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Notice to the reader
This Final Report presents the results of studies of CO2 storage and seal rock properties
performed by scientists at Curtin University, the University of Western Australia, CSIRO and
the University of Bergen. The main focus of this research was on establishing a solid
understanding of the CO2-wettability of the rock material.
This three-year fundamental project was commissioned by ANLEC to reduce the uncertainty
associated with containment security and storage capacity predictions, with particular focus
on the impact of wettability. The views expressed in this report do not necessarily reflect
those of ANLEC.
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ANLEC Final Report- April 2015.
Executive Summary
This ANLEC R&D project on research fundamentals was undertaken to investigate and
understand CO2-wettability of standard and seal rock. The CO2-wettability parameter is
currently not constrained to a reasonable technical level despite its importance for fluid
statics: residual and structural trapping, and fluid dynamics: injectivities and relative
permeabilities. Understanding reservoir condition CO2 wettability in CO2-formation water
systems is important because its wettability relates to the relative permeability for CO2. A
number of multiphase flow processes in porous media fundamentally depend on an
understanding of relative permeability, and these are the processes that a dynamic reservoir
simulator evaluates in order to forecast migration of injected CO2, its residual saturation and
its rate of dissolution. This has important implications for both our understanding of reservoir
performance and seal performance. Furthermore wettability strongly influences the quantity
of CO2, which can be trapped by capillary forces. CO2-wettability is therefore a key factor
and it determines storage capacity and in particular containment security.
In this project we thus systematically measured CO2-wettability of selected minerals, outcrop
rock and seal rock with the goal to reduce this technical uncertainty to an acceptable level,
and to identify which parameters significantly influence wettability.

Specifically, we selected outcrop sandstones which are commonly used in subsurface
research (Berea Sandstone – Upper Devonian sandstone from Eastern Kentucky;
Fountainebleau Sandstone – Oligocene sandstone from Paris Basin; Bentheimer Sandstone,
Lower Cretaceous sandstone from Lower Saxony, all quarried as building stones and used as
standards for analytical measurements); the reasoning here is that we can have - relatively
speaking – highly reproducible test conditions (when compared to reservoir cores). In
addition, we tested 8 caprock samples from a proposed storage site in NSW/Australia; and
pure minerals (quartz, muscovite mica) as a benchmark.

We conclude that siliciclastic caprock, clean sandstone (pure or almost pure quartz) and clean
quartz surfaces are weakly water-wet at storage conditions, which implies that structural and
residual trapping are viable and reliable storage mechanisms, although the associated trapping
capacities will be reduced accordingly (when compared to completely water-wet rock as
traditionally assumed). The fact that sandstone surfaces in the subsurface are unlikely to be
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clean quartz or sandstone requires further investigation. However, a calcareous siltstone and
muscovite mica were mixed-wet at storage conditions, which implies significantly reduced
structural and capillary trapping capacities.
This report is the final report in a series that has been produced during the investigations of
this project. All results and experimental methodologies are described in detail, this includes
capillary pressure, NMR, x-ray micro-computed tomography, x-ray medical computed
tomography, interfacial tension and contact angle measurements. Summaries for each
technique are given below.

Capillary pressure measurements
Initially we used Berea sandstone as this is the most common standard rock. Primary
capillary pressure curves were measured, which were consistent with previously reported
data. However, the permeability of the Berea samples changed, probably due to geochemical
reactions and/or fines migration. We thus switched to Fonteinebleau and Bentheimer
sandstone, which are much cleaner and for which we did not observe a change in
permeability. Primary drainage pressure curves and the USBM indices for Fonteinebleau and
Bentheimer were measured.
The primary drainage curves indicated low capillary entry pressure for supercritical CO2.
Moreover, relatively high CO2 saturations were reached by applying only low capillary
pressures (25% CO2 saturation at ∼ 700Pa for Berea), both factors indicate that the
sandstones were not strongly water-wet at storage conditions. Furthermore, a USBM index of
0.65 was measured for Fonteinebleau, which indicates weakly water-wet conditions.

NMR measurements
NMR measurements were conducted to investigate whether free phase supercritical CO2
accumulates preferentially in small pores (indicates CO2-wet behaviour) or large pores
(indicates water-wet behaviour), and we found that at reservoir conditions scCO2 was mainly
located in large pores, indicating water-wet behaviour, consistent with the other
measurements. We also tested the stability of residually trapped CO2 (CO2 bubble size
change due to dissolution) with NMR, and although a small mobilization effect was observed
over a 3 months period, the majority of residual CO2 did not migrate upwards (due to
buoyancy forces). We also attempted to measure contact angles and interfacial tensions via
NMR, but data quality was low due to low image resolution.
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X-ray micro-computed tomography (μCT) measurements
We imaged initial and residual CO2 saturations in sandstone at different temperature and
pressure conditions and demonstrated that high initial and residual CO2 saturations can be
achieved. The images indicated that CO2/brine/clean sandstone were always water-wet.
However, at higher pressures the systems behaved weakly water-wet. Furthermore we
quantified the heterogeneity of a wide range of geological porous materials as this will
influence CO2 behaviour in the subsurface. The coefficient of variance method was identified
as the best method to determine the representative elementary volume.

Computational Fluid Dynamics simulations
We computed single phase permeabilities of a sand pack and a sandstone using μCT images
and Navier-Stokes equations. The predicted values matched well with experimental data.

Interfacial tension measurements
CO2-water interfacial tensions γ were measured using the pendant drop method; γ decreased
with increasing pressure or decreasing temperature, consistent with literature data.

Contact angle measurements
Water contact angles were measured on clean α-quartz, mica muscovite and several caprock
samples. An increase in pressure, temperature (exception: mica), or salinity increased the
water contact angle, while an increase in surface roughness decreased the contact angle. Salts
with cations having larger charge-to-volume ratios (e.g. Mg2+) showed stronger de-wetting
potential, probably due to surface charge shielding of the negatively charged quartz surface.
At typical reservoir conditions, the contact angles reached significant values (up to
∼50° for quartz, ∼110° for mica, and ∼50-70° for the caprock samples). We thus conclude
that at storage conditions, quartz and the tested siliciclastic caprocks are weakly water-wet,
while mica and the calcareous caprock are mixed-wet.
Furthermore we tested how advancing water contact angles on quartz for a non-equilibrated
CO2-brine system change with time, and found a significant reduction over several hours. We
attribute this to mass transfer effects and corresponding shrinking drop volumes (i.e. not the
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advancing contact angle is measured, but a smaller angle). An analogue equilibrated system
showed no change in contact angle with time.

