brine will not change its compressibility. Substituting equation 2.4 into equation 2.3 results in

VCO2 + VB2 – VB1 = VM2 - VM1

(2.5)

Rearranging equation 2.5 we get the actual amount of CO2 dissolved in the brine at the given
operating conditions,

VCO2 = VB1 – VB2 + VM2 - VM1

(2.6)

Knowing the volume of CO2 dissolved in the brine we can calculate the number of moles of CO2
using the Peng–Robinson equation of state, equation 2.7 [108].

(2.7)

(2.8)

(2.9)

Where Pc and Tc are the carbon dioxide critical pressure (73.82 bars) and critical temperature
(304.2˚K) respectively, R is the gas constant, P is the pressure, V is the volume, T is the temperature,
and ω is Pitzer acentric factor for carbon dioxide (0.228), Patrick Barrie's program for solving cubic
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equations of state [109] was used to calculate the molar volume of carbon dioxide. Microsoft Excel
software was used to do the analysis.

The density of brine was obtained from the literature [110]. At atmospheric pressure there will be
some CO2 dissolved in the brine; this has been calculated to be 0.0098 mole CO2/ kg brine at 70 °C,
0.0162 mole CO2/ kg brine at 50 °C, and 0.0239 mole CO2/ kg brine at 33 °C based on literature
models [111, 112] and was added to the total obtained solubility.

Chapter 2. Experiments

73

2.2 scCO2 trapping in sandstone
2.2.1 Introduction
Trapping scCO2 in sandstone rocks is one of the important mechanisms for safe and permanent scCO2
trapping in saline formations. At the time this study was performed, very limited data on CO2 trapping
in sandstone was available; I helped in producing the first trapping curve in the literature to address
the scCO2/brine system in sandstone [99]. This experiment was performed at 70 ˚C. I later studied the
effect of temperature (CO2 density) on the results by measuring scCO2 trapping at 50 and 33 ˚C. So a
full range of temperatures representative of the temperatures in actual CO2 storage sites, as shown in
Table 1-2, was studied.

2.2.2 Experimental apparatus
An equilibration reactor (1200 ml C276 autoclave with gas entrainment stirrer – Parr Instruments Co.,
IL, USA) was used to develop rapid equilibrium between CO2 and brine, as described above. As
before, high precision syringe pumps (Teledyne ISCO 1000D, Lincoln, NE, USA) were used to
maintain pressure. The pump was heated up to the desired temperature using a water heating jacket
while the reactor was placed in an oil bath to bring the scCO2/brine mixture to the experimental
temperature. The pressure of the system was monitored using a pressure transducer (Rosemount
3051S series pressure transmitter with hart protocol, Rosemount, Germany) connected to the
computer using HART communication. The core had a porous plate at one end [95] and was placed in
a Hassler core holder [113]. A photo of the set-up in the laboratory is shown in Figure 2-7.
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Figure 2-7: Photograph of the experimental apparatus.

All flow lines and valves in contact with brine and CO2 were C276 alloy metal to prevent corrosion.
We used a hydrophilic ceramic disk (15bar, Aluminium Silicate Al 2(SiO3)3, Weatherford
Laboratories, Stavanger, Norway) placed at one side of the core for the primary drainage test. We
drilled a hole through the plate to bypass it during water flooding; this reduces the experimental time.

Table 2-1 lists the properties of the Berea core, called Berea 9, and the Doddington core, we used for
core flooding experiments.

Table 2-1: Berea 9 and Doddington cores properties

Length (mm)

Width (mm)

Porosity, 

Pore Volume (ml)

Kbrine (m2)

Kbrine (mD)

Berea 9

75.16

38.24

0.2188

18.89

4.6 x 10-13

460

Doddington

76.44

38.24

0.214

18.79

1.565 x 10-12

1565
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Micro CT images for Both Berea and Doddington sandstones are shown in Appendix A. For pore size
distribution and mercury injection curves for the listed Berea and Doddington cores, see Appendix B.

No change in porosity or permeability was seen during the experiments. Permeability measurements
were performed by Weatherford laboratories (East Grinstead, UK). Detailed porosity measurements
are discussed in Appendix C.

The brine composition we used was 5wt. % NaCl and 1wt % KCl in deionized water. The experiment
was performed at a temperature T=33, 50 & 70 ºC with pressure of 9 MPa allowing a wide range of
CO2 density to be studied – see Table 2-2 for a listed of CO2 properties at these conditions.

Table 2-2: scCO2 properties at 33, 50 and 70 °C

Temperature Pressure
(°C)
(MPa)

Density
(kg/m3)

Viscosity
(Pa.s)

CO2-Brine
interfacial tension
(mN/m)

33

9

704.51 [114]

5.6 x 10-5 [115]

34 [116]

50

9

290.91 [114]

2.7 x 10-5 [115]

33 [116]

70

9

210.65 [114]

2.1 x 10-5 [115]

38 [116]

Figure 2-8 shows a schematic diagram of the apparatus used for core flooding experiments in
sandstone; this apparatus was previously used for sandstone at Imperial College [99, 117, 118].
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Figure 2-8: Capillary trapping brine-scCO2 in sandstone experimental apparatus. (▄▄)
Porous plate. (▄▄) Core flooding/secondary imbibition path. (▄▄) Primary drainage path.
(▄▄) Isothermal expansion path.
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2.2.3 Experimental Procedures
After the scCO2 and brine are brought to equilibrium in the reactor, we can start the core flooding
experiments. The equilibrium step will ensure immiscible displacement during the test. The following
steps are required to complete a core flooding test (one point on the trapping curve) in sandstone type
rock.

In Step 1 (Core preparation), the dimension, porosity and weight of the core were measured, and then
the porous plate was placed at one end of the core. Both the core and porous plate were wrapped
together with PTFE tape and then with aluminium foil strips. The core and porous plate were placed
through a Viton sleeve then in the Hassler cell, see Figure 2-9. The Hassler core holder was placed in
the oven to heat it up to the working temperature. The core and the system were vacuumed for one
hour. A confining pressure of 11.72 MPa was applied using pump D. We waited until all the system is
heated to the working temperature.

Figure 2-9: Core preparation steps: (1) is the cylindrical shape core; (2) is the PTFE wrapping; (3) is the
aluminium wrapping; (4) the core in the Viton sleeve; and (5) Hassler cell where the core will be placed.
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In Step 2 (Brine saturation), five pore volumes (5 PV) of fresh de-airated brine was injected through
the vacuumed core, before injecting CO2 equilibrated brine, as an additional step, to prevent
separation of CO2 out of the equilibrated CO2/brine mixture, due to the large driving force through the
vacuumed core. During this process pump B (the injection pump) was operating in constant pressure
mode to inject (5PV) of fresh de-airated brine through the core at pressure of 9 MPa, while pump A
(the receiving pump) operating at a constant refill mode, will act as the back pressure pump. In this
stage there is no need to use the porous plate so; we bypassed it by flooding the brine through the hole
drilled in the porous plate, to reduce the time required for this step.

In Step3 (Brine/CO2 core flooding), five pore volume of brine saturated with CO2 were flooded from
the mixer through the core to fully saturate the core with the brine/CO2 saturated mixture. The
brine/scCO2 saturated mixer was prepared as discussed in the previous section 2.1.3.1.

During this step Pump C (injection pumps) had supercritical CO2 inside, and was connected all the
time to the mixer containing the CO2/brine equilibrated mixture. Pump C operated at constant
pressure of 9 MPa to keep the pressure inside the mixer constant and for CO2 to replace the amount of
CO2 saturated brine flooded through the core. In the meantime, the CO2 saturated brine saturated the
core and was then delivered to pump A (the receiving pump) operating in constant refill mode. This
brine/CO2 saturation step is represented on Figure 2-8 by the blue lines.

At this stage there no need to use the porous plate, so it is bypassed to help reduce the time required
for completing this step.

In Step 4 (Primary drainage), where the detailed path is shown in Figure 2-8 with the red lines, the
scCO2 pump C was connected directly to the Hassler cell and the mixer was isolated from the system.
The scCO2 entered the core from the left hand side, displacing some of the brine/CO2 equilibrated
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mixture to the receiving pump A. The porous plate allowed the CO2 saturated brine through but
retained the scCO2.

Both pumps C and A were operating at a constant pressure mode, allowing a flow limit of 0.5 ml/min
for pump C and 0.3 ml/min for pump A. The pressure was controlled so, that a constant pressure
difference (capillary pressure, Pc) was kept across the core. The ΔP across the core was monitored; the
pressure in pump C could be increased to obtain the intended Pc = ΔP value across the core. Each
applied capillary pressure yielded a different initial CO2 saturation. The volume and pressure in pump
A was monitored and logged to the computer, in order to monitor the receiving volume in pump A.
This step was complete when no more CO2 saturated brine was received in pump A at the applied
capillary pressure, see Figure 2-10.

Figure 2-10: Example of the end of a primary drainage test, showing a plateau
in the volume in pump A when CO2 has reached equilibrium in the pore space
at the applied capillary pressure.
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Some of the scCO2 remained trapped in the core; this amount is the initial scCO2 saturation. The
scCO2 initial saturation (Si) is measured by dividing the volume of brine received in the receiving
pump A by the pore volume of the core, taking into account the dead volume in the flow lines, see
Table E-1 in Appendix E for detailed calculation of the initial saturation.

In Step 5 (Water flooding/Secondary imbibition), 5PV of CO2/brine equilibrated mixture was flooded
from the reactor through the core from the right hand side at a capillary number of 4.1×10-7, following
the blue line shown in Figure 2-8. In this step the porous plate was not used as the secondary
imbibition experiment was designed to be an unsteady state displacement.

We have two factors controlling water flooding during the imbibition step: the flow rate of the
injected brine, which is calculated from the capillary number (Ca); and the amount of water to be
injected during this step, measured in PV (pore volumes). A capillary number of 4.1×10-7 is
sufficiently low to ensure a stable amount of the trapped CO2 with trapping controlled by capillary
forces; once CO2 is trapped it will not be mobile again at this chosen Ca. Refer to Appendix D for a
discussion on Capillary number and imbibition flow rate calculations.

In a water-wet system, Suekane, et. al. 2009 [98], and Mungan, 1966 [119] showed that the amount of
residual non-wetting phase saturation (Sr) reaches steady state and become independent of the volume
of injected brine after the injection of 1 pore volume (PV) of brine; also, Salathiel, 1973 [120] and
Zhou, et. al. 2000 [121] showed this to occur after 2 pore volumes of brine injection. So, we chose to
flood 5 PV of brine during imbibition as in [98]; this is more than sufficient brine to displace all the
mobile CO2.
Pump C (injection pump) was reconnected to the mixer; this pump operated at a constant pressure of 9
MPa to maintain constant pressure in the mixer. The CO2 saturated brine imbibed into the core and
then was received in pump A (receiving pump) operating in constant refill mode. The flow had a
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capillary number of 4.1×10-7, indicating slow, capillary-dominated flow representative of field
conditions.

In Step 6 (Isothermal depressurization), the residual scCO2 saturation is calculated using the
isothermal depressurization process [96]. At first the core was isolated by closing all valves then the
scCO2 was allowed to expand into pump B once valve 3 was opened; see the green line path for the
isothermal depressurization shown in Figure 2-8. This reduces the total pressure inside the core due
to the increase in volume and some CO2 separate out of solution. We allowed some time for the
pressure to stabilize. The pressure is then reduced in steps, Figure 2-11.

Figure 2-11: The change in the pressure and volume of pump B during the
isothermal depressurization step. In each step we wait until the change in
volume of pump B is constant before moving to the second depressurizing step.
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By applying mass balance before and after the isothermal expansion, see equation 2.10, the residual
saturation can be calculated Dead volumes in the system were measured carefully and taken into
account in the calculations, assuming that all the change in volume, ∆V, is occupied by gas and all the
dead volume is occupied by water.

(2.10)

where VBrine/CO2 is the volume occupied by CO2 saturated brine. V1 and V2 are pore volume and dead
volumes respectively; ∆V is the volume difference before and after isothermal de-pressurization. Sgr is
the residual scCO2 saturation. The solubility of CO2 in brine before and after isothermal depressurization are r (P,T) and ŕ(Ṕ,T) respectively. ρg (P,T) and ρg´(Ṕ,T) are CO2 densities before and
after isothermal de-pressurization respectively.
Then, considering volume balance we find:

(2.11)

(2.12)

(2.13)

By rearranging equation 2.13, we can calculate the residual scCO2 saturation in the core as in [96]:

(2.14)
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2.3 Carbonate equilibration in solution
2.3.1 Introduction
Carbonate rocks are reactive when in contact with dissolved CO2 in brine, since we have an acidic
solution that readily dissolves carbonate minerals. We will now introduce a methodology to eliminate
this reaction for us to study scCO2 trapping in carbonate rock within rock to avoid any changes to the
structure, porosity and permeability of the core under study. This was achieved by adding a sacrificial
core to eliminate dissolution effects in the main core. We take samples from the equilibrated mixture
to insure proper equilibration and to evaluate the exact time needed to reach this equilibration for later
experiments.