Conclusions
We conclude that CO2-wettability of rock significantly impacts on our ability to predict
storage capacities and containment security (Iglauer et al. 2015). Based on the experimental
evidence collected in this project it can be said that quartz, clean sandstone and the tested
siliciclastic caprocks are weakly-water wet at storage conditions (contact angle measurements
and capillary pressure measurements). This is consistent with independent NMR and μCT
experiments conducted on clean sandstone, which indicated water-wet behaviour of the brinescCO2-rock systems. This implies that residual and structural trapping are viable storage
mechanisms for these rock types, although storage capacities will be reduced accordingly.
However, contact angle measurements showed that muscovite and a calcareous
caprock were mixed-wet. To de-risk our predictive capability for CO2 storage in such rocks
we suggest that residual saturations (storage rock) or thresholds pressures (caprock) are
directly measured.
We further conclude that all techniques produced consistent results, while some techniques
(coreflooding) are more costly than others (contact angle measurements). If the objective is to
identify CO2-wettability of a system we thus suggest to use contact angle measurements, but
we note that care must be taken as various parameters associated with laboratory conditions
significantly influence this measurement and therefore need to be taken into account. In the
table below the parameters, which significantly affect CO-wettability, are summarized and
their importance is classified.
Parameter
Importance
Rock surface chemistry
***
Pressure
**
Temperature
*
Brine salinity
**
Surface roughness
*
*** = very important; ** = important; * = significant effect.
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Overall we conclude that wettability should be measured for each storage and particularly
caprock type to increase confidence and to account for the potentially significant variance insitu wettability distribution. We note that re-creating representative subsurface conditions
(especially the rock surface) is of vital importance (but also rather challenging).
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1.

Introduction

In this section we describe the motivation for this work, give a brief background review of
the state-of-the-art in this area, and outline our approach to tackle the objectives.
The following sections each discuss one (independent) experimental technique with which
the relevant information was gathered. We used several different techniques in order to
increase confidence in the results, as confidence is typically the key problem for subsurface
operations. All results are then synthesized in the conclusion section.

1.1

Background
CO2 emissions are rapidly rising, causing dangerous climate change (IPCC 2005), and
Australia is the worst culprit, even surpassing the USA (per capita, Figure 1). Climate change
can be mitigated by Carbon Geo-Sequestration (CGS), a key technology to reduce
anthropogenic CO2 emissions to the atmosphere (IPCC 2005). In CGS, CO2 is captured from
large emitters (e.g. fossil fuel burning power stations), purified, compressed and injected deep
underground into geological formations, e.g. deep saline aquifers or hydrocarbon reservoirs
(IPCC 2005). However, CO2 is lighter than subsurface brines and thus flows upwards
because of buoyancy; this is the primary risk associated with CGS. The two main
mechanisms that prevent CO2 from leaking to the surface are structural and residual trapping,
where CO2 is immobilized beneath a cap-rock (“structural trapping”, Hesse et al. 2008) or
within the pore network of the rock as disconnected bubbles (“residual trapping”, Iglauer et
al. 2011a) due to capillary forces. In this context it has traditionally been assumed that
storage and seal rock are completely water-wet, which is equivalent to assuming maximum
storage security and capacity, e.g. cp. Qi et al. (2009) or Moortgat et al. (2012). However,
there is recent evidence that this assumption is not always true, and rock can be mixed-wet or
even CO2-wet with potentially a negative impact on storage security and capacity and
associated increased project risk (Iglauer et al. 2015). In the unlikely worst case scenario, i.e.
CO2-wet caprock, CO2 will leak unless it dissolves quickly enough in the brine (“dissolution
trapping”, Riaz et al. 2006, Iglauer 2011).
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Fig. 1: (a) Total anthropogenic CO2 emissions (BP 2014); (b) emissions per
country (PBL 2014).

This technical uncertainty constitutes a risk in our ability to forecast CO2 behaviour in the
reservoir and seal, that reservoir engineers will need to both understand and mitigate if CCS
projects are to proceed.
It is therefore important to understand CO2-wettability in more detail.

1.2

Motivation
Understanding reservoir condition CO2 wettability in CO2-formation water systems is
important because its wettability relates to the relative permeability for CO2. A number of
multiphase flow processes in porous media fundamentally depend on an understanding of
relative permeability, and these are the processes that a dynamic reservoir simulator evaluates
in order to forecast migration of injected CO2, its residual saturation and its rate of
dissolution. This has important implications for both our understanding of reservoir
performance and seal performance. Furthermore CO2-wettability determines the quantity of
CO2, which can be trapped by capillary forces and thus storage capacities.
Reservoir Performance:
Reservoir performance implications include how easily the CO2 can be injected into the
reservoir, which determines the number of injection wells that may be required to inject at a
given rate of CO2, the volume of the pore space the CO2 subsequently occupies and the level
14

of saturation (volume of CO2). Slight differences in CO2 wettability, and therefore relative
permeability, can be expected to have a relatively insignificant effect on injectivity for high
permeability reservoirs. This may not be the case for low permeability reservoirs. However,
the relative permeability may have a more significant impact on the rate at which the injected
CO2 migrates through the reservoir pore space. This may ultimately alter the forecasted shape
of the plume (wide around the injection well up to the top seal or thin around the injection
well and laterally wide spread in a thin layer beneath the top seal). Similarly, the wettability
will affect the residual saturation of the pore space that has come in contact with CO2 where
the residual saturation will decrease with increasing wettability. In a scenario of a structural
trap, a more wetting CO2 phase could lead to decreased storage capacity, whereas for a
migrating plume in a saline aquifer there may be less residual trapping and the plume will
remain mobile for a longer migration distance. The CO2 wettability also appears to affect the
dissolution rate of CO2 in the pore space. It appears that the dissolution trapping for a more
wetting CO2 phase might increase, however as the residually trapped CO2 bubbles shrink they
can also be remobilised to migrate further.
Seal Performance:
The seal performance includes how easily the CO2 can enter the seal pore space and, if it
does, how easily it can then migrate through the seal and escape from the intended
container. Keeping all other parameters equal, as the CO2 becomes more wetting there will
be a corresponding decrease in the trapped column height required to overcome the capillary
threshold pressure of the top seal. At this threshold pressure, there can be a continuous
tendril of scCO2 migrating through the seal. At that point, a combination of the CO2 relative
permeability, the fluid pressure differential across the seal and the seal thickness will
determine both the time required for CO2 to migrate across the seal and the rate at which CO2
will subsequently leak. Such a scenario would be buffered, however, by CO2 dissolution in
the formation brine.
Ultimately, the wettability of CO2 for any particular geological environment does not
generally impact the safety of carbon storage, but it does have important impacts on our
ability to accurately model its behaviour in the reservoir and seal. Accurately predicting
reservoir and seal performance is the fundamental basis of selecting, characterising, and
developing safe carbon storage projects that successfully match sources and sinks of CO2 and
to the design storage facilities that effectively storage the injected CO2 according to
acceptable performance standards.
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1.3

State-of-the-art
The state-of-the-art has been thoroughly discussed in a recent review article (Iglauer
et al. 2015). We provide here a brief summary:

Wettability can be defined as the spreading behaviour of two (or more) fluids in the
porous medium, and is determined by the capillary forces in each pore (summed over a whole
pore-network). It is important to understand that the capillary forces acting are a combination
of intermolecular forces and the pore morphology. Thus, due to the large variability in rock
and fluid properties, wettability is a highly complex phenomenon (Tokunaga and Wan 2013,
Tokunaga et al. 2013). Further, wettability is a key parameter as it strongly impacts on
several highly sensitive meso-scale parameters (e.g. injectivities/relative permeabilities,
capillary pressure-saturation curves, and residual saturations; e.g. Anderson 1987a,b, Morrow
1990, Levine et al. 2014, Iglauer et al. 2012a, McCaffery and Bennion 1974). Reservoir
simulators traditionally assume that CO2-rock-brine systems are strongly water-wet (e.g. Qi
et al. 2009, Moortgat et al. 2011). This is an overly optimistic assumption (see discussion
below) and the resulting uncertainty may constitute a risk for over predicting containment
security if capillary forces are significantly over-estimated. To reduce this uncertainty and
risk, CO2-wettability must be understood in detail.
Wettability can be measured by a range of techniques (Donaldson and Alam 2008);
specifically, to measure CO2-wettability at reservoir conditions (i.e. high pressure, elevated
temperature), several researchers have conducted a range of experiments - typically contact
angle measurements, but a large residual uncertainty remains. Recent studies at fairly similar
temperature, pressure and salinity conditions report water contact angles ranging between 0160° (e.g. Chiquet et al. 2007, Dickson et al. 2006, Yang et al. 2008, Espinoza and
Santamarina 2010, Bikkina 2011, Mills et al. 2011, Wang and Clarens 2012, Broseta et al.
2012, Saraji et al. 2013,2014; Iglauer et al. 2014, Sarmadivaleh et al. 2015; Al-Yaseri et al.
2015a).
The main cause of the scatter is due to using
a)
b)
c)
d)

Different minerals
Different surface chemistries
Surface contamination
Not distinguishing receding and advancing contact angles
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Considering these variables the scatter dramatically reduces. However, it is clear from newer
studies (Broseta et al. 2012; Saraji et al. 2013, 2014; Farokhpoor et al. 2013; Iglauer et al.
2014; Sarmadivaleh et al. 2015; Al-Yaseri et al. 2015) – which effectively all considered the
above points a)-d), that following parameters significantly affect the CO2-wettability:
a)
b)
c)
d)
e)

Pressure
Temperature
Salinity
Salt type
Surface roughness

It is clear that these parameters can vary widely in geological formations, thus different
wettabilities should be expected for different reservoirs.

Further experiments include CO2 injection capillary drainage pressure curves: Pentland et al.
(2011), Pini et al. (2012), El-Maghraby and Blunt (2012), Tokunaga et al. (2013), Plug and
Bruining (2007) and Sarmadivaleh and Iglauer (2014). Sarmadivaleh and Iglauer (2014) for
instance measured very low capillary entry pressures (below detection limit), and reached
relatively high CO2 saturations (∼25%) at low capillary pressures (∼700 Pa). This indicates
that clean sandstone or carbonate is not strongly water-wet. Pentland et al. (2011) also found
that residual CO2 saturations are lower than equivalent residual n-decane saturations, which
they attributed to differences in wettability. Chalbaud et al. (2012) and Kim et al. (2012)
studied CO2 distribution in silica 2D micromodels; Kim et al. measured contact angles
between 0-80° depending on salinity, while Chalbaud et al. identified a strong influence of
surface chemistry on the contact angle. Levine et al. (2014) and Berg et al. (2013a) concluded
that sandstones are not strongly water-wet at reservoir conditions when exposed to
supercritical (sc) CO2 but intermediate-wet, based on their relative permeability
measurements.
Iglauer et al. (2011) and Andrew et al. (2014) imaged scCO2/brine/sandstone and carbonate
systems with an x-ray micro-computed tomograph and found weakly water-wet conditions
(contact angles ∼45° were measured for the carbonate).
One important point which came out of the review (Iglauer et al. 2015) is that oil-wet
surfaces (e.g. methylated quartz surfaces, quartz and limestone aged in crude oil, or coal)
were mixed-wet or CO2-wet (contact angles between 70-160°). Polytetrafluoroethylene
17

surfaces were also CO2-wet, and this would have dramatic and negative impact on residual
and structural trapping – which would fail! – unless dissolution trapping is fast enough to
dissolve the CO2 before it reaches the surface again. Note that vastly different time-scales
have been predicted for dissolution trapping, ranging from decades (Moortgat et al. 2011) to
centuries (Riaz et al. 2006), so this process currently has a significant uncertainty attached to
it.

1.4

Research objectives
The overall aim of this project was to create a solid fundamental understanding of the
CO2 wettability of minerals, outcrop, and seal rock at reservoir conditions with high
confidence. We hypothesized that not all storage or seal rock is completely water-wet.
Specifically, the objectives were:
1. Obtain robust estimates of CO2 wettability of minerals, outcrop, and seal rock.
2. Assess different CO2 wettability measurement methodologies.
3. Acquire reliable input data for pore-scale network modelling and reservoir simulations.

1.5

Approach
We measured CO2-wettability of selected minerals, outcrop and seal rock with a range
of different techniques: standard core-floods, x-ray micro-computed-tomography (μCT)
imaging, medical x-ray computed tomography (medicalCT) imaging, interfacial tension and
contact angle measurements, and NMR measurements. In addition we performed preliminary
Computational Fluid Dynamics (CFD) calculations to develop simulators for predicting the
most important input data for reservoir-scale simulations (i.e. relative permeabilities,
capillary pressure-saturation curves including hysteresis effects, residual saturations,
interfacial areas).
All experimental techniques and associated results and the CFD computations are discussed
in detail in the following text.
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1.6

Conclusions
In this project we successfully measured the CO2-wettability of clean minerals,
outcrop sandstones and caprock samples at storage conditions. The results acquired through a
combination of a diverse range of experimental techniques were consistent, which led to
increased confidence in the results.

In a nutshell, the tested specimens were weakly water-wet at storage conditions. A shift
towards higher CO2-wettability has a significant impact on relative permeabilities,
microscopic residual saturations and probably CO2 dissolution rates, and associated changes
in CO2 plume behaviour in the storage formation..
Future work which should be conducted comprises:
a) Testing of additional minerals and rock material (indeed we suggest that these tests
are executed for each storage formation to improve reservoir capacity and
containment security predictions) – ideally these substrates are as representative as
possible of the storage reservoir, which is certainly a challenging task.
b) Oil-wet samples and additional gases (e.g. flue gas).
c) How wettability influences dissolution trapping, particularly at the pore-scale.
d) Atomistic simulations to provide a theoretical framework for the measured results and
a modelling tool.
e) How wettability influences the seismic response.
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2.

Core-flooding experiments

Coreflood experiments provide a wealth of data about how CO2 spreads in the subsurface.
This includes fluid dynamics, e.g. how flood fronts move through the core, but also fluid
statics (including residual saturations and capillary pressure-saturation curves, which are key
input parameters into hectometre scale predictions), which cannot easily be predicted without
making a range of assumptions and simplifications (i.e. pore-network modelling).
In this section the coreflood experiments we conducted in the context of this project are
described; specifically, we measured capillary pressure-saturation curves as these are most
relevant in terms of measuring CO2-wettability (see below), but it also includes intransient
observations – where CO2 migration through core plugs as a function of time was measured
in 3D – at the start if CO2 injection. These datasets also include residual saturations and
saturations at zero capillary pressure can be interpolated as a function of flooding history.
The section is split into two parts; in the first part fluid saturations were measured by volume
balance, and in the second part fluid saturations were measured by medicalCT scanning.
These corefloods can be directly compared with corefloods where NMR signals were
measured (section 3), or μCT images were acquired (section 4).