2.3.2 Experimental apparatus
High precision syringe pumps (Teledyne ISCO 1000D, Lincoln, NE, USA) were used to maintain
pressure. The pump was heated to the desired temperature using a water jacket. A secondary
(sacrificial) core – the same type as the main core used for trapping experiments – was used for the
equilibration of CO2 saturated brine with carbonate to prevent the dissolution of the main core. The
sacrificial core was placed in a Hassler core holder. All flow lines and valves in contact with brine and
CO2 were C276 alloy metal to prevent corrosion. 0.5 and 7 micron in-line filters were used to prevent
particles that may separate out of solution to block the core or damage the pump. The brine
composition I used was 5wt. % NaCl and 1wt % KCl in deionized water. The experiment was
performed at a temperature of 50ºC and pressures of 4.2 and 9 MPa. Experimental apparatus is shown
in Figure 2-12.

Chapter 2. Experiments

84

V20

V12

V22

OVEN

CO2 Cylinder

V8

Pump C

Pump C

OVEN

P2

V26

V24

V27

scCO2

Sacrificial core holder

OVEN
Brine

Filter
0.5 micron

Oil bath

Auto-Clave

Filter
7 micron

Pump D

Pump D
V31

V17

V30

Filter
7 micron

Filter
0.5 micron

V29

Filter
0.5 micron

For Sampling

V28

Pump E

Filter
7 micron

V33

Pump B

Figure 2-12: Experimental apparatus for equilibrating the brine/scCO 2 mixture with carbonate. (▄▄)
Brine/scCO2 mixer injection path through the sacrificial core. (▄▄) The path used to return the
equilibrated fluids back to the mixer, (▄▄) Sampling path.
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2.3.3 Experimental Procedures

2.3.3.1 Core preparation (sacrificial cores)

A sacrificial core of the same type as the core intended to be used for trapping experiments was
chosen. The core was wrapped with PTFE tape and then with aluminium foil strips. The sacrificial
core was placed in Viton sleeves, and then in a Hassler cell, which was then placed in an air bath to
heat it to the working temperature; see Figure 2-9 for the core wrapping steps. The core and the
whole system were vacuumed for one hour to remove any air. A confining pressure of 11.72 MPa was
applied. Then the system was left until heated to the working temperature.

2.3.3.2 Fluid preparation



Brine saturated with carbonate minerals, Fresh de-airated brine was stirred with crashed
carbonate – of the same type as the sacrificial core – using a magnetic stirrer at the
experimental temperature. Brine saturated with carbonate minerals was prepared to be used
throughout the experiments.



Brine/CO2 equilibrated mixture, Fresh de-airated brine was stirred with CO2 in the mixer at the
experimental conditions for 1 hour, and then left overnight to stabilize to prepare the brine/CO2
equilibrated mixture; see section 2.1 for more detailed steps. A stock was available when
needed in the experiment.
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2.3.3.3 Brine-CO2-carbonate equilibration
The system and the core was filled and pressurized to the operating pressure with carbonate saturated
brine. After saturating the brine with CO2, the brine was introduced in cycles through the sacrificial
core, to saturate the brine with carbonate. CO2 from pump C (operating at constant pressure) was
injected into the mixer to displace the CO2 saturated brine from the mixture to pump E (operating at
constant refill mode). The fluid passes through the sacrificial core at constant pressure in its way to
pump E; see the red path shown in Figure 2-12.

In-line filters were installed throughout the cycle path, two filter sizes were chosen, a 7 micron placed
first in the line to separate the relatively big particles, then a 0.5 micron filter was placed next to
separate the smaller size particles. Filters were placed before the Hassler cell, after the Hassler cell
and on the way back from pump E to the mixer.

After all the brine/CO2 mixture was transferred from the mixer and collected in pump E, samples were
taken from the sampling port; see the purple path in Figure 2-12. Samples were taken to measure the
amount of Ca2+ and Mg2+ in the brine after each cycle to ensure equilibrium. Sampling was performed
by allowing the solution to flow through a series of flow lines attached to the apparatus. These flow
lines were designed to hold 5 ml of sample volume in total under pressure and were separated from
each other by valves and closed from both sides with valves to maintain pressure. When the sample
filled the first flow line, the other was opened and so on until all the sampling flow lines were filled.
Then the flow line was separated from the apparatus and kept pressurised by maintaining closed
valves. The sample solution was then freed by opening the valves one by one and depressurized in a
nitric acid solution of 2% concentration in which the carbonates are completely soluble. The samples
were then analysed using ion chromatography (Dionex ICS-3000) at the National History Museum
(London, UK).
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The brine/CO2/carbonate mixture was then transferred back to the mixer, following the blue path in
Figure 2-12, by operating pump E at constant pressure and pump C in constant refill mode to avoid
build-up of pressure in the system. By the end of this step one cycle was completed.

The brine/CO2/carbonate fluid mixture was forwarded back and forth from the mixture to pump E,
until equilibrium was reached, and it was fully saturated with carbonate.

In-between cycles, the fluids in the mixer were stirred together for 10 minutes to ensure that the
mixture was fully saturated with CO2.
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2.4 scCO2 trapping in Carbonates
2.4.1 Introduction
Knowing that there is no prior data in the literature featuring the trapping curve (the initial scCO2
saturation versus residual scCO2 saturation) in carbonates will give an indication on the degree of
difficulty that is associated with this work. Carbonates are more challenging than sandstones. This is
due to the reactive nature of the carbonates rock. The main new step is to equilibrate
scCO2/brine/carbonate together before measuring capillary trapping in carbonates at 50 ˚C for a
scCO2/brine system.

2.4.2 Experiment apparatus
Figure 2-13 shows a schematic diagram of the apparatus used to determine the amount of CO2
residually trapped in limestone. This apparatus is an improvement of that presented previously for
sandstone cores. The new apparatus minimizes geochemical reactions during flooding. This was
achieved by adding a sacrificial core with associated flow lines to eliminate dissolution effects in the
main core and to facilitate sampling of the equilibrated solution.

An equilibration reactor (1200 ml C276 autoclave with gas entrainment stirrer Parr Instruments Co.,
IL, USA) was used to develop rapid equilibrium between the CO2 and brine phases. High precision
syringe pumps (Teledyne ISCO 1000D, Lincoln, NE, USA) were used to maintain pressure. The
pump was heated to the desired temperature using a water jacket, while the reactor was placed in an
oil bath to bring the scCO2-brine mixture to the experimental temperature. The pressure of the system
was monitored using a pressure transducer (Rosemount 3051S series pressure transmitter with hart
protocol, Rosemount, Germany).
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Figure 2-13: Experimental apparatus for capillary trapping of scCO 2 in carbonates. (▄▄) Porous plate,
(▄▄) and (▄▄) brine/scCO2 mixture equilibration with carbonate path. (▄▄) Core flooding/secondary
imbibition path. (▄▄) Primary drainage path. (▄▄) Isothermal expansion path.
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The main core, used for the trapping experiments, was placed in a Hassler core holder. All flow lines
and valves in contact with brine and CO2 were C276 alloy metal to prevent corrosion. We used a
hydrophilic ceramic disk (15 bar, Aluminium Silicate Al2(SiO3)3, Weatherford Laboratories,
Stavanger, Norway) for the primary drainage displacement – that is, CO2 displacing brine. The brine
composition we used was 5wt. % NaCl and 1wt % KCl in deionized water. All brine in contact with
the core (brine alone or saturated with CO2) in these experiments should be saturated with carbonate.

Table 2-3 lists the properties of the Ketton core, while Table 2-4 list the Indiana limestone core plug
properties before and after 10 full sets of experiments (5 experiments studied scCO2 trapping and 5
experiments studied gas CO2 trapping); this gives a total of 884 hours of continuous CO2 exposure to
the core either in its own phase or dissolved in brine. There is no evidence of dissolution, while the
decrease in permeability could indicate some precipitation, or simply experimental errors in
reproducing the measurements.

Table 2-3: Ketton main core properties.

Length (mm)

Width (mm)

Porosity, 

Pore Volume (ml)

76.5

37.78

0.2337

20.05

Kbrine (m2)
2.81 x 1012

Kbrine (mD)
2809

Table 2-4: Indiana main core properties before and after trapping experiments.

Length
(mm)

Width
(mm)

Pore Volume
(ml)

76.49

37.84

16.91

Before CO2 flooding

After CO2 flooding

Porosity

Kbrinea
(m2)

Kbrine
(mD)

Porosity

Kbrinea
(m2)

Kbrine
(mD)

0.1966

2.4 x 10-13

244

0.1962

1.6 x 10-13

162

(a) Kbrine is the absolute permeability of the core measured under brine flooding.
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Micro-CT images for both Ketton and Indiana limestone are presented in Appendix A. In addition pore
size distribution and mercury injection curves are available in Appendix B. For porosity measurements
refer to Appendix C. Permeability was carried by Weatherford Laboratories (East Grinstead, UK).
The experiment was performed at a temperature of 50ºC and pressures of 4.2 and 9 MPa; CO 2
properties at these conditions are listed in Table 2-5.

Table 2-5: CO2 properties at our experimental conditions. At 9 MPa the CO 2 is a
supercritical phase, while at 4.2 MPa it is in the gaseous phase.

Temperature
(°C)

Pressure
(MPa)

Densitya
(kg/m3)

Viscosityb
(Pa.s)

CO2-brine interfacial
tensionc (mN/m)

50

9

290.91

2.7 x 10-5

33

50

4.2

84.13

1.7 x 10-5

46

(a) Span and Wagner [114]
(b) Fenghour et al. [115]
(c) Bachu and Bennion [116]

2.4.3 Experimental Procedures
In this Section we outline the experimental procedure step by step. To develop the trapping curve –
the relation between initial and residual CO2 saturation – for carbonates, the following procedure has
to be followed and repeated for each single point on the trapping curve.
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2.4.3.1 Main Core preparation
Our cores were cut so that the bedding lines were perpendicular to the length of the core. The
dimensions and porosity of the main core were measured when dry. Then a porous plate was placed at
one end of the core, and both main and sacrificial cores were wrapped with PTFE tape and then with
aluminium foil strips. The cores were placed in Viton sleeves, and then in the Hassler cells; see
Figure 2-9 for an illustration of the core wrapping steps. Both Hassler cells were placed in an air bath
to heat them up to the working temperature. The cores and the whole system were vacuumed for one
hour to remove any air. A confining pressure of 11.72 MPa was applied. Then the system was left
until heated to the working temperature.

2.4.3.2 Fluid preparation.
In this step all the fluids that will be used in the core flooding experiments in the main core were
prepared.

1. Brine saturated with carbonates minerals, Brine was stirred with crashed carbonate at the
experimental temperature, and a stock was made and used throughout the whole experiment.

2. Brine-CO2 equilibration, see section 2.1 for more detailed steps. Brine was stirred with CO2 in
the mixer at the experimental conditions for 1 hour, and then left over night to stabilize.
Equilibrium is reached when no more CO2 dissolves in the brine. A stock was made to use when
needed.

3. Brine-CO2-carbonate equilibration in the sacrificial core, see section 2.3 for more detailed
steps and sacrificial core preparation. After saturating the brine with CO2, the brine/CO2
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equilibrated mixture was saturated with carbonates minerals by introducing in cycles through the
sacrificial core; see the orange and purple path outlined in Figure 2-13. A stock was prepared to
use when needed.

2.4.3.3 CO2 trapping.
1. Brine-carbonate aqueous solution flooding, Five pore volumes, 5PV of brine saturated with
carbonate were flooded through the main core under the experimental conditions. All the brine
that will be in contact with the main core had to be equilibrated with carbonate. This step was
used to prevent the separation of CO2 from the equilibrated CO2-brine mixture as a result of the
large driving force through the vacuumed core.

2. Brine-CO2-carbonate flooding, 5 PV of CO2-carbonate-saturated brine was flooded through the
main core at the experimental conditions, following the blue path in Figure 2-13. Pump C
containing CO2 was operated in constant pressure mode, so that the pressure in the mixer was
held constant during the injection of the Brine/CO2/carbonate saturated mixture from the mixer to
the main core. The fluid was then collected in pump A that was operating in constant refill mode.
During this step the porous plate is not needed so, we use the drilled hole through the porous
plate to inject the fluid.

3. Primary drainage, CO2 from pump C (operating at constant pressure) was injected through the
main core at an imposed capillary pressure. The mixer at this stage was isolated from the system.
The porous plate will let the brine through, but will retain the CO2. The fluid displaced from the
rock was collected in pump A – operating at constant pressure, with a flow limit set for both,
pump A and pump C- see the red path highlighted in Figure 2-13. The experiment continued
until no more brine drained through the porous plate to the receiving pump A. Then the CO2
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initial saturation (Si) was measured by dividing the volume of brine received in the receiving
pump by the pore volume of the core, taking into account the dead volume of the flow lines.