2.1

Capillary pressure measurements

2.1.1 Background
The wettability of porous rock to a fluid-fluid system can be assessed with the USBM
(United States Bureau of Mines) index (Donaldson et al. 1969). A high USBM index (≥ 1)
indicates strongly water-wet behaviour, while a low USBM index (≤ -1) indicates strongly
CO2-wet behaviour; a neutrally or mixed-wet system has a USBM index around ∼0 (Table
2.1).
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Table 2.1: Wettabilities associated with USBM indices (Anderson 1987c). *Oil-wet in
Anderson (1987c) paper.
USBM index

wettability

Water
contact
angles

Near 1

Water-wet

0-75°

Near 0

Neutrallywet

75-120°

Near -1

CO2-wet*

120-180°

The USBM index is defined as the decadic logarithm of the ratio of the area above (A1) and
below (A2) the zero capillary pressure line – encircled by the secondary imbibition and
secondary drainage capillary pressure curves (USBM = log(A1/A2)), Figure 2.1.

Figure 2.1: The USBM index is equal to log(A1/A2). Water-wet systems have a high
USBM index (around 1), and oil-wet (or CO2-wet) systems have a small USBM index
(around -1); after Donaldson et al. (1969).
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It follows that a number of capillary pressure curves need to be measured to extract the
USBM index.

2.1.2. Experimental methodologies
We thus investigated several capillary pressure test methods in terms of their accuracy and
turn-over rate. These methods can be broadly classified into two categories based on
saturation measurements:
1. volume balance measurements
2. x-ray medical computed tomography (medicalCT) measurements
Each approach is described separately below.

2.1.2.1 Volume balance measurements
In these experiments CO2 saturations were measured via volume balance: the amount of
injected fluid and produced fluid was measured and from these values the CO2 saturation in
the plug was calculated. The test method could be further subdivided into three subcategories, based on how the capillary pressure was applied:

A) Porous plate method – one plate
B) Porous plate method – two plates
C) Ramakrishnan and Capiello method

These methods are discussed in detail below.
The coreflood apparatus used with its individual elements is displayed in Figures 2.2-2.5; all
data (i.e. flow rates, system temperature measured at several points in the system, upstream
and downstream pressures) were continuously recorded on computerized data loggers. The
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accuracy of the pressure sensors was ±1500 Pa and that of the water saturation measurements
was estimated to be ≤5% (Pentland et al. 2011).

Figure 2.2: Schematic of experimental set-up for the capillary pressure core-flood
measurements.

High Precision
Syringe Pumps

Core Holder

Data Logger

Figure 2.3: Apparatus for capillary pressure measurements at reservoir conditions.
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Core Holder

Figure 2.4: Core-holder set-up in oven – part of the core-flood apparatus for capillary
pressure measurements.

Figure 2.5: Mixing reactor – part of the core-flood apparatus for capillary pressure
measurements.
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The volume balance experiments were run at reservoir conditions (pressure = 10 MPa,
temperature = 323K) and supercritical (sc)CO2, and (5wt% NaCl + 1wt% KCl) brine were
used as model fluids (note that in an industrial CCS project the CO2 stream will contain
contaminants, and the formation brine will be more complex, Stalker et al. 2013, Iglauer et al.
2015). Also note that scCO2 and brine are partially miscible (up to ∼3mass% of CO2 can be
dissolved in brine, Bando et al. 2003, and up to ∼1mol% water dissolves in CO2, Sabirzyanov
et al. 2002).

A)

Porous plate method – one plate

This is the traditional method to measure capillary pressure-saturation drainage curves, e.g.
cp. Pentland et al. (2011). The advantage of this method is that the capillary end effect - an
experimental artefact – in the core plug is eliminated. This end effect is caused by the
discontinuity in capillary pressure at the outlet face, and induces a non-constant CO2
saturation versus plug length. The non-constant CO2-saturation, however, has two negative
consequences:
1. It does not realistically mimic a subsurface formation, which would be much larger
than a typical lab core plug (→ and thus there is no outlet face and capillary pressure
discontinuity).
2. It creates a rock-dependent artefact, which needs to be filtered out for a realistic
reservoir response evaluation.

In the scope of this project, one of our targets was to measure the capillary pressure
imbibition curve, which so far had not been measured for rock (Iglauer et al. 2015). To do
that, we identified a CO2-wet porous plate (capillary entry pressure of water against scCO2 =
1.123 MPa). This plate was pressed against the plug specimen, and the assembly was
wrapped in PTFE tape, Aluminium foil, and again PTFE tape. It was then covered by a heatshrinkable PTFE sleeve, which was cured with a heat gun, and finally placed in a rubber
sleeve. The whole assembly was then housed in a core holder (Figure 2.4) and vacuumed for
two days. It was then flooded with more than 5PV (~110cc) of dead brine (5wt% NaCl, 1wt%
KCl in deionised water) at reservoir conditions (10 MPa, 323K). In parallel, 500cc live brine
(i.e. CO2-saturated brine) were prepared using the mixing reactor (Figure 2.5) at a CO2
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pressure of 10 MPa; and 5 PV live brine were injected into the plug, displacing all dead brine
from the plug. It was then necessary to drive the plug to connate water saturation by CO2
injection. To accomplish this, 1.25PV of dry CO2 were injected with a flow rate of 0.4
ml/min (this was the maximum which could be pushed through the porous plate at an
acceptable pressure drop, 2.94 MPa), and a Swc of 71.8% was achieved. As this Swc was quite
high we changed our procedure and depressurised the outlet very rapidly to atmospheric
pressure and rapidly re-pressurised the system to experimental pressure conditions; this led to
a Swc of 47%, which was deemed acceptable although high, and the experiment was
continued at that stage. During these experiments, we were able to acquire three cp-Sw points
on the primary drainage (CO2 flooding) curve, but we refrain here from reporting them as the
uncertainty is high, which is due to the fact that the CO2-wet porous plate fractured at some
point during the experiment. It is nevertheless noteworthy that it was not possible to achieve a
lower connate water saturation (Swc) than 47%. We speculate that one of the process steps led
to the fracturing of the porous plate, possibly the rapid de-pressurisation where a fairly high
pressure change rate (and thus mechanical stress) was imposed on the plate.
It was however also clear from this experiment that the new mixing reactor we acquired
(Figure 2.6) can rapidly and reliably equilibrate CO2-brine mixtures, a requirement for a
reliable capillary pressure measurement.