4. Secondary Water-flooding, In this step the porous plate was not used as the secondary imbibition
experiment was designed to be an unsteady state displacement. During secondary imbibition
(water flooding) where the wetting phase (brine) displaces the non-wetting phase (CO2) out of
the rock, again CO2 was allowed to flow to the mixer from pump C at constant pressure, to
replace the 5 PV of CO2-carbonate-saturated brine that left the mixer to the main core at the
experimental conditions. Low flow rates were imposed: the capillary number was 4.1×10-7. This
was sufficient brine to displace all the mobile CO2. The porous plate was bypassed by using the
hole we had drilled through the porous plate. All the fluids were collected in pump A, which was
operating in constant refill mode; see the blue path, Figure 2-13. The amount of CO2 remaining
in the core is the residual saturation (Sr), and was calculated using the isothermal
depressurization process [96].

5. Isothermal depressurization process, The core was isolated by closing all the valves. The CO2
inside the core was allowed to expand to pump B, see the green path indicated in Figure 2-13.
The pressure in the pump was decreased gradually to 100 psi. If the pressure was decreased
lower than this, water vapour will coexist in pump B in a high portion and will affect the results.
The amount of CO2 that was residually trapped (Sr) was calculated by using the isothermal
depressurization equation 2.14; for more details see section 2.1 and section 2.2.

All the fluid mixture that was collected in pump A, was recycled back to the mixer to be used for the
next experiments. These fluids were not fully saturated with CO2 and with carbonates. So, it was
stirred again in the mixer with CO2 for one hour to ensure saturation with CO2, and then it was
circulated two times through the sacrificial core, before it could be used for later experiments.

Chapter 3
Results and Discussion

3.1 CO2 solubility in brine
The first use of our apparatus was to provide new experimental measurements of CO 2 solubility in
brine. The methodology is different from that usually employed but provided accurate and
reproducible results compared to previously-published data. This study serves as a consistency and
accuracy check on our work, introduces a new methodology for solubility measurements and, on its
own, provides useful data on solubility for input into models of CO2 storage in aquifers, to aid optimal
storage design. Overall, this study provides a useful complement to the more extensive
thermophysical measurements underway at Imperial College, in the Chemical Engineering
Department, as part of our larger research group.
We tested the reactor for three geothermal conditions (9 MPa/33°C, 9 MPa/50°C and 9 MPa/70°C).
After preparing an equilibrated brine/CO2 mixture, the CO2 solubility in brine was measured for a
range of pressures (9 MPa, 7.58 MPa, 3.44 MPa & 0.34 MPa) at three temperatures (33°C, 50°C and
70°C). Our results are shown in Table 3-1.
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Table 3-1: Solubility data for CO2 dissolved in brine measured using the isothermal de-pressurization
method. The salinity was constant with 0.856 moles NaCl and 0.134 moles of KCl per kilogram water.
Solubility of CO2 Mole fraction of
(mole CO2/ kg brine) dissolved CO2

T
(˚C)

P
(MPa)

70

9

0.857

0.0159

70

9

0.836

0.0155

70

9

0.832

0.0154

70

7.58

0.780

0.0144

70

3.44

0.390

0.0073

70

0.34

0.045

0.0008

50

9

0.886

0.0164

33

9

1.015

0.0187

A similar solubility measurement has been described in the literature, although the way we account
for water vapour is different. In [117] the separated CO2 gas from the equilibration mixture was
bubbled through concentrated sulphuric acid solution to condense the water vapour. In [118, 122]
water vapour in the gas phase was not considered, but in our measurement water vapour was
considered as shown in the section 2.1.3.2.
CO2 solubility in brine at 70°C and 9 MPa was measured three times to check experimental
reproducibility (0.842 ± 0.014 mole CO2/kg CO2 free brine). The low standard deviation (~1.6%)
demonstrates that the isothermal depressurization method is reproducible.

Our results are consistent with solubility data available in the literature (Table 3-2, Figure 3-1, and
Figure 3-2) [117-118, 122-128]. A brine of the same composition has been studied only once before
in the literature [128]; other data for similar brine compositions and operating conditions are also
listed. It is interesting to note that a solution containing KCl will dissolve more CO2 than a solution
containing an equal concentration (wt. %) of NaCl [122]; so a 6wt% NaCl solution will dissolve less
CO2 than a 5wt% NaCl & 1wt% KCl solution. In general at constant pressure and temperature the
solubility decreases with an increase in salinity, Table 3-2.

Chapter 3. Results and Discussion

97

Table 3-2: Solubility data of CO2 in water for different salinities and operating conditions from the
literature.

T
P
(˚C) (MPa)

Salinity (wt%)

Solubility of CO2 Mole fraction
Salinity
(moles salt/ kg brine) (mole CO2/ kg brine)
of CO2

Reference

Experimental data
79.7
80.1

10.18
9.49

0
1% NaCl

0
0.171 NaCl

0.9376
0.8631

0.0166
0.0154

Nighswander
et.al. (1989) [117]

59

10.38

8.05%

2.021
(Weyburn brine)

0.7666

0.0146

Li et.al. (2004)
[118]

45
45
45
45

10.09
10% NaCl
1.71 NaCl
10.09
10% KCl
1.34 KCl
10.58 5% NaCl & 5% KCl 0.86 NaCl & 0.67 KCl
8.59 5% NaCl & 5% KCl 0.86 NaCl & 0.67 KCl

0.7432
0.893
0.825
0.784

0.0142
0.0169
0.0157
0.0150

Liua et.al.(2010)
[122]

40.38
80.08
40.31
80.08
40.31
80.55

8.43
9.24
8.28
8.74
8.7
9.45

3% NaCl
3% NaCl
3.7% KCl
3.7% KCl
7.5% KCl
7.5% KCl

0.52 NaCl
0.52 NaCl
0.5 KCl
0.5 KCl
1 KCl
1 KCl

1.1738
0.9048
1.2000
0.8981
1.0862
0.8574

0.02112
0.01636
0.02174
0.01636
0.02031
0.0161

Kiepe
et.al.
(2002) [123]

60

10

3% NaCl

0.514 NaCl

0.9127

0.0165

Bando
et.al.
(2003) [124]

50
100

10
10

0
0

0
0

1.0471
0.7317

0.0185
0.013

Shagiakhmetov
et.al. (2003) [125]

50.1
100.1

10
10.4

5.8% NaCl
5.8% NaCl

1 NaCl
1 NaCl

0.8891
0.6040

0.0164
0.0112

Koschel
et.al.
(2006) [126]

70
50

9
9

0
0

0
0

0.9320
0.9953

0.0165
0.0176

Dodds
et.al.
(1956) [127]

0.9147

0.0169

Trusler
[128]

70.9

13.69 5% NaCl & 1% KCl 0.86 NaCl & 0.13 KCl

et

al.

Theoretical data
70

9

5.8% NaCl

1

0.75

0.0138

Akinfiev
Diamond
[129]

and
(2010)

50

9

5.8% NaCl

1

0.9

0.0166

Darwish and Hilal
(2010) [130]

50
90

9
9

5.8% NaCl
5.8% NaCl

1
1

0.9
0.7

0.0166
0.0129

Spycher
Pruess
[131]

and
(2010)

60.15
80.15

9
9

3% NaCl
3% NaCl

0.5292
0.52

0.9033
0.8460

0.0163
0.0153

Ji et.al.
[132]

(2005)

60

9

3% NaCl

0.5

0.85

0.0154

Spycher
Pruess
[133]

and
(2005)

60.15

10

5.8% NaCl

1

0.8405

0.0155

Duan and Sun
(2003) [111]
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Figure 3-1: Solubility data for CO2 in brine of different salinities at CCS pressures (between 8.4-10.5
MPa) versus temperature – solid symbols are our measurements and open symbols are literature data;
(▬) Nighswander et al (1989) [117], (*) Li et al. (2004) [118], (◊) Y. Liua et al. (2010) [122], (x) Kiepe et al
(2002) [123], (Δ) Bando et al. (2003) [124], (□) Shagiakhmetov et al (2003), [125] (○) Koschel et al (2006
[126], (+) Dodds et al (1956) [127], (X) M. Trusler, et al. (to be published) [128], (●) our measurements.
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Figure 3-2: Solubility data for CO2/brine versus salinity at CCS temperatures (between 33 and 100°C)
and pressures (between 8.4 and 10.5 MPa). Solid symbols are our measurements and open symbols are
literature data. (◊) T= 100°C & P= 10.25 (±0.28) Mpa [125, 126], (□)T= 80.1 (±0.3)°C & P= 9.51 (±0.57)
Mpa [117, 123], (Δ)T= 70°C & P= 9 Mpa [127, (▲) our measurement], (*) T= 59.5 (±0.71) °C & P= 10.19
(±0.27) Mpa [118, 124], (O)T= 50°C & P= 9.5 (±0.58) Mpa [125-127, (●) our measurement], (+)T= 45°C &
P= 9.8 (±0.86) Mpa [122] (x)T= 40.3°C & P= 8.47 (±0.21) Mpa [123].
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3.2 Carbonate equilibration in solution
Carbonate rocks are sensitive to dissolution when contacted by acidic solutions, so it is expected to
react with scCO2 and brine/CO2 mixtures, see equation 3.1-3.6 [104, 134]. If this reaction occurs
during the capillary trapping experiments we cannot measure the trapping curve in carbonates with
confidence, since the rock fabric and the amount of scCO2 will be changing through reaction, rather
than simply due to flow processes.

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

When preparing the CO2-brine-carbonate saturated solution, the concentrations of Ca2+ and Mg2+ ions
were analysed for each saturation cycle to identify the number of required cycles to reach saturation.
As shown in Figure 3-3 and Figure 3-4, four cycles was sufficient to reach saturation between CO2saturated brine and the carbonate.
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Figure 3-3: The concentration of Ca2+ ions in CO2 saturated brine after each equilibration
cycle on Ketton and Indiana limestone.

Figure 3-4: The concentration of Mg2+ ions in CO2 saturated brine after each equilibration

cycle on Ketton and Indiana limestone.
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Table 3-3 shows the concentration of CO2 and Ca2+ and Mg2+ ions at the experimental conditions
compared to predictions using a geochemical model [135]. We are close to predicted equilibrium
conditions for dissolved CO2 and Ca2+, while our measured Mg2+ concentration is less than predicted:
this could be due to slow or hindered dissolution of the small fraction of magnesium carbonate in the
sacrificial core.
Table 3-3: Solubility of CO2 and Ca2+and Mg2+ ions in CO2-saturated brine at different operating
conditions
Pressure Temperature
(MPa)
(°C)
Experimental
results

Geochemical
modelC

CO2 phase

CO2
Ca2+
Mg2+
CO2 : Ca2+
(mole/kgbrine) (mole/kgbrine) (mole/kgbrine)
ratio

9

50

Supercritical

0.872a

0.039

6.15×10-4

22:1

4.2

50

Gaseous

0.544b

0.015

2.2×10-4

36:1

9

50

Supercritical

0.8743

0.0192

0.0283

46:1

4.2

50

Gaseous

0.5014

0.0160

0.0236

31:1

(a) El-Maghraby et al. [136]
(b) Duan and Sun [111]
(C) Leal et al. [135]

Reducing the pressure from 9 MPa to 4.2 MPa, while keeping a constant temperature of 50˚C, results
in a reduction in the concentration of Ca2+ ions in solution from 1.61 mg/ml to 0.644 mg/ml, see
Figure 3-3. This is an important observation that we will hypothesize controls the degree of trapping:
the Ca2+ concentration in the equilibrated brine increases with pressure and hence is higher at
supercritical conditions than at gaseous conditions.
By comparing Figure 3-3 and Figure 3-4 we find that the concentration of Mg2+ ions (0.0154 mg/ml)
is very small when compared with the Ca2+ concentration (1.61 mg/ml) in the CO2-brine aqueous
solution. This is expected; since the Ketton and Indiana cores are mainly composed of calcium
carbonate (see Table 1-5 and Table 1-6). In general there is a trend of increasing dissolved Ca2+ with
an increase of dissolved CO2; the dissolved CO2 makes the brine more acidic, resulting in more
dissolution of the calcite rock matrix and hence liberating Ca2+ into solution.
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3.3 scCO2 trapping in sandstone type rocks
Two sandstone type core plugs were used in this study; Berea sandstone - the same Berea 9 as the one
used in [99, 137, 138], and Doddington sandstone. Both core plugs chemical composition are listed in
Table 1-3 and Table 1-4 respectively, and their properties are listed in Table 2-1. The trapping
experiments were carried at 70, 50 and 33 °C while the fluid pressure was 9 MPa. Our range of
temperature spans that observed for several current CO2 storage sites, Table 1-2; at this temperature
CO2 is in the supercritical phase if the pressure is sufficiently high. 70°C and higher is representative
of In Salah in Algeria, Ordos in China, Lacq in France, SECARB-Mississippi the USA, and the
Snøhvit field in the Barents Sea. 50°C is representative of Nagaoka in Japan and Otway in Australia.
A storage temperature of 33°C or lower will be representative for storage in relatively cold, shallow
sites, such as Ketzin in Germany, Sleipner in the North Sea, MRCSP Michigan Basin and MRCSPEast Bend in the USA.

Primary drainage tests were performed at different applied capillary pressure, with each pressure
giving different initial scCO2 saturation. The applied primary drainage capillary pressure and the
duration of each test performed on Berea and Doddington sandstones cores are listed in Table 3-4.
Table 3-4 shows that as the CO2 density increases at lower temperature, the drainage experiments
become longer; this is associated with the increasing viscosity of the CO2 (see Table 2-2). Also within
the same temperature range, the drainage time becomes shorter as the applied capillary pressure
increases: while more CO2 enters the system, it is better connected throughout the displacement.

When applying an imposed capillary pressure during primary drainage, the scCO2 will drain the brine
out of the core until no more water can be produced out of the core. This was detected for each
experiment by monitoring the volume of brine received from the core during primary drainage. When
the system is stable, no more water will be delivered out from the core to the pump and a plateau will
be reached, see Appendix-E for more details about the rate of saturation change at the plateau, and
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when capillary equilibrium is reached. Figure 3-5 and Figure 3-6 shows when this plateau was
detected for each applied Pc shown in Table 3-4 for Berea and Doddington core plugs respectively.

Table 3-4: The capillary pressure, drainage time, and initial and residual
saturation for each experiment performed on Berea and Doddington cores at
different operating conditions.

T
(˚C)

P
(MPa)

Pc
(KPa)

Drainage time
(hr.)

Si

Sr

Figure Number

Berea

70

50

33

9

531

29

0.807

0.302

Figure 3-5 (a)

296.1a

20.6

0.851

0.366

-

161.3a

64.2

0846

0.339

-

82.7a

137.8

0.64

0.324

-

6.9a

-

0.475

0.238

-

6.6a

-

0.269

0.105

-

1a

-

0.079

0.031

-

689

41

0.725

0.289

Figure 3-5 (b)

548

45

0.59

0.297

Figure 3-5 (c)

192

66

0.652

0.315

Figure 3-5 (d)

13.8

136

0.232

0.145

Figure 3-5 (e)

199.9

214

56010

0.232

Figure 3-5 (f)

9

9

Doddington

50

a

9

346

41

0.733

0.208

Figure 3-6 (a)

276

59

0.713

0.202

Figure 3-6 (b)

13

220

0.436

0.23

Figure 3-6 (c)

C. Pentland, 2010 [138]
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(b)

(c)

(d)

(e)

(f)

Figure 3-5: The raw data as logged from the Isco pump for Berea drainage process showing the
volume of brine displaced from the core over time. We waited until a plateau was reached,
indicating no more drainage. Different imposed capillary pressures led to different volumes
displaced and different initial non-wetting phase (CO2) saturations in the core. It takes longer to
establish equilibrium at the lower initial saturations, due to the poor connectivity of the injected
CO2 phase that has to penetrate – in capillary equilibrium – through only the larger pores. (Dead
volumes for calculating initial CO2 saturation are not accounted for in this graph see Appendix E
for values).
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(a)

(b)

(c)

Figure 3-6: The raw data as logged from the Isco pump for Doddington drainage process showing
the same features as for Berea above. (Dead volumes for calculating initial CO2 saturation are not
accounted for in this graph see Appendix E for values).

Dead volumes during the initial saturation are the volume of brine that the CO2 displaced through its
way from the CO2 pump to the core, before the CO2 enters the core.

The measured primary drainage capillary pressure, Leverett-J function and trapping curves are shown
in Figure 3-7, Figure 3-8, Figure 3-9, Figure 3-10, Figure 3-11 and Figure 3-14 respectively.
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Error bars on the primary drainage curve and the trapping curves are calculated as following, for more
details see Appendix E.


Primary drainage curve:
X-axis (initial wetting phase saturation): It is the uncertainty in the measured dead volume in the
Hassler cell and flow lines. It is estimated to be nearly 1 ml.
Y-axis (Capillary pressure): Pressure is recorded during the full drainage test then a final
averaged value is taken, the error bar is the resulting standard deviation from this averaged value
during the drainage test.



Trapping curve:
X-axis (initial non-wetting phase saturation: Same as for the x-axis for Primary drainage curve.
Y-axis (residual non-wetting phase saturation: During isothermal depressurization, the pressure
in the core holder is reduced in steps, for each step the corresponding residual saturation is
calculated. The final residual saturation value is the average, and the error bars are the standard
deviation for this value during the isothermal depressurisation step.

Figure 3-7 and Figure 3-8 shows the measured primary drainage capillary pressures. The capillary
pressure is higher for the lower permeability Berea core than for Doddington, as expected: lower
permeability indicates smaller pore sizes and higher capillary pressures, see Table 2-1 for
permeability values. For Berea, primary drainage capillary pressure is the same for different
temperature conditions, to within experimental error, for all cases, Figure 3-7. During primary
drainage, CO2 is the non-wetting phase and we see the same behaviour for different temperature fluids
like that for a strongly water-wet analogue decane-brine system measured by Pentland, 2010 [138].
Each system has a different interfacial tension, but this is only a small variation that does not
significantly affect the measured values of capillary pressure.
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Figure 3-7: Primary drainage capillary pressure curve for supercritical CO2
measured at different temperatures, Berea sandstone core plug.

There is some evidence that the curves are shifted to higher water saturation values at lower
temperatures. This could be due to during drainage the system has not yet reached a position of
capillary equilibrium and that further displacement was possible at the imposed pressure. This
possibility is supported by the very long drainage times in these cases. Overall, Figure 3-7 and
Figure 3-8 indicate that during drainage in Berea and Doddington both systems appear to be strongly
water-wet.

Chapter 3. Results and Discussion

109

Figure 3-8: Primary drainage capillary pressure curve for supercritical CO 2
measured at 50˚C and 9 MPa in Doddington sandstone core plug.

Note also the wide range of saturation that the porous plate apparatus allows us to study, a saturation
range: from 0.1 to 0.85. This would be difficult to achieve using an unsteady-state or a steady-state
approach to saturate the core.
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Figure 3-9 and Figure 3-10 show Leverett J-function, equation 1.5, where the primary drainage
capillary pressure was plotted against the reduced brine saturation (SW*), equation 3.7, for Berea and
Doddington sandstones respectively, with the addition of the mercury injection capillary pressure
curve measured on a similar core by Weatherford Laboratories (East Grinstead, UK). For the
interfacial tensions and contact angles data used for the J function calculation see Table 3-5, where
SW* , Sw and SWC are the reduced, initial and connate brine saturation respectively.

(3.7)

Table 3-5: Interfacial tensions and contact angles used for
the J function calculation.
Temperature Interfacial tension
(˚C)
(σ) (mN/m)
Mercury/air a
CO2/Brine b,c
a

70
50
33

485
38
33
34

Contact
angle (θ)
130
30
30
30

Weatherford laboratories (East Grinstead, UK)

b

J. Mills, et. al , 2011 [139]

c

D. N. Espinoza and J. C. Santamarina , 2010 [104]

In the calculation of the J function, we have assumed that the (water) receding contact angles in the
experiments are 30˚: that is a water-wet system. The results are all broadly consistent with each other
and the mercury injection data, to within experimental error, indicating that during primary drainage
CO2 acts as the non-wetting phase. For Berea, the CO2 data slightly diverges from the mercury
injection measurements at low wetting phase saturation: this is likely to be due to connate or
irreducible brine in the core, which is not observed for mercury, where the displaced phase is a
vacuum. For Doddington the CO2 data slightly diverges from the mercury injection measurements at
high wetting phase saturation. In this case, it is possible that we did not establish true capillary
equilibrium in the core during primary drainage.
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Figure 3-9: Primary drainage capillary pressure versus reduced brine saturation (SW*) on
Berea sandstone; the data was normalized using Leverett-J function, equation 1.5. Data for
scCO2 and an external mercury injection capillary pressure measurement are compared. For
Berea, within experimental error, all the points lie on the same curve and are consistent with
the mercury injection results at high wetting phase saturation. At lower saturation the
discrepancy could be due to retained, connate water in the core. This indicates that during
primary drainage the system is water-wet and CO2 is the non-wetting phase.
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Figure 3-10: Primary drainage capillary pressure versus reduced brine saturation
(SW*) on Doddington sandstone; the data was normalized using Leverett-J
function, equation 1.5. Data for scCO2 and an external mercury injection capillary
pressure measurement are compared. For Doddington there is a discrepancy
between the mercury injection results and the measurements using CO 2 that could
be due to slow establishment of capillary equilibrium during the drainage
experiments.
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During secondary imbibition the brine was injected at a capillary number of 4.1×10-7, the
corresponding brine flow rate used in each test run was calculated using equation 1.3, see AppendixD.

Capillary trapping curves showing relation between initial scCO2 saturation and residual scCO2
saturation (trapping curve) are plotted for both Berea and Doddington sandstone in Figure 3-11 and
Figure 3-14.

From Figure 3-11 it is clear that temperature has no effect on the amount of scCO2 residually trapped
in Berea sandstone rock to within experimental error. All the points lie on a single curve that
monotonically increases with initial saturation to a maximum value of around 30%. This means that
changing the CO2 density with a change in temperature has no effect on the amount of scCO2 that will
be residually trapped in Berea sandstone. Overall Figure 3-11 suggests that the amount of trapping is
independent of temperature (density). There is, however, slightly less trapping than observed for a
strongly water-wet decane-brine system.

This implies that the CO2 does cause a modest increase in effective advancing contact angle.
Dissolved CO2 in brine on its own could result in a partially CO2-wet surface [87, 88, 104, 105];
hence, the degree of trapping is controlled by the amount of dissolved CO2 present in the brine: with
more CO2 dissolved, the system becomes less water-wet and we see less trapping. It could also be that
the amount of residually trapped CO2 is affected by changes in interfacial tension and viscosity (see
Table 2-2).

However, these effects should not be significant if the displacement is capillary-

controlled at the pore scale, as implied by the low imposed capillary numbers in these experiments.
Furthermore, as we discuss later for carbonates, this explanation cannot account for the trends we see
for both sandstones and carbonates.
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Figure 3-11: The scCO2 trapping curve representing the relation between the initial non-wetting
phase saturation (Si) and the residual non-wetting phase saturation (Sr) measured on Berea
sandstone. The lines in the graph are a quadratic fit through the data [140]. Also shown Berea
results for oil (Decane)/brine trapping system at the same conditions.

Comparing our results on scCO2 trapping in Berea sandstone with that of Akbarabadi and Piri, 2012
[100], see Figure 3-12, shows a good agreement between our measurements with the unsteady state
trapping points measured by [100] on Berea. This supports our work and gives confidence in our
methodology. Though more points were shown in [100], as a CT scanner was used to obtain the
results, which was not available for our work, we can see a limit on the range of initial saturations that
could be displayed. This was due to using unsteady state methods to measure CO2 trapping, which
limits the maximum initial CO2 saturation that could be reached. This is not the case when using the
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porous plate method, that let us reach a higher maximum initial CO2 saturation. In addition the porous
plate method, which we used during primary drainage, eliminates the capillary end effect which
results in the accumulation of brine toward the end of the core, this gives false indication that drainage
has stabilized. The porous plate method was not used during the secondary imbibition step, which was
an unsteady state displacement. There is no known porous plate to retain brine while allowing the
scCO2 to pass through it at the time of this study, also the set-up I used was not designed for this
purpose. It is believed that the end effect if occurred will not affect the residual saturation results as a
filter paper was placed at both ends of the rock.

Figure 3-12: Comparison between our scCO2 trapping data in Berea with that
of Akbarabadi and Piri, 2012 [100].
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Though the differences in trapping behaviour between decane/brine and CO2/brine systems are mainly
attributed to the difference in wetting properties that involves a fluid-rock interaction, the systems
shown in Figure 3-13 (decane/brine, scCO2/brine, and gasCO2/brine) for trapping in sandstones also
differ in the properties that only involve fluids.

Figure 3-13: Comparison between the two analogue systems; Decane/brine
system measured by Pentland, 2010 [138] and the gaseous CO2/brine system
measured by Akbarabadi and Piri, 2012 [100].