A)

Two Porous Plates

In fact, the first core-flood experiment was conducted using two porous plates: a water-wet
(capillary entry pressure of scCO2 = 1.902 MPa) and a CO2-wet porous plate (see above).
This was deemed the - theroretically – best approach based on detailed analysis of the flow
phenomena occurring in two-phase flow through a micrometre-sized rock pore network.
Originally (i.e. when this experiment was run) the measurement apparatus did not have a
fluid equilibration reactor and consequently non-equilibrated fluids were used. This,
however, resulted in prohibitively long equilibration times (now based on CO2 diffusion into
the brine and vice versa), and more importantly we lost the ability to track the water
saturation in the plug. As a result, we set up the mixing reactor (see above and Figure 2.5),
which can equilibrate scCO2 and brine at reservoir conditions in less than one hour (ElMaghraby et al. 2012).
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B)

“Ramakrishnan and Capiello” method

We subsequently conducted another capillary pressure experiment with a modified
methodology (Ramakrishnan and Capiello 1991). Here we injected scCO2 into the plug
which was fully saturated with live brine (no porous plates were used). Initially a low CO2
injection rate was selected and once steady-state was reached the injection pressure (upstream
pressure) and the brine saturation at the inlet in the plug were measured. It was then assumed
that the CO2 injection pressure was equal to the CO2-brine capillary pressure (upstream
pressure) at the inlet face (Ramakrishnan and Capiello 1991, Pini et al. 2012).
As we measured an average CO2 saturation (versus plug length) with the volume balance, it
was necessary to extrapolate this average saturation to the CO2 saturation at the inlet. To do
this, we assumed a linearly decreasing CO2 saturation versus plug length, which is a
reasonably good approximation as confirmed by the medicalCT scans, cp. section 2.2.
Furthermore, as the volume balance measurement is a bulk measurement and measures the
average water saturation, the de facto measured water saturation was that at half plug length
(when assuming the linearly decreasing water saturation profile). We thus considered the
middle of the plug as the measurement point. Therefore, we divided the measured pressure
drop by two on the basis of Darcy’s law → we obtain the capillary pressure in the middle of
the plug. This data was used for analysis, and it showed good consistency with data measured
using the porous plate method and medicalCT (see section 2.1.3).

Primary drainage (PD) capillary pressure curve
This process was repeated at incrementally increasing CO2 flow rates and the capillary
pressures at different water saturations were measured (again at steady-state conditions).

Spontaneous secondary imbibition (SSI) capillary pressure measurements
Once a plug was flooded with the highest CO2 flow rate in the PD experiment, a slug of live
brine (0.2PV) was injected to increase brine saturation, and the CO2 flow rate was decreased
from the highest to the second highest value. The highest CO2 flow rate corresponds to the
highest viscous force (pushing water out); while the viscous pressure and the capillary
pressure at the inlet are equal (Ramakrishnan and Capiello 1991). Consequently, when
lowering the CO2 flow rate the viscous pressure is reduced and therefore also the capillary
pressure is reduced (→ therefore a point on the spontaneous imbibition curve can be
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measured). The CO2 flow removed excess brine from the core plug and distributed the brine
in the plug in a more uniform way. This process was repeated with stepwise decreasing CO2
flow rates. The capillary pressures and CO2 saturations were then measured as described
above.

Forced secondary imbibition (FSI) capillary pressure measurements
The forced imbibition part of the secondary imbibition capillary pressure curves was
measured by injecting live brine at stepwise increasing flow rates into the plug (following the
spontaneous secondary imbibition) and measuring the capillary pressures and water
saturations as described above.

Spontaneous secondary drainage (SSD) capillary pressure measurements
Analogue to SSI, a slug of wet scCO2 was injected into the plug after FSI and brine was
injected at the second highest flow rate, while associated water saturations and capillary
pressures were measured as described above. This was repeated at consecutively decreasing
brine flow rates.

Forced secondary drainage (FSD) capillary pressure measurements
This part of the curve was measured in an analogue way to the PD measurements: CO2 was
injected into the core at a selected flow rate, and the pressure drop across the plug was
measured; once steady-state was achieved the saturation was measured by volume balance.
This then gave a point on the Sw-pc curve (see above). The CO2 flow rate was then
incrementally increased and the corresponding Sw-pc points were measured to obtain the full
curve.

Typical absolute pressure, temperature and pressure drop (across the plug) curves recorded
are shown in Figures 2.6 and 2.7.
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1cc/min

2cc/min

5cc/min

Figure 2.6: Typical CO2 pressure, brine pressure and temperature curves versus
experimental time measured; system: scCO2/brine/Berea sandstone at 323K and 10
MPa brine pressure. The green curve shows the upstream (=CO2 pressure), the red
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curve shows the downstream (= water) pressure, and the pink curve shows the
temperature.
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0.10

5cc/min
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0.28
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Figure 2.7: Pressure drops across the core measured for different CO2 flow rates versus
experimental time; system: scCO2/brine/Berea sandstone at 323K and 10 MPa brine
pressure.
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2.1.3 Results - Ramakrishnan and Capiello experiment
Primary drainage capillary pressure measurement
In the first capillary pressure experiments we examined three cylindrical Berea sandstone
plugs (drilled from the same block) of 38.1mm diameter and 81.2mm (1st test), 80.70mm (2nd
test), 97.85mm (3rd test) length. We measured the porosity and nitrogen permeability of the
plugs as a function of confining pressure with a AP-608 Coretest instrument, cp. Figures 2.82.10. As we operated at 10 MPa pore pressure (1450 psi) (effective confining pressure 10.69
MPa (1550 psi), and confining pressure was 20.68MPa (3000 psi)), the porosity values at 10
MPa were used for any subsequent calculations. Table 2.1 summarizes the petrophysical
properties of the plug samples.

Table 2.1: Porosities, permeabilities and pore volumes of the three Berea plugs used in
the experiments.
Plug

Porosity (%)

Permeability (mD)

Pore Volume (mL)

1

20.4

447

19.3

2

20.8

486

19.7

3

20.6

522

22.7
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K (mD) =

Porosity

453.12e-9E-06(Pconf (psi))

K klink

R² = 0.9872

452
450

Porosity (%)

448
446

20.5

444
442

PHI (%) = 21.641(Pconf (psi))-0.008
R² = 0.9769

440

20
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Figure 2.8: Porosity and permeability of Berea plug 1 as a function of confining stress.

Figure 2.9: Porosity and permeability of Berea plug 2 as a function of confining stress.
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Figure 2.10: Porosity and permeability of Berea plug 3 as a function of confining stress.

We note that porosity and permeability were only slightly affected by confining stress. The
pore volume (PV) in mL for each plug was estimated with equation 2.1 (a,b,c for each plug,
respectively) where Pconf is the net confining pressure in psi. Equation 2.1 is a least-square fit
through the experimental data curve (not shown).

PV = −0.148Ln( Pconf ) + 20.392

(2.1a)

PV = −0.205 Ln( Pconf ) + 21.2

(2.1b)

PV (cc) = −0.196 Ln( Pconf ) + 24.197

(2.1c)

Results are listed in Table 2.2 and plotted in Figure 2.11, together with literature data
(Pentland et al. 2011, Pini et al. 2012); we also interpreted these results in the light of the Jfunction (equation 2.2), which scales different plugs and fluid pairs to give a non-dimensional
capillary pressure, Figure 2.12.
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PC ( SW )
J ( SW ) =

k

φ

(2.2),

γ cos(θ )

where J is the dimensionless capillary pressure (which is a function of the water saturation
Sw), Pc is the capillary pressure, k is the absolute permeability, γ is the interfacial tension
between the fluids, φ is the porosity and θ is the water contact angle. We assumed a contact
angle of 0° (Pentland et al. 2011) and an interfacial tension of 36.9 mN/m (Li et al. 2012) for
the J-function scaling to directly compare with literature data. Note that θ = 0° is too low, this
is discussed further below, particularly in section 7. Our data fits well with the literature data.

Table 2.2: Capillary pressures and saturations for different CO2 flooding rates. The
first experiment was repeated twice: 1. for 1, 2 and 5 cc/min and 2. for 5, 10, 20, 50
cc/min.
Flow Rate 1cc/min 2cc/min 5cc/min* 5cc/min* 10cc/min 20cc/min 50cc/min
Sco2

0.3

0.35

0.41

0.44

0.48

0.51

0.56

Sw

0.7

0.65

0.59

0.56

0.52

0.49

0.44

Pc (kPa)

1.9079

5.3731

8.0371

11.4493

16.5568

30.0331

78.6354

Flow Rate 1cc/min 2cc/min 5cc/min

10cc/min 20cc/min 50cc/min

Sco2

0.36

0.39

0.42

0.45

0.48

0.50

Sw

0.64

0.61

0.58

0.55

0.52

0.50

Pc (kPa)

4.46

5.53

6.89

11.54

19.00

58.61
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Flow Rate 1cc/min 2cc/min 5cc/min

10cc/min 20cc/min 50cc/min

Sco2

0.30

0.35

0.39

0.42

0.45

0.49

Sw

0.70

0.65

0.61

0.58

0.55

0.51

Pc (kPa)

4.20

6.18

9.03

13.99

25.29

70.73

Figure 2.11: Primary drainage (CO2 injection) capillary pressures versus brine
saturations for scCO2/brine/Berea sandstone at 323K (50°C) and 10 MPa (1450 psi)
brine pressure. Note that our plug and Pentland et al.’s plug were very similar in terms
of porosity and permeability (480mD and 460mD), but Pini et al.’s plug had only
approximately two third of the permeability (276mD).
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Figure 2.12: Primary drainage (CO2 injection) J function versus brine saturations for
scCO2/brine/Berea sandstone at 323K (50°C) and 10 MPa (1450MPa) brine pressure.

Switch to Fonteinbleau and Bentheimer sandstone
Initially Berea sandstone was selected (across several ANLEC projects to enable crosscomparison and exploit synergies of the results) as it is the most common standard; however,
Berea sandstone is not clean, but contains various minerals, including clay, cp. Tables 2.3 and
2.4.
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Table 2.3: X-ray diffraction analysis of the Berea sandstone used.
material

chemical
formula

wt%

Silica

SiO2

95.04

Alumina

Al2O3

3.94

Ferric oxide

Fe2O3

0.11

Ferrous oxide

FeO

0.55

Magnesium Oxide

MgO

0.25

Calcium Oxide

CaO

0.11

Table 2.4: X-ray diffraction analysis of the Berea sandstone clay size fraction.
material
Illite
muscovite

chemical formula

wt%

and/or (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] 0.38
and/or KAl2(AlSi3O10)(F,OH)2

Kaolinite

Al2Si2O5(OH)4

0.38

Quartz

SiO2

0.14

Chlorite (Chamosite)

(Fe5Al)(AlSi3)O10(OH)8

0.1

As a consequence the CO2-wettability of a clearly defined mineral surface cannot be
measured using Berea. More importantly, we measured permeability changes in Berea when
flooding with CO2-saturated brine (at reservoir conditions), and this was also observed
elsewhere (Sayegh et al. 1990, Mohamed et al. 2012). We thus switched from Berea to
Fonteinebleau sandstone, which is pure quartz and Bentheimer sandstone (almost pure
quartz) (and we did not observe an impact on permeability).
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Fonteinebleau sandstone
We thus selected a clean Fonteinebleau sandstone for the experiments. The cylindrical
sample had a diameter of 38.2mm and a length of 84.1mm. The porosity (= 7.9%) and
Klinkenberg nitrogen permeability (= 78.7mD) at a confining stress of 10.69MPa was
measured with an AP-608 instrument; and the sample composition (100wt% quartz) was
measured with a Bruker-AXS D8 Advance Diffractometer.

Primary drainage (PD) capillary pressure – water saturation measurement
The measurements were conducted as described above and results are listed in Table 2.5 and
plotted in Figure 2.13, together with literature data (Pentland et al. 2011, Pini et al. 2012,
Sarmadivaleh and Iglauer 2014); SCO2 is the CO2 saturation, Sw the water saturation and Pc is
the capillary pressure; we also interpreted these results in the light of the J-function (equation
2.2), which scales different plugs and fluid pairs to give a non-dimensional capillary pressure,
Figure 2.14.
For the J-function scaling we took γ and θ values from the literature, which most closely
represented the applied experimental conditions (Chalbaud et al. 2009, Sarmadivaleh et al.
2015).

Table 2.5: Capillary pressures Pc, water saturations Sw, and CO2 saturations SCO2 for
different CO2 flooding rates: Fonteinebleau sandstone at 323K and 10MPa brine
pressure. Measurements were taken once the core flood reached steady state conditions.
Flow Rate 0.3 cc/min

1cc/min 2cc/min

5cc/min

10cc/min 15cc/min

Sw

0.51

0.40

0.31

0.30

0.25

0.25

Sco2

0.49

0.60

0.69

0.70

0.75

0.75

Pc (kPa)

3.5

5.25

7.15

14.05

27.6

46.07
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Figure 2.13: Primary drainage (CO2 injection) capillary pressures versus brine
saturations for scCO2/brine/Berea and Fonteinebleau sandstone measured at 323K
(50°C) and 10 MPa (1450 psi) brine pressure. ANLEC data (Fonteinebleau tests 1 and 2
and Sarmadivaleh and Iglauer 2014) and literature data (Pentland et al. 2011, Pini et al.
2012).
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Figure 2.14: Primary drainage (CO2 injection) J function (dimensionless capillary
pressure) versus brine saturations for scCO2/brine/Berea and Fonteinebleau sandstone
at 323K (50°C) and 10 MPa (1450MPa) brine pressure. ANLEC data (Fonteinebleau
tests 1 and 2 and Sarmadivaleh and Iglauer 2014) and literature data (Pentland et al.
2011, Pini et al. 2012).

The results for the secondary imbibition and secondary drainage curves are summarized in
Table 2.6 and plotted in Figure 2.15.
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Table 2.6: Capillary pressures and saturations for secondary imbibition and secondary
drainage.
Capillary pressure

Sw [-]

Pc [kPa]

Spontaneous imbibition

0.266

58.7

0.380

13.6

0.673

-14.8

0.710

-292.4

0.717

-303.4

0.723

-386.4

Spontaneous drainage

0.701

-8.3

Forced drainage

0.357

29.4

0.271

127.8

Forced imbibition
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Figure 2.15: Secondary imbibition and secondary drainage capillary pressure-brine
saturation data measured for Fonteinebleau/scCO2/brine at 323K (50°C) and 10 MPa
brine back pressure (1450psi).

We interpolated the data points in Figure 2.15 with various smooth functions (note that linear
interpolation results in an under prediction of the USBM index, and we know from
experience that the curve is smooth). Based on the interpolation, Sw for secondary imbibition
at zero capillary pressure is estimated as ∼55% and for secondary drainage as ∼60%. This
implies that a substantial part of the pore space can be filled by CO2 and trapped by brine
provided that gravitational forces are negligible. The area enclosed by the secondary
imbibition and secondary drainage curves above the zero capillary pressure curve A1, and the
corresponding area below the zero capillary pressure curve A2 were estimated five times
(with different smooth interpolations). With these estimates a USBM index = log(A1/A2) =
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0.65 (±0.15) was obtained, which implies that Fonteinebleau is weakly water-wet in a
scCO2/brine system, Table 2.1. Note that highly water-wet rock has USBM indices around 1,
and neutrally wet-rock around 0 (CO2-wet rock would be around -1). This is consistent with
contact angle measurements, μCT measurements, and NMR measurements, and discussed
further below.
In Figure 2.16 the SI and SD capillary pressure data measured are replotted after scaling with
the J-function; for comparison SI data measured on unconsolidated quartz sand packs has
been added (Plug and Bruining 2007, Tokunaga et al. 2013); however, the curves do not
match well. One reason for this is that residual saturations are significantly lower in sand
packs (e.g. Pentland et al. 2008, 2010, 2012; Gittins et al. 2010, Iglauer et al. 2011b), but also
J-function scaling generally seems to be rather uncertain (cp. also Figure 2.14).