When analysing Figure 3-13, the variation in temperature for the scCO2/brine system caused the
scCO2 density to change significantly, with a very small change in the viscosity and interfacial tension
occurred as well, see Table 3-6, but there was no change in the trapping behaviour as a result of such
variation in the scCO2 properties.
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Table 3-6: Fluid properties for decane, gaseous, and supercritical CO2.
Decane

scCO2

Gas CO2

Temperature (˚C)
Pressure (MPa)
Density
Viscosity
Interfacial tension

70
9
700a
5.47x10-4a
48.3a

70
9
210.65b
2.1x10-5b
38b

25
3.45
81c
1.6x10-4c
51c

Temperature (˚C)

-

50

50

Pressure (MPa)
Densityb
Viscosityd
Interfacial tensione

-

9
290.91
2.7x10-5
33

9
84.13
1.7x10-5
46

Temperature (˚C)

-

33

-

Pressure (MPa)
Densityb
Viscosityd
Interfacial tensione

-

9
704.51
5.6x10-5
34

-

a

Pentland, 2010 [138]

b

Span and Wagner [114]

c

Akbarabadi and Piri, 2012 [100]

d

Fenghour et al. [115]

e

Bachu and Bennion [116]

On the other hand, when comparing the oil/brine system studied in Pentland, 2010 [138] and the
scCO2/brine system I studied, there is a higher trapping trend for the oil/brine system than that in
scCO2/brine system, at such applied experimental condition there is a great difference in the density,
viscosity and interfacial tension, as shown in Table 3-6, of both non-wetting fluids.

An identical trapping trend for the two analogue systems oil/brine system studied in Pentland, 2010
[138] and gasCO2/brine system studied in [100] was observed despite the large difference in density
(a very small change in viscosity and interfacial tension occurred) at these studied conditions, see
Table 3-6. This suggests that for strongly water-wet systems the trapping of gaseous CO2 in
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sandstone follow the same trend as in the case for oil. In addition, from Figure 3-13 it is clear that the
amount of CO2 that will be trapped in the gaseous phase is higher than in the case where CO2 is in the
supercritical phase for sandstone, which is not the case in carbonates as we are going to show later.

Though we clearly showed that density has no effect on the trapping behaviour in the scCO2 system in
sandstone, more investigation on the effect of other fluids properties such as interfacial tension and
viscosity on the trapping behaviour is recommended.

The Doddington sandstone trapping curve, Figure 3-14, shows a surprising non-monotonic trend; this
behaviour though has also been seen in the literature in [101] for Mt. Simon sandstone, the result is
puzzling, since it indicates that in this case CO2 is the wetting phase. A more likely explanation is
that – within experimental error – the amount of trapping increases approximately linearly with initial
saturation to an initial saturation of around 0.5 and then is constant. This also could be an
interpretation of the published Mt. Simon data.
This behaviour – a constant residual at high initial saturation – has been observed in water-wet
oil/water and gas/water systems for sand packs [141]. Doddington – like a sand pack – has a narrow
range of pore sizes. At a relatively low saturation, the non-wetting phase can invade all the larger
pores in which trapping occurs. Further invasion of the pore space during primary drainage does not
lead to any further trapping.
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Figure 3-14: The scCO2 trapping curve representing the relation between the initial non-wetting
phase saturation (Si) and the residual non-wetting phase saturation (Sr) measured on Doddington
sandstone. The lines in the graph are a quadratic fit through the data [140]. Also shown is the
measurement of trapping using micro-CT scanning for Doddington.

A comparison between our results for residual CO2 trapping in Doddington sandstone and that of
Krevor, et.al 2011 [101] for residual CO2 trapping in Mt. Simon are shown in Figure 3-15. In [101]
they used the steady state method with a CT-scanner to measure the saturation, hence the high
capacity of the presented data. We can see that both cores follow the same non-monotonic trend. We
achieved higher saturation profile compared to the maximum initial CO2 saturation measured in [101],
which is one of the advantages of the porous plate method that I am using over other capillary
trapping methods.
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Figure 3-15: A comparison between our results for residual CO 2 trapping in Doddington
sandstone and Krevor et. al, 2011 [101] for Mt. Simon sandstone at the same experimental
conditions of 50˚C and 9MPa.

Our results are consistent with measurements of the amount of residually trapped scCO2 imaged using
an X-ray source at the pore scale on Doddington core using a micro-flow cell [21]. The core was of
the same properties and at the same operating condition 50 ˚C and 9 MPa as I studied. When
comparing the core-scale and the pore-scale results on Doddington, there is a good agreement as the
measured point fits on our trapping curve.

The residual trapping observed for each test performed on Berea and Doddington are listed in Table
3-4 with the corresponding initial saturation and the applied drainage capillary pressure.

Chapter 3. Results and Discussion

121

We matched all the scCO2 data in Figure 3-11 and Figure 3-13 with the Spiteri et al. trapping model,
equation 3.8 [140] using Microsoft Excel software. This model is a simple quadratic relationship that
addresses the dependence of the residual non-wetting phase saturation on the initial water saturation.
This model was used as it is applicable for the entire rock wettability conditions, and is able to capture
the non-monotonicity of the trapping curve as with the case of Doddington. Although this model was
originally developed to predict oil trapping we used it for CO2 trapping prediction.

(3.8)

Where, Snwi is the initial non-wetting phase saturation, it represents the point at which the primary
drainage ceases and water flooding starts, Snwr is the residually trapped non-wetting phase saturation,
which is the amount of unrecoverable CO2 after flooding, and the parameters α and β are the initial
slope and the curvature of the trapping curve. The optimization is constrained by: 0≤ α ≤1, β ≥ 0.
These two parameters (α and β) give a better fit to the experimental data, and make the model able to
capture the non-monotonic behaviour of the trapping curve, in opposite to the Land trapping model
that has only one parameter.

I used the Spiteri model to match CO2 trapping data for Berea and Doddington, and the following
constants were used: β = 0.29, α = 0.66, with correlation coefficient= 0.94 for Berea, and β = 0.86, α
= 0.91, correlation coefficient = 0.998 for Doddington. The model agrees with the data within the
error bars for both cores (Berea and Doddington) and capture the non-monotonic trend for
Doddington. Our experimental initial-residual trapping data validated this model.

According to the proposed trapping mechanism for the pore-network simulator, which was used to
validate the Spiteri model, that for water wet media the model suggest that snap-off dominate, and the
amount of residual trapped CO2 increase monotonically with the initial CO2 saturation, as there is
more CO2 to trap by snap off mechanism. While for less water wetting media, trapping occurs by
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bypassing, so, the residual trapping increases monotonically as the number of CO2 clusters increases
at low initial saturations, but this is not the case at high CO2 initial saturations, where there are less
water cluster, this means less change for bypassing, hence less residually trapped CO 2. So at higher
initial saturations the residual trapped CO2 will decrease as there is less CO2 to trap.

Overall our results indicate that the amount of trapping of supercritical CO2 in sandstones is
independent of temperature (density). The results are consistent with other measurements – made
independently – on Berea. The Doddington results show a curious, possibly non-monotonic trend of
trapping with initial saturation, but this could be consistent with the rather uniform pore size
distribution of this sandstone giving is a sand-pack like trapping curve, and is similar to the behaviour
observed in the literature on another sandstone.

During primary drainage, the CO2 acts as the non-wetting phase. During water flooding, significant
quantities of CO2 can be trapped, but the degree of trapping is less than that observed in analogue
strongly water-wet oil/brine experiments. This implies that the scCO2/brine system is not strongly
water-wet. We suggest that this is caused by the increased concentration of dissolved CO2 in brine.
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3.4 scCO2 trapping in carbonates

During primary drainage, CO2 displaces the brine out of the core, until the initial saturation
corresponding to the applied capillary pressure is reached. The applied capillary pressures in all the
tests conducted are shown in Table 3-7 for Ketton and Indiana core plug, in addition to the drainage
time, and initial and residual saturations. A longer drainage time is observed as the capillary pressure
decreases, as seen for the sandstone cores. In addition, for the experiments performed on Indiana, at
the same applied drainage capillary pressure, a shorter drainage time was seen for gaseous CO2 than
for scCO2; this is due to the difference in viscosity – the gaseous CO2 has a lower viscosity and flows
more readily through the core.
When plotting the amount of brine received from the core versus time, an ascending relation is
observed till the core reaches stabilization; a plateau is detected as no more water is coming out of the
core, see Appendix-E for more details about the rate of saturation change at the plateau, and when
capillary equilibrium is reached. Figure 3-16 shows scCO2 drainage tests performed at different
applied capillary pressure on Ketton limestone, while Figure 3-17 and Figure 3-18 shows drainage
tests on Indiana limestone for scCO2 and gaseous CO2 respectively.
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Table 3-7: The capillary pressure, drainage time, and initial and residual saturation
values for each experiment performed for Ketton and Indiana core.

T
(˚C)

P
(MPa)

Pc
(KPa)

Drainage time
(hr.)

Si

Sr

Figure Number

Ketton

50

9

315

39

0.627

0.142

Figure 3-16 (a)

313

46

0.65

0.172

Figure 3-16 (b)

305

36

0.648

0.102

Figure 3-16 (c)

62

69

0.606

0.151

Figure 3-16 (d)

14

170

0.586

0.117

Figure 3-16 (e)

Indiana (scCO2)

50

9

350

48

0.728

0.232

Figure 3-17 (a)

275

46

0.727

0.237

Figure 3-17 (b)

79

74

0.627

0.236

Figure 3-17 (c)

14

233

0.467

0.205

Figure 3-17 (d)

5

474

0.199

0.069

Figure 3-17 (e)

Indiana (gas CO2)

50

4.2

622

22

0.753

0.186

Figure 3-18 (a)

347

12

0.597

0.188

Figure 3-18 (b)

344

40

0.554

0.189

Figure 3-18 (c)

66

65

0.655

0.186

Figure 3-18 (d)

11

211

0.377

0.125

Figure 3-18 (e)
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(a)

(b)

(d)

(c)

(e)

Figure 3-16: The raw data as logged from the Isco pump during scCO2 drainage experiments in
Ketton showing the volume displaced as a function of time. As in sandstone cores, the drainage
times are longest for the lowest volume displaced (low imposed capillary pressure). (Dead volumes
for calculating initial CO2 saturation are not accounted for in this graph see Appendix E for values).
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(a)

(b)

(c)

(d)

(e)
Figure 3-17: The raw data as logged from the Isco pump during scCO2 drainage in Indiana. Results
showing the volume displaced as a function of time. The drainage times are longest for the lowest
volume displaced (low imposed capillary pressure). (Dead volumes for calculating initial CO 2
saturation are not accounted for in this graph see Appendix E for values).
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(f)

(g)

(h)

(i)

(j)

Figure 3-18: The raw data as logged from the Isco pump during gaseous CO2 drainage in Indiana.
Results showing the volume displaced as a function of time. The drainage times are longest for the
lowest volume displaced (low imposed capillary pressure). The gaseous CO2 drainage time is
shorter than in the case of scCO2 for the same applied capillary pressure. (Dead volumes for
calculating initial CO2 saturation are not accounted for in this graph see Appendix E for values).

Chapter 3. Results and Discussion

128

The drainage capillary pressure was measured for both Ketton and Indiana limestone, see Figure 3-19
and Figure 3-20 respectively.

Figure 3-19: Primary drainage capillary pressure curve for supercritical CO2
measured on Ketton limestone.
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Figure 3-20: Primary drainage capillary pressure curve for supercritical
and gaseous CO2 measured on Indiana limestone.

The Leverett J-function (J(Sw)); equation 1.5 is computed from Rose and Bruce [142], where K and
ϕ are the sample permeability and porosity respectively (see Table 2-3 and Table 2-4for values), σ is
the interfacial tension (see Table 2-5) and θ is the contact angle between the phases and the solid rock
surface.
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We assume that the receding contact angle (CO2 displacing brine) is 30˚, representing water-wet
conditions. Figure 3-21 and Figure 3-22 also show the mercury injection capillary pressure measured
on a similar Ketton and Indiana limestone cores by Weatherford Laboratories (East Grinstead, UK).

Figure 3-21: Primary drainage capillary pressure versus reduced brine saturation (SW*) on
Ketton limestone; the data was normalized using Leverett-J function, equation 1.5. Data for
scCO2 and an external mercury injection capillary pressure measurement are compared. Note
the evidence of a bi-modal pore size distribution with both macro-pores and micro-porosity.
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Figure 3-22: Primary drainage capillary pressure versus reduced brine saturation
(SW*) on Indiana limestone; the data was normalized using Leverett-J function,
equation 1.5. Data for scCO2, gaseous CO2 and an external mercury injection capillary
pressure measurement are compared. Here, to within experimental error, the
mercury injection and CO2 experiments give similar results. Note the evidence of a bimodal pore size distribution with both macro-pores and micro-porosity.
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Figure 3-21 and Figure 3-22 indicate that, for primary drainage, once the effects of contact angle for
mercury injection and interfacial tension are accounted for, the drainage behaviour of the scCO2,
gaseous CO2 and mercury are all similar to within experimental error. This indicates that during
drainage (CO2 displacing brine) the system behaves as a water-wet system: this finding is consistent
with similar measurements in Berea sandstone, section 3.2. Though, the behaviour is more complex
for the opposite process: brine displacing CO2. Both mercury injection curves indicate a bi-modal
pore size distribution (the two regions of relatively low slope on the graph), with a connected macroporous intergranular porosity, and intra-granular micro-porosity that is only accessed at high capillary
pressures.