Figure 2.16: Secondary imbibition and secondary drainage dimensionless capillary
pressure-brine saturation curves measured for Fonteinebleau/scCO2/brine at 323K
(50°C) and 10 MPa brine back pressure and (1450MPa) pressure. For comparison
literature data measured on quartz sand packs has been added (Plug and Bruining
2007; Tokunaga et al. 2013).
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2.1.4 Conclusions
The consistency between our primary drainage capillary pressure results and the literature
data is good, and based on our dataset we can make some conclusions:
•

•
•

The capillary entry pressure for scCO2 into the sandstone plug at 323K (50°C) and 10
MPa (1450 psi) brine pressure is below 689 Pa (Berea) or below 3500 Pa
(Fonteinbleau); (±1500 Pa).
Significant amounts of CO2 flowed into the plug at low capillary pressure (SCO2 =
25% at Pc = 689 Pa ±1500 Pa), Berea or SCO2 = 50% at 3500 Pa, Fonteinbleau.
Scaling the secondary imbibition and secondary drainage capillary pressures and
comparing with literature data, however, does not result in a match. This is mainly
due to unconsolidated porous media having low residual saturations.

Furthermore we measured a USBM index of 0.65 at reservoir conditions for Fonteinbleau
sandstone, which implies that clean sandstone is weakly water-wet at storage conditions. This
implies that the residual trapping mechanism will work, although the associated storage
capacities will be reduced accordingly (Spiteri et al. 2008, , Iglauer et al. 2015) when
compared with strongly water wet systems as typically assumed.

2.2. Capillary pressure measurements via medical computed x-ray tomography
Medical computed x-ray tomography (medicalCT) has been used by several institutions in
order to measure rock characteristics and CO2-brine flow properties through rock samples
(e.g. Okabe et al. 2010, 2013, Krevor et al. 2012, Krause et al. 2011, Berg et al. 2013a, Pini et
al. 2012, Perrin et al. 2010, Akbarabadi and Piri 2013). We followed a similar approach and
measured CO2-brine flow behaviour and related 3D CO2 saturation maps for the various
coreflood sequences associated with the capillary pressure experiments; this is described in
more detail below.

2.2.1 Experimental Configuration
Rock Characteristics
Standard Bentheimer sandstone cores were used as reservoir analogues (permeability of
approximately 0.5 D, Al-Yaseri et al. 2015b; 23.5% ± 0.5% porosity, 99wt% quartz, Table
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4.14). Core samples were cut wet, cleaned and dried at room temperature, and then dried at
80 °C for 48 hours and subsequently weighted. A new rock sample was used for each
experiment (see Table 2.7).

Table 2.7: Rock sample properties.
Length
Experiment [cm]

Diameter
[cm]

Bulk Volume
[cm3]

Porosity
[Frac]

Pore Volume
[cm3]

Weight
Dry [g]

1

9.82

5.02

194.29

0.24

46.55

391.53

2

10.05

5.04

200.43

0.23

46.98

406.66

3

10.00

5.04

199.71

0.23

46.39

406.31

4

9.95

5.03

197.92

0.23

45.96

402.67

5

10.07

5.04

200.99

0.24

47.33

407.2

Brine Characteristics
In medicalCT the CT contrast between brine and CO2 is low, thus the contrast was enhanced
by adding 7.5 wt% NaI to the brine so that the spatial distributions of the fluids could be
observed (Okabe et al. 2013). To avoid mass transfer between the CO2 and brine, the fluids
were equilibrated by filling CO2 and brine into an accumulator at experimental conditions
while maintaining constant pressure with a high precision syringe pump and rotating the
accumulator for a minimum of 12 hours in a moving frame. This resulted in CO2-saturated
(“live”) brine and wet CO2, see section 2.1.

Medical CT instrument specifications
The medicalCT scanner was a Siemens Biograph 40 PET/CT; the scans were acquired using
the following settings, Table 2.8:
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Table 2.8: medicalCT scanner settings used for the experiments.
Parameter

Value

Width

263 mm (512 pixels)

Height

263 mm (512 pixels)

Depth

136.8
pixels)

Resolution

1.947 pixels/mm

Voxel size

0.51x0.51x0.6 mm

Current

120/140 KVp

mm

(228

Core-flood apparatus
A schematic of the core-flood apparatus is shown in Figure 2.17. Two high precision syringe
pumps injected CO2 and live brine, respectively; CO2 was directly injected into the plug,
however, live brine was stored in an accumulator, which was driven by the second pump. On
the production side a third high precision syringe pump was used to control backpressure
with high accuracy and to receive produced fluids. The x-ray transparent core holder (cp.
Figure 2.18) was made of aluminium, which was embodied by a POM cylinder that contained
heated confining fluid. The whole apparatus was heated to 323K (50°C) with electrical
heating tape. In addition, the fluids in the pumps were heated isothermally by heat jackets and
the whole core holder was heated by heated confining fluid, cp. Figure 2.18. This set-up
guaranteed isothermal conditions for all fluids used throughout the experiments.

46

Figure 2.17: Schematic view of the core-flood apparatus.

Figure 2.18: Sagittal slice (taken from a medicalCT scan) showing each component of
the core holder. The heating fluid container is the outmost shell, with heating liquid
inside. Further inside is a rubber sleeve which was used to separate the core from the
confining oil. At each end face of the core, steel pieces with distributing grooves were
placed for homogeneous fluid injection into the plug.
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2.2.2. Experimental Methodology
Initially the core was placed inside the core holder and then flushed with carbon dioxide to
displace air and subsequently pressurized (to 9 MPa) with a high precision syringe pump. The
temperature was then increased to experimental conditions (323K), and the system was
allowed to equilibrate for at least 24 hours. As a next step a CT scan was acquired and used
as a reference scan for the 100% CO2 saturation condition. After evacuating the core, 1.5 pore
volumes (PV) of dead brine were injected through the core. Following pressurization to 9
MPa, 1.5 PV of live brine were injected in order to completely saturate the core with CO2saturated brine. A reference scan for 100% brine saturation condition was then taken.
Three flooding sequences were monitored in the following stages of the experiment; primary
drainage, secondary imbibition and secondary drainage. In each process, the fluids were
injected with following flow rates: 1, 2, 5, 10, 20, 50 [ml/min]. Approximately 1.3 PV of
fluid were injected for each rate. At the end of each flood, a medicalCT scan was acquired.
For the lowest flow rates for each flood sequence, CT scans were also acquired periodically
to capture the flood front progressing through the core. The differential pressure was
measured continuously, which enabled us to measure water saturation and pressure drop
simultaneously.
We conducted five different experiments, where we investigated the influence of fluid-fluid
mass transfer (experiments 1 and 2), temperature (experiments 2-4) and pore pressure
(experiments 3-5), Table 2.9.
Table 2.9: Experimental conditions for the five experiments conducted.
Experiment Pressure