In our Indiana experiments, at the higher values of initial saturation, the CO2 will penetrate this microporosity Figure 3-22, though this was not the case with Ketton, even at high capillary pressures, the
CO2 was not able to access these micro-pores inside individual grains, Figure 3-21.
During secondary imbibition (water flooding) the brine was injected at a capillary number of 4.1×10-7,
the corresponding brine flow rate used in each test run was calculated using equation 1.3, see
Appendix-D.

Figure 3-23 and Figure 3-24 shows the trapping curves, the residual saturation as a function of initial
saturation for Ketton and Indiana limestone respectively. The amount of residually trapped scCO 2 in
Indiana and Ketton limestone is slightly less than that in Berea sandstone at the same experimental
conditions. The measured end point is consistent with the literature data shown in Table 1-8.
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Figure 3-23: The scCO2 trapping curve representing the relation between the initial nonwetting phase saturation (Si) and the residual non-wetting phase saturation (Sr) measured on
Ketton limestone. The lines in the graph are a quadratic fit through the Berea data [140].

Ketton has large pores of rather uniform size at the macro scale (greater than 10-5 m); more than half
of the pore space was filled at just 14 kPa capillary pressure. This did not allow us to go to low initial
saturation and develop a full trapping curve. In addition, Ketton has intergranular micro-porosity that
is only accessible at a very high capillary pressure that is out of our experiment limit, an initial
saturation of 65% of the pore volume was observed at 310 kPa. This forces the measured points on the
Ketton trapping curve to lie in a very small range, Figure 3-23.
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Figure 3-24: The scCO2 trapping curve representing the relation between the initial nonwetting phase saturation (Si) and the residual non-wetting phase saturation (Sr) measured on
Indiana limestone. The lines in the graph are a quadratic fit through the data [140].

We matched all the CO2 trapping points in Indiana limestone using a Spiteri et al. model [140],
equation 3.8; as shown in Figure 3-24, with matching parameters α = 0.54, β = 0.30 for scCO2, and
α= 0.47, β = 0.29 for gaseous CO2 with a correlation coefficient (R) of 0.98. The model agrees with
the CO2 trapping data for Indiana within the error bars. The similar functional forms of the trapping
curves compared to measurements on sandstones indicate that the presence of micro-porosity does not
radically affect the behaviour of the carbonate system. This observation is consistent with porous plate
measurements at ambient conditions on a range of carbonate samples [143].
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It can be inferred from the error bars, see Appendix E, of some points on Figure 3-24 that the
difference between the supercritical and gaseous CO2 trapping curve measured on Indiana limestone
is not really significant and could be considered to be of the same value within experimental error.
Even if this was the case, that would still mean a different trend and different wetting behaviour in the
case of carbonates than that in sandstone. As in sandstone, the gaseous CO2 and decane trapping data,
see Figure 3-13, was significantly above the scCO2 data, this is reverse of what is observed in
sandstones [100] where there is relatively less trapping for the scCO2 system. Hence, it is unlikely that
the change in the amount of trapping is due only to differences in the interfacial tension and viscosity
of the CO2 (see Table 2-5) – in sandstone there is more trapping for a higher interfacial tension and
lower viscosity, while in the carbonate the opposite is the case. Trapping fundamentally is controlled
by wettability [21, 118, 140]: in a strongly water-wet system, water preferentially fills the narrow
regions of the pore space by snap-off, surrounding and trapping the non-wetting phase in the larger
pores, as discussed in the Introduction. As the wettability changes to less strongly water-wet (higher
contact angles between the brine and CO2), snap-off is less favoured and there is less trapping.
The presence of Ca2+ together with negatively-charged ions e.g. CO32-, HCO3- and SO42- in brine
enhances the wettability towards a more water-wetting state in crude oil system [89, 144-147],
assuming that this could be the case with the CO2 system also, where the brine composition could
alter the wettability and the surface charge of the carbonate rock itself. In contrast, dissolved CO2 in
brine on its own could result in a partially CO2-wet mineral surface [87, 88, 104, 105]. We assume
that the final wettability is a result of the combined influence of CO2, Ca2+ and Mg2+ on the carbonate
surface.
It would appear – from Table 3-3 – that the effect of Ca2+ dominates in determining the wettability.
We hypothesize, therefore, that the scCO2 experiment, with a higher Ca2+ concentration in the brine, is
more water-wet, giving more trapping, than the gaseous CO2 experiment with less Ca2+. This is only a
hypothesis that needs to be tested experimentally in the future. In general when trapping CO2 in a
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natural systems, where brine has a much more complex chemistry than those used in our experiment,
the surface charge can vary from very large positive to very large negative values. This emphasis that
brine composition is very important, especially when loads of existing ions could alter the carbonate
surface charge, hence change the wettability of the core itself and consequently the amount of trapped
CO2.
In sandstones, with no Ca2+ in solution, the trend is the opposite, since the degree of trapping is
controlled by the amount of dissolved CO2 present in the brine.

Overall the work indicates that significant quantities of scCO2 can be trapped in carbonates in a
manner that is macroscopically similar – in terms of the trapping curve – to sandstones. We can
explain the trends in behaviour in terms of the brine chemistry. The added complications of ionic
interactions with the solid surface do not render the mineral surfaces CO2-wet.

Chapter 4
Conclusions

4.1 Summary and conclusions
In this work, we developed a full understanding of the behaviour of scCO2 in different rock types
(sandstones/carbonates) and how the amount of residual trapped scCO2 will change with the change in
temperature and rock types through comparing trapping curves.

A methodology to equilibrate brine with CO2 at the litre-scale was presented. In easy and fast steps
we rapidly equilibrated supercritical CO2 and brine at high pressure and elevated temperature.
Volumes in the litre range can be equilibrated in approximately one hour, which is fast compared to
other mixing methods that rely on slow diffusion to reach equilibrium.

The solubility of CO2 in brine was then measured using the isothermal expansion method. This
method has proven to be accurate and fast when compared to the available methods and data in the
literature. In general, it was found that the solubility of CO2 in brine increases with increasing
pressure and decreases with increasing the temperature. In addition at constant pressure and
temperature, the solubility decreases with the increase in salinity
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By using the porous plate method and the isothermal depressurization method we have developed an
experiment that can measure the amount of scCO2 that could be stored by three trapping mechanisms:
the primary drainage capillary pressure determines the column height that can be stored safely below
a caprock and the saturation distribution in gravity-capillary equilibrium; the dissolution constant
controls how much CO2 can dissolve in the formation brine; while the trapping curve determines how
much CO2 can be retained as a residual phase. Two rock types were tested: sandstone and carbonates.

A new apparatus was used to study the amount of residually trapped CO2 in sandstone rocks (Berea
and Doddington) at 33, 50, 70 ˚C and 9 MPa. There is an important relation between the capillary
pressure and the residual non-wetting phase saturation. More capillary pressure has to be applied in
order to achieve higher initial saturation, which in turn gives higher residual scCO2 saturation. When
applying this on the Brine/CO2 system we find that the higher the capillary pressure, the higher the
initial CO2 saturation and the higher the fraction of scCO2 that will be residually trapped immobile in
the aquifer pores.

During primary drainage, the scCO2 appears to act as the non-wetting phase with broad consistency
between curves measured at different conditions and mercury injection experiments.

From the plotted results of scCO2 residual saturation (Sr), we infer that scCO2 is the non-wetting phase
during water flooding, although not necessarily strongly non-wetting, as in drainage. A significant
amount of scCO2 could be trapped, although less than in analogue strongly water-wet brine/oil
systems. If scCO2 was the wetting phase we would expect to get a lower value for the scCO2 residual
saturation.

Changing the temperature did not affect the residual scCO2 saturation as found from comparing the
trapping results obtained at 33, 50 and 70 °C using the same Berea sandstone core.
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Hence, although the trapped scCO2 saturation is slightly lower than observed in an analogue strongly
water-wet system with decane as the non-wetting phase, significant amounts of scCO2 can be
residually trapped with a maximum residual saturation of 35%. The amount of trapping is independent
of temperature within experimental error, even when there is a more than a three-fold change in CO2
density.

We also presented a new method to measure the degree of capillary trapping for CO2 storage that
ensures equilibrium between the brine, CO2 and carbonate host rock during the experiment,
reproducing conditions in the centre of a large CO2 plume in the subsurface. This was done by using a
sacrificial core to circulate the brine/CO2 equilibrated mixture through. Fluid samples taken and
analysed demonstrated that 4 cycles were sufficient to reach to an equilibrium saturation level
between the brine/CO2 and the carbonate rock. Brine saturated with CO2 and carbonate was used to
prevent the dissolution of carbonate during the trapping experiments, as this could affect our results.

CO2 core flooding experiments in carbonate rocks (Ketton and Indiana) were performed to measure
the relationship between initial and residual CO2 saturation at 50 ˚C and 9 and 4.2 MPa. No
dissolution of the rock was believed to occur, as confirmed by porosity and permeability tests on the
core before and after the experiments. The measured primary drainage curve was consistent with a
standard mercury injection test, indicating that the system is effectively water-wet during CO2
injection (primary drainage). The results indicate that at the higher initial saturations studied; the CO2
accessed the micro-porosity of the rock. The trapping curve for scCO2 showed slightly less trapping
for scCO2 in carbonates than in Berea sandstone of similar porosity; however, CO2 could still be
considered as the non-wetting phase. There was even less trapping for the experiment involving
gaseous CO2, indicating a more water-wet system with an increase in pressure. These results suggest
that in our experiments the principal factor controlling wettability was the Ca 2+ concentration in the
equilibrated brine, which was higher at supercritical conditions.
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All the trapping curves in sandstone and carbonate rocks except Ketton were fit by a quadratic
relationship. The similarity in shape between carbonates and sandstones, suggests that micro-porosity
has little impact on the macroscopic trapping behaviour. Our results do indicate that, for the systems
studied, capillary trapping is still significant in sandstones and carbonates, and that the CO2 trapping
curve in carbonates is similar in form to that observed in sandstones

In a broader context our work suggests that capillary trapping could be effective in sandstone and
carbonate aquifers, ensuring safe and rapid long-term CO2 storage, while introducing an experimental
methodology to assess the degree of trapping from core measurements.
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4.2 Recommendations for future work


“How does the CO2 wetting behaviour in carbonates depend on the brine composition in the
actual sequestration formation?” In order to study this, a systematic study on the influence of
ionic composition is proposed. We need to actually monitor the full ionic composition of the
brine, and not only the metal cations. In actual sequestration sites brine composition is much
complicated with more ionic content that could interfere with the trapping process. In this work
we hypothesised that the brine composition does have an effect on the amount of CO2 residually
trapped in carbonate cores but more work is needed to prove such effect by using a synthetic
brine of similar composition to the brine at the storage site. An in deep study of the effect of the
ionic composition found in brine on the rock surface wettability and surface charge, as well as
the proposed mechanism of reactions that could occur, is significant in understanding CO2
injection and trapping in the actual sequestration sites. Will CO2 remain the non-wetting phase or
will the CO2 follow a wetting behaviour due to these reactions?



“Will the variation in fluid properties affect the CO2 trapping behaviour?” In this work we studied
the effect of density change on the amount of trapped CO2 by changing the temperature. There are
other fluids properties (viscosity, interfacial tension, etc) need to be addressed to get full
understanding of this trapping process. This could be engineered by varying, temperature,
pressure, brine compositions, and rock mineralogy, so that the property under study will
dominate. Linked to pore-scale observations and contact angle measurements, we could provide a
predictive understanding of the link between temperature and pressure conditions, brine
composition and rock mineralogy on one hand and wettability and the degree of trapping on the
other.



“Could we predict CO2 trapping for a range of representative storage condition?” Micro-CT
experiments are on-going at Imperial College to study the pore-scale configuration of trapped
phases in carbonates; this coupled with pore-scale modelling and a quantitative understanding of
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surface chemistry may allow us to predict trapping for a range of representative storage
conditions.


“Measuring an imbibition capillary pressure curve” An imbibition capillary pressure curve is
important to assess wettability and has not been addressed before in the literature for scCO2/brine
systems. Throw out our study we used a hydrophilic porous plate that allows the brine to pass
through but retain the CO2, this let us measure the drainage capillary pressure curve. A
hydrophobic porous plate may be used in addition to the hydrophilic porous plate we are using;
this will let the scCO2 through but will retain the brine. Our set-up need to be modified in order
to measure the imbibition capillary pressure curve, and a hydrophobic porous plate need to be
placed on the other end of the core. No data in the literature are available on such type of porous
plate for scCO2, this needs more investigation and testing on existing oil wet porous plates if they
could work for CO2 as well to service this purpose This would extend the utility of this
experimental procedure and act as a complement to separate capillary pressure measurements and
associated measurements of relative permeability.



“How will CCS work in actual storage sites?” To address climate change seriously, we need to
see a rapid and extensive global programme of CCS in demonstration sites. First we need to
study CO2 injection and storage at a small scale demonstration site in Qatar to get more
understand about the actual degree of CO2 trapping by the different trapping mechanisms, as the
case with Otway project- phase 2 – that specifically study the effectiveness of capillary trapping.
This could be accompanied by modelling using the acquired data from the demonstration site and
monitoring of CO2 path to help design safe storage and assure that there is no leakage. In parallel
to the demonstration site injection, an experimental work is important, e.g. my data, with
additional information acquired through modifications and extensions of my apparatus, could
help design safe storage, validate field tests and provide assurance that the CO2 can be retained
underground for thousands of years for representative aquifer carbonates. At a later stage a full
commercial scale project could be developed.
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Appendices
Appendix A- Micro CT images

In this section I present micro-CT images for the samples I used during this study; this will help to
understand the nature of these rock samples.
The rock samples are imaged by using two imaging techniques, X-rays and focused ion beams.
X-ray [148]: During imaging, as the X-rays are released from the omitting source, they are absorbed
by the rotating sample; the X-rays that are not absorbed are recorded. Recorded data is filtered and
segmented to distinguish the grain from the pore space and a three-dimensional digital image is
constructed for the rock sample.
Berea, Doddington and Ketton samples images; Figure A-1, was acquired by a micro-CT scanner at
iRock Technologies, Beijing, China. The Indiana sample was imaged with a synchrotron beamline
(SYRMEP beamline at the ELETTRA synchrotron in Trieste, Italy). Figure A-2 shows a micro-CT
scan indicating multiple phases in the pore space. For comparison, Figure A-3 shows thin section
images at high resolution for Ketton and Indiana limestones showing the micro-porosity. These
images were prepared by Matthew Andrew at Imperial College .
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Focused ion beams [148]: A scanning electron microscopy (SEM) method was used to obtain images
with a resolution of some 10s of nm for Ketton and Indiana limestones, Figure A-4. These images
were prepared by Matthew Andrew at Imperial College.
Confocal light microscopy may also be used to develop three-dimensional images from relatively thin
rock samples by focusing on a series of planes through the sample. Two-dimensional confocal images
for Ketton and Indiana limestones are shown in Figure A-5. These images were prepared by Dr. Edo
Boek at Imperial College.
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Figure A-1: Two-dimensional cross-sections of micro-CT images for two sandstones cores;
Berea (Top left) and Doddington (Top right) of 2.77 μm and 2.69 μm voxel size respectively,
and two carbonates cores; Ketton (Bottom left) and Indiana (bottom right) at 2.65 and 7.5 μm
voxel size respectively. Sample diameter is 5 mm. The dark colour is the grain and the light
colour is the pore space.

By analysing the micro-CT images in Figure A-1, we can see that Berea sandstone has a homogenous
pore size distribution, with a well-connected pore as inferred from the sample permeability,
Doddington as well has a uniform pore distribution with a relatively larger pores than Berea- this was
confirmed from pore size distribution curve, Appendix B. Ketton has a small spheres with large spaces,
well connected resulting in a high permeability, this spheres itself has an internal porosity, that could
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be detected from Figure A-3 and Figure A-5. This micro porosity will result in a double porosity.
Indiana also shows a double porosity trend as implied from Figure A-1.

Figure A-2: Two-dimensional cross sections micro-CT images for Doddington
sandstones of 261x239 voxel [148]. The brown colour is the grain, the blue colour is
the brine and the light colour is the scCO2. This shows how scCO2 is residually
trapped in the pores.

Appendices

Figure A-3: Thin-section images for Ketton limestone (top) and Indiana limestone (bottom) of
180˚ angle, 2x magnification and at a resolution of 1388x1038 voxels. The grey colour is the
grain and the blue colour is the pore space. In Ketton the tiny micro-porosity in the grains is
evident.
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Figure A-4: SEM images for Ketton limestone (top) and Indiana
limestone (bottom) at 2000x and 4000x magnification respectively.
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Figure A-5: Confocal image for Ketton limestone (top) and Indiana limestone
(bottom). The dark colour is the grain and the green colour is the pore space. It
is clear the double porosity for Ketton.
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Appendix B- Pore size distribution
Pore size distribution (PSD), f(r), is the probability to find pores of a given pore radius. It is calculated
from the mercury injection capillary pressure (MICP) curve. The applied pressure starts from a low
pressure going up to very high pressures (nearly 60,000 psi).

At first mercury is injected to the core at a low capillary pressure, at this pressure mercury will
progress through the pores with a large throat radius. Increasing the applied capillary pressure will
allow more and more pores with a lower radius to be invaded with mercury. At each step pressure and
corresponding injected volume of mercury is noted.

It is important to note that mercury injection does not give the actual volume of the pores; instead it
gives the volume controlled by a throat of radius r that has a certain threshold pressure. For the
mercury to invade a pore, a capillary pressure has to be imposed that is high enough to overcome the
threshold pressure of this pore throat. This is why it is believed that the pore-throat size controls the
injection, and gives useful information about the studied core plug.

Knowing the applied capillary pressure (Pc), mercury/air interfacial tension (σ), and contact angle for
mercury (θ), we can use Laplace equation 1 to determine the pore throat radius (r) that was invaded
by mercury at this pressure.

(1)

The pore size distribution (PSD) curve is plotted from equation 2, see [149]. S is mercury saturation,
and dS is the incremental saturation.

(2)
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To emphasize the contribution of small pores in micro-porous systems (such as carbonates), we can
instead consider the logarithmic derivative dS/d (log P) instead [149].

For logarithmically spaced pressure, the incremental saturation is proportion to a dimensionless
function g(r), equation 3,

(3)

From equation 1, we can find that,

(4)

Substituting in equation 3,

(5)

Equation 5 will be used below to determine the pore throat distribution in all our rock samples.

We present the mercury saturation versus pore throat radius, the logarithmic derivative dS/d (log r)
pore size distribution, and mercury injection capillary pressure (MICP) for each listed core in this
work (Berea, Doddington, Ketton and Indiana), Figure B-1, Figure B-2, Figure B-3 and Figure B-4
respectively.

As shown in the graphs, macro pores have radii larger than 1 micron; meso pores have radii between 0.1
and 1 micron; while micro pores have radii smaller than 0.1 micron.

Macro
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Figure B-1: (a) The logarithmic derivative dS/d (log r) pore size distribution versus pore throat size
curve. (b) Mercury saturation versus pore throat size curve. (c) The mercury injection capillary pressure
(MICP) curve for Berea sandstone.
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Figure B-2: (a) The logarithmic derivative dS/d (log r) pore size distribution versus pore throat size
curve. (b) Mercury saturation versus pore throat size curve. (c) The mercury injection capillary pressure
(MICP) curve for Doddington sandstone.
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Figure B-3: (a) The logarithmic derivative dS/d (log r) pore size distribution versus pore throat size
curve. (b) Mercury saturation versus pore throat size curve. (c) The mercury injection capillary pressure
(MICP) curve for Ketton Limestone.
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(a)

(b)

(c)

Figure B-4: (a) The logarithmic derivative dS/d (log r) pore size distribution versus pore throat size
curve. (b) Mercury saturation versus pore throat size curve. (c) The mercury injection capillary pressure
(MICP) curve for Indiana Limestone.
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A uniform pore size distribution for Berea sandstone is detected from Figure B-1. Nearly 50% of the
pore volume of the core was occupied by mercury at a low capillary pressure (10 psi); this pressure
was enough to invade a pore throat size in the macro range (10-5 m). These pores are well connected
resulting in a moderate permeability. The other half of the pore volume is descending with the
pressure increase in a uniform trend from the macro to the meso scale, we can access up to 90 % of
the pore volume at a capillary pressure of 100 psi which is within our experimental limit. This is why
Berea is a standard rock for core flooding experiments.
Doddington sandstone has a larger pore throat size than in the case of Berea, at the macro scale,
Figure B-2. The most noticeable thing is that these large pores contribute nearly to 75% of the pore
volume, occupied with mercury at a capillary pressure less than 10 psi. These are well connected as
implied from the high permeability of this rock. With a uniform pore space of large size, Doddington
is an excellent core for micro-CT images.
From the first instant look at Figure B-3, double porosity, or the presence of micro-porosity, is
evident in the carbonate samples. Two regions of pore-throat sizes were detected in Ketton limestone.
The first region is in the macro scale, with 40% of the pore volume located in this range. This was
invaded by mercury at capillary pressure lower than 10 psi. The other region contribute to 40% of the
pore volume, this has pore throat size of 0.1 micron or smaller. Mercury started to invade this region
at a capillary pressure of 500 psi. This leaves a 20% of pore space available for a saturation gradient;
this explains why the CO2 trapping curve for Ketton was accumulating in a very small region of
saturations. As Doddington, Ketton is an excellent core for micro-CT images; it has a uniform pore
space with large size that can readily be imaged.
Again double porosity is detected for Indiana, Figure B-4. The first set of macro pores occupy 40% of
the pore volume, this was completely invaded with mercury at capillary pressure of 10 psi. The
second set of meso and micro pores occupies nearly 50% of the pores with a pore throat size ranging
from 1 to 0.01 micron. Mercury started to invade this region at a capillary pressure of 40 psi which is
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relatively low, allowing for a total of 60% of the total pore volume to be saturated with mercury at
100 psi. Indiana is an ideal core for core flooding experiments with an intermediate permeability and a
wide range of pore size.
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Appendix C- Measuring porosity
To measure the porosity of our core we used a helium porosimeter device- Robertson Research
Helium gas expansion volume meter (Model HGEVM/PG; Serial No. 823/M/0011), Figure C-1.
Helium gas was chosen as it is inert gas with very small molecule size, so it will penetrate the tiny
pores and give accurate porosity measurements.

Helium
gas in
Vent
to air

Core sample is
placed here

Helium Gas
Container
Helium Gas
A
Container
B
Helium Gas
Container
C

Figure C-1: Helium porosimeter device. The coloured sections are the volume that we need to know to
calculate the porosity of our samples.

The helium porosity measurements are based on Boyle’s Law, equation 6 given constant temperature,

(6)

Appendices

170

In this device the core sample is placed in one container (the pink container in Figure C-1) at
atmospheric pressure. In the other container there is pressurized helium gas at P 1, in our case this
container is container B, shown in Figure C-1. Once the valve separating the two containers is
opened the helium will expand to the other container containing the sample penetrating the pores of
the sample till the pressure in both containers is equal (P2).
In our case V1 is Vhelium which is the volume of container B and the orange flow lines see Figure C-1.
While V2 is the total volume of both the sample and the helium containers together including flow
lines, equation 7.

(7)

Once all constants are known we can get the pore volume and calculate the porosity of our sample.
This device was available in the department but the volume of the flow lines and the containers in this
device were unknown. So, we had to calculate this first, once these constants are known no need to
recalculate it again for every rock sample.

Step 1: Calculating the volume of the sample holder container (VContainer) and flow lines (Vflow lines),


Calculating the volume of the sample holder container,

The volume of the rock sample holder container (VContainer), see pink container in Figure C-1, was
measured by weighting when it was empty then weighting again when it was filled with water. The
temperature of the used water was measured and the density of the water was determined from Perry
Hand Book.
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Knowing the density of the water at room temperature, we can calculate the volume of water (VWater)
that occupied the void space of the container. The volume of the water occupying the void in the
container is the volume of the container (VContainer) that we need to know.

(8)

(9)

When subtracting equation 8 and 9, we get the weight of the added water,

(10)

At T=20°C,

(11)

From equation 10 and 11 we can obtain the volume of the water occupying the void in the container
which is the volume of the container (VContainer)

(12)

So, the volume of the container that holds the rock sample is,

(13)
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Calculating the volume of the flow lines,

The volume of the green (Vgreen), yellow (Vyellow), and red (Vred) flow lines in Figure C-1, are
measured, as following,
For green flow lines,

(14)

Where D1, D2, D3 are the internal diameter of the green flow lines, x, y, z are the length of this green
flow lines respectively.

(15)

Knowing that,

By substituting in equation 13,

(16)

For yellow flow lines,

(17)
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Where D1, D2, Dx, D4 are the internal diameter of the yellow flow lines.

By substituting in equation 17,

(18)

For red flow lines,

(19)

Where Dx, Dy, Dz are the internal diameter of the red flow lines.

By substituting in equation 19,
(20)

By combining (16), (18) and (20), the total volume of flow lines is,

(21)

(22)
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Step 2: Calculating Vhelium,

The volume Vhelium was determined by making an experimental run in which the core container was
empty with no cores in and then we applied the equation, P1V1 = P2V2

The initial pressure (P1) of the helium in container B was 115.28 psi, V1 equal Vhelium and it was
unknown, the pressure after helium gas expanded to the other container (P2) was 22.64 psi, and V2
was obtained by substituting in equation 7 with VContainer value, equation 13, and Vflow

lines

value,

equation 22. Vbulk and Vpore are zero as there was no core sample used.
So, the only unknown is Vhelium,

(23)

Step 3: A relation between voltage and pressure
As a voltameter and not a pressure transducer is attached to the helium porosimeter. A function
between the pressure and the voltage is needed, to substitute the pressure in the Boyle’s Law. The
pressure in the system was measured as a function of voltage, through an attached voltmeter to the
device. A relation between voltage and pressure is determined to be as following.

(24)
Where P is the pressure of the system in psi and volt is the corresponding voltage reading in mv

Now the entire unknown constants are known. This time we will apply Boyle’s law with the rock in
the core container and will generalize the equation to calculate the porosity of any core sample under
test. By rearranging Boyle’s Law,

(25)
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By substituting from equation 7, equation 13, equation 22, equation 23 and equation 24 in equation 25

(26)

By rearranging equation 26,

(27)

(28)

By substituting from equation 27 in equation 28

(29)

Equation 29 could be used to calculate the porosity for any rock type. Porosity was measured as
following: once a sample of known bulk volume (Vbulk) is placed in the sample container, Figure C-1,
all valves are closed. No need to vacuum the device as this has been tested and it does not affect the
results. Helium is then allowed to expand to container B from external helium gas source through the
orange and blue flow lines, Figure C-1. The helium container was then isolated and voltage reading
(Volt1) was noted down. Then the helium in container B is allowed to expand to the sample container
through the orange, green, yellow and red flow lines, Figure C-1, when the connecting valve is
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opened. Again the corresponding voltage (Volt2) is noted down. The porosity was calculated by
substituting with the noted values in equation 29.

Table C-1 lists the porosity measurements developed from substituting in equation 29 with our
measured values for the entire rock samples used in this study. Porosity was measured three times
then an average porosity value was taken.

Table C-1: Helium porosity measurements of the core plugs used in experiments through this work

Rock type

Berea 9

Doddington

Ketton

Indiana

Length
(mm)

75.16

76.44

76.5

76.49

Diameter
(mm)

38.24

38.24

37.78

37.84

Volume of
rock (Vbulk)
(mm3)

86320.2

87790.3

85758.1

86019.5

Volt1
(mv)

Volt2
(mv)

Porosity, φ
(equation 29)

49.46

16.8

21.61

49.58

16.78

22.01

49.55

16.77

22.01

62.19

21.47

21.17

62.12

21.38

21.49

62.09

21.36

21.54

60.57

20.15

23.35

62.21

20.69

23.38

59.32

19.73

23.38

66.03

22.76

19.7

66.27

22.85

19.67

66.06

22.79

19.61

Average
porosity

Pore
volume
(PV)

0.2188

18.89

0.214

18.79

23.37

20.04

0.1966

16.91
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Appendix D- Capillary number
As implied from [150] the amount of residual trapping will increase with the decrease in the capillary
number up to a certain regime, at which the displacement is capillary-controlled and the residual
trapping becomes independent of the brine flow rate.
As shown in Figure D-1 extracted from [150], a capillary number of 10-5 or lower was enough to
maintain this capillary dominated displacement regime and the amount of residually trapped nonwetting phase (Sr) reaches a plateau and stabilize.

Figure D-1: Comparison of residual oil ratio versus capillary number data for the
displacement of discontinuous oil from Boise and Berea sandstones.
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Hence, we conducted our entire core flooding experiments at capillary number (Ca) of 10-7. This is
enough to ensure a stable amount of the trapped CO2; once CO2 is trapped it will not be mobile again
at this chosen capillary number. The corresponding water imbibition velocity was calculated from
equation 30,

(30)
where μw is brine viscosity, σ is the interfacial tension, and ν is the brine velocity. When multiplying
this calculated brine velocity by the cross sectional area of the used core plug, we will get the imposed
brine imbibition volumetric flow rate. This imbibition flow rate changes with the variation in the
applied experimental conditions. Table D-1 list the calculations and values used to obtain the brine
imbibition flow rate, at capillary number of 4.1×10-7 , during the secondary imbibition step, for all the
rock samples; Berea, Doddington, Ketton and Indiana, I used in this study.

Table D-1: The brine volumetric flow rate during imbibition at capillary number of 4.1×10-7 for the
experimental conditions mentioned in this study

Rock

Brine
Temp P
Viscositya
(˚C) (MPa)
(μ) (Pa.s)
70

Berea 9

50

9

33

CO2/brine
Cross
Interfacial Velocity Diameter
section area
tension
(mm/min)
(m)
(m2)
(σ) (N/m)

493×10-6

0.038

1.89

624×10-6

0.033

1.3

816×10-6

0.034

1.03

Brine
imbibition
flow rate
(ml/min)
2.15

0.038

0.0011

1.48
1.16

Doddington

50

9

624×10-6

0.033

1.3

0.038

0.0011

1.48

Ketton

50

9

624×10-6

0.033

1.3

0.038

0.0011

1.48

9

624×10-6

0.033

1.3
0.038

0.0011

Indiana

50
4.2

a

610×10-6

Kestin and Shankland [151]

0.046

1.86

1.48
2.1
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Appendix E- Error bars and dead volume calculation



Primary drainage error bars:

Pressure was recorded during the full drainage test, as shown in Figure E-1. At the end of drainage,
an averaged value was calculated to get the capillary pressure value for this test. The drainage
capillary pressure error bar was calculated from the resulting standard deviation from this averaged
value during the drainage test. The standard deviation was calculated using Microsoft Excel software.

Figure E-1: Data logged from the pressure transducers during a full drainage test carried on
Ketton limestone. This shows the pressure measured with time through the full drainage test.
A finite value of 45.35 psi for the drainage capillary pressure for this test was calculated by
taking an average of all the logged pressure data through the test. Error bars are ±0.24, the
standard deviation from the averaged value.

The magnitude of the averaged drainage capillary pressure for each trapping point is listed in Table
E-1. The corresponding error bar values range from ±1.29 to ±0.13, see Table E-1.
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Initial saturation error bars:

The dead volumes during primary drainage are the volumes of the flow lines starting from V 9, V1 and
V3 up to the Hassler cell (follow the red path shown in Figure 2-8, and Figure 2-13). The dead
volume was measured as following: all the flow lines were vacuumed then pump A was filled with
brine and the volume was noted down. The brine was then injected in the flow lines consequently by
opening the values one after one, and the injected volume of brine was recorded, this represents the
flow lines dead volume. This was measured for each point in Table E-1 three times before the start of
the experiment and the standard deviation was calculated to be nearly 1 ml of volume which
corresponds to ±0.052 value of the error bar for the initial saturation measured for all the experiments
listed in Table E-1.

During primary drainage the CO2 will displace the brine through the core to the receiving pump this
will continue till capillary equilibrium is reached. This steady state (plateau) is judged based on the
production rate, so, when a saturation rate change of 0.02-0.07 ml/hr is achieved this is where we
believe that a stable brine production plateau is reached, see Figure 3-5, Figure 3-6, Figure 3-16,
Figure 3-17 and Figure 3-18. A special care must be given for drainage at low capillary pressure. At
low capillary pressure where the drainage flow rates are very small, a considerably low rate of
saturation change at the plateau should be considered, in the range from 0.006 up to 0.0005 ml/hr.,
depending on the applied capillary pressure, see Table E-1, Table 3-4, and Table 3-7.
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Table E-1: Calculating the initial saturation for each experiment, and a list of the capillary pressure and
residual saturation for each experiment with the corresponding error bars listed between brackets.

Initial
Final
Rate of
Initial
Pore volume in volume in
Flow line
saturation
saturation
volume receiving receiving Dead volume
change at
Si=
(PV), ml pump
pump
(Vd), ml
the plateau
(V1-V2-Vd)/PV
(V1), ml
(V2), ml
(ml/hr.)

Capillary
pressure, Pc
±(error
bars value),
psi

Residual
saturation, Sr
± (error
bars value)

Figure 3-5(a)

18.89

242.00

264.36

7.12

0.807

0.07

77 ± (1)

0.302 ± (0.03)

Figure 3-5(b)

18.89

96.24

117.21

7.27

0.725

0.03

100 ± (1)

0.289 ± (0.026)

Figure 3-5(c)

18.89

115.78

134.16

7.23

0.59

0.04

79.5 ± (1)

0.297 ± (0.02)

Figure 3-5(d)

18.89

100.35

119.92

7.25

0.652

0.02

27.9 ± (1)

0.315 ± (0.04)

Figure 3-5(e)

18.89

101.64

112.51

6.49

0.232

0.001

2 ± (0.5)

0.145 ± (0.019)

Figure 3-5(f)

18.89

99.81

117.09

6.61

0.565

0.014

29 ± (0.5)

0.232 ± (0.018)

Figure 3-6(a)

18.79

102.25

122.47

6.45

0.733

0.009

50.2 ± (0.7)

0.208 ± (0.013)

Doddington
Figure 3-6(b)
scCO2

18.79

99.96

119.88

6.52

0.713

0.016

Figure 3-6(c)

18.79

94.00

108.70

6.51

0.436

0.002

Figure 3-16(a)

20.05

118.11

137.01

6.33

0.627

0.009

45.65 ± (0.84) 0.142 ± (0.031)

Figure 3-16(b)

20.05

109.65

129.22

6.54

0.65

0.007

45.35 ± (0.24) 0.172 ± (0.033)

Figure 3-16(c)

20.05

100.37

119.89

6.53

0.648

0.005

44.17 ± (1.29) 0.102 ± (0.021)

Figure 3-16(d)

20.05

102.57

121.26

6.54

0.606

0.02

8.95 ± (0.58) 0.151 ± (0.035)

Figure 3-16(e)

20.05

101.63

119.89

6.51

0.586

0.001

Figure 3-17(a)

16.91

92.76

111.55

6.48

0.728

0.025

50.75 ± (0.25) 0.232 ± (0.045)

Figure 3-17(b)

16.91

117.36

136.13

6.47

0.727

0.028

39.86 ± (0.32) 0.237 ± (0.04)

Figure 3-17(c)

16.91

170.25

187.36

6.51

0.627

0.006

11.53 ± (0.26) 0.236 ± (0.01)

Figure 3-17(d)

16.91

147.78

162.21

6.53

0.467

0.002

2.09 ± (0.37) 0.205 ± (0.016)

Figure 3-17(e)

16.91

171.93

181.79

6.49

0.199

0.0005

0.75 ± (0.13) 0.069 ± (0.004)

Figure 3-18(f)

16.91

138.33

157.56

6.50

0.753

0.06

90.15 ± (0.18) 0.186 ± (0.008)

Figure 3-18(g)

16.91

124.58

138.52

3.84

0.597

0.03

50.32 ± (0.61) 0.188 ± (0.019)

Figure 3-18(h)

16.91

99.93

114.66

5.36

0.554

0.002

49.86 ± (0.26) 0.189 ± (0.013)

Figure 3-18(i)

16.91

96.04

113.61

6.49

0.655

0.006

9.61 ± (0.41) 0.186 ± (0.016)

Figure 3-18(j)

16.91

69.28

82.15

6.49

0.377

0.006

1.58 ± (0.4)

Berea
scCO2

Ketton
scCO2

Indiana
scCO2

Indiana
gas CO2

40.03 ± (1.15) 0.202 ± (0.016)
1.9 ± (0.9)

2 ± (0.5)

0.23 ± (0.018)

0.117 ± (0.023)

0.125 ± (0.014)
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Residual saturation error bars:

During isothermal depressurization, the pressure in the core holder is reduced in steps, for each step
the corresponding residual saturation is calculated by substituting in equation 2-14, where V1 is the
pore volume of the cores understudy, see Table 2-1, Table 2-3 and Table 2-4, V2 is the Hassler cell
dead volume (6.94ml), ∆V is the change in pump volume after each depressurization step, the other
values are shown in Table E-2 as an example of the actual calculations of the residual trapping
saturations, this example was taken from a test carried on Indiana core. The final residual saturation
(Sgr) value is the average, and the error bars are the standard deviation from this value during the
isothermal depressurisation step, see Table E-2. The magnitude of the residual saturation (Sgr) for
each trapping point is listed in Table E-1. The corresponding error bar values were calculated using
Microsoft Excel software and range from ±0.045 to ±0.004 see Table E-1.

Table E-2: Calculating the residual saturation of CO 2 by using the isothermal expansion
method. An example carried on Indiana limestone at T=50 C, M.wt of CO2 is 44.01 (g/gmol),
salt concentration is 1.026 (gmol/kgbrine).

ρCO2
(kg/m3)

ρbrine
(kg/m3)

1304

284.2685

398.9

∆V
(ml)

r
(gmol/kgbrine)

r'
(kgCO2/m3)

1030.26

0.8778

39.801

0.000

-

52.5669

1027.77

0.396

17.912

25.000

0.223

299.56

38.6565

1027.44

0.3121

14.112

38.120

0.232

200.22

25.6372

1027.15

0.2212

9.999

64.590

0.244

100.67

13.3682

1026.87

0.1227

5.545

134.340

0.245

P (psi)

Average
Standard
deviation

Sgr
(fraction)

0.236
0.010