Temperature

CO2 saturated
brine

CO2 viscosity* CO2 phase*

[MPa]

[°C]

1

9.0

24

No

7.23 x 10-5

liquid

2

9.0

24

Yes

7.23 x 10-5

liquid

3

9.0

50

Yes

2.31 x 10-5

supercritical

4

9.0

50

Yes

2.31 x 10-5

supercritical

5

10.0

50

Yes

2.84 x 10-5

supercritical

*

taken from Span and Wagner (1996).
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[Pa.s]

Calculating spatial fluid distribution
From the CT scans 1D saturation profiles versus core length were extracted. First, in order to
increase accuracy, a region of interest was fitted around the core on each axial CT slice, cp.
Figure 2.19 (yellow circle). This discarded irrelevant information (volume outside the plug),
which would have generated noise and distorted the greyscale histograms (see below), thus
decreasing accuracy. The average CT number (= greyscale or Hounsfield number) was then
measured on each axial slice. Considering a resolution of 0.5 mm, approximately 7000 pixels
were contained within the region of the core for a given slice. The average values of the slices
were used to obtain one-dimensional Hounsfield profiles through the core, cp. Figure 2.20.

Figure 2.19: Region of interest fitted around the core (shown in yellow), the rest of the
CT data was discarded thus improving accuracy.

The quality of the CO2 and brine reference scans is also illustrated in Figure 2.20, where the
Hounsfield numbers for each axial slice are plotted against dimensionless core length. The
constant Hounsfield numbers imply that the plugs were 100% saturated with the respective
fluids, and the scans could thus be used for calibration.
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Figure 2.20: A typical result for the CO2 and brine reference scans, indicating the clear
difference in Hounsfield numbers for the two fluids.

In order to assign water saturation values to the measured greyscale values, the greyscale
values measured for 100% CO2 and 100% brine saturations were plotted against their
observed frequencies, the corresponding histograms obtained are shown in Figure 2.21 for the
calibration scans of experiment 3. As doped brine (i.e. brine enriched with NaI) has a higher
x-ray attenuation than CO2, the brine saturated core sample yielded higher Hounsfield
numbers; we were thus able to distinguish CO2 and brine in the plug. As mentioned above we
used the mean CT values for the following analysis.
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Hounsfield Numbers
Figure 2.21: Histogram of Hounsfield number frequencies for CO2 and brine saturated
Bentheimer sandstone; there is a clear difference between the CO2 and brine reference
scan values due to the difference in x-ray attenuation.

From the Hounsfield histograms the average CT number for a 100% CO2 saturated plug
(CTCO2Ref) and 100% brine saturated plug (CTbrineRef) were calculated and fed into equation
2.3. The water saturations for each axial slice could then be computed with equation 2.3, and
the 1D-Sw profile could be obtained.

𝑆𝑤 =

𝐶𝐶𝑖 − 𝐶𝐶𝐶𝐶2𝑅𝑅𝑅
𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐶𝐶𝐶𝐶2𝑅𝑅𝑅

(2.3)

The three dimensional fluid distributions were then determined using equation 2.3 on every
voxel. The voxel size was increased from 0.5x0.5x0.6 mm to 2.5x2.5x3.04 mm in order to
obtain a representative elementary volume, Pini et al. (2012).
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2.2.3. Experimental Results
In order to measure the water saturation at the inlet, the two first slices were discarded (as
they would bias the results because of an experimental artefact stemming from the steel end
pieces, Figure 2.22). Thus an average CT number was computed for the interval between the
third and tenth axial slice to measure the water saturation (i.e. only the red triangles were
used in the calculation of the inlet saturation), Figure 2.22. The dotted line in Figure 2.22
represents the front of the core within the core holder.

Figure 2.22: 1D CT number profile of a typical CT scan; the dotted line represents the
core inlet face in the core holder. As can be seen, the first slices were impacted by CT
artefacts stemming from the steel inlets and these were therefore discarded. The water
saturation for the inlet side was then computed as the average of the first seven slices
(represented by the red dots).

In the following each experiment is discussed in detail, followed by a discussion summary.

Experiment 1
In experiment 1 a valve on the CO2 injection pump failed, which reduced the number of data
generated. In addition, measurement of the differential pressure failed; this experiment is thus
not discussed further.
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Experiment 2
Experiment 2 was performed at ambient temperature (297K – 24°C) and high pressure (9
MPa), and this was reflected in the results: higher differential pressures during CO2 injections
were measured when compared to the corresponding reservoir temperature measurements
(see below); this indicated that liquid CO2 has a higher viscosity than scCO2, consistent with
literature data (Fenghour et al. 1998). We note that in this experiment the differential pressure
was logged manually, and therefore the number of data points acquired was lower than for
the remaining experiments, where pressure drops were measured with an automated data
logging computer. The differential pressures for each flow rate reached steady-state
conditions with low fluctuations in experiment 2.

Primary Drainage
The primary drainage capillary pressure-water saturation (Pc-Sw) curves measured at 297K
(24°C) and 9 MPa are shown in Figure 2.23. As expected the water saturation (Sw) decreased
with increasing CO2 flow rate. The capillary end effect is also clearly visible: Sw significantly
increased at ∼90mm core length; however, the water saturation profiles can be approximated
reasonably well by a linear function, thus validating the volume balance water saturation
method used in section 2.1.3. The Pc-Sw value sets were then taken from the inlet points (core
length = 0mm), following the methodology prescribed by Ramakrishnan and Cappiello
(1991).
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Figure 2.23: – Primary drainage curves for Bentheimer sandstone at 297K (24°C) and
9MPa brine pressure.

Figure 2.24 shows the differential pressures (DP) measured across the plug for the different
flow rates; and in Figure 2.25 the average DP is plotted versus CO2 flow rate. DP and flow
rates correlate approximately in a linear way. Table 2.10 summarizes the flow rate, water
saturation and capillary pressure data.
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Figure 2.24: Differential pressures (DP) measured during primary drainage experiment
2. The average DP is marked with a dashed line.

Figure 2.25: Average differential pressures plotted versus CO2 injection rate. A linear
correlation is evident.

Table 2.10: Water saturation – primary drainage capillary pressure data sets measured
for various CO2 flow rates at 297K (24°C) and 9MPa brine pressure in Bentheimer
sandstone, experiment 2.
CO2 flow rate
[ml/min]
1
2

Water Saturation
[Frac]
0.63
0.48

Differential Pressure
[kPa]
3.1
3.3
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5
10
20
50

0.40
0.35
0.32
0.28

3.9
4.6
5.9
10.5

Forced Imbibition
Figure 2.26 shows the water saturation profiles plotted against core length for the forced
imbibition floods. Sw at the inlet was ∼1, caused by the discontinuity in capillary pressure at
that point. We thus only consider that part of the profile where Sw turned constant (at x mm
core length) in the following analysis. As the viscous pressure drop at that point was reduced
according to Darcy’s law (q = (-k/μ)∇p; where q is the flux and μ the fluid viscosity), the
capillary pressure at that point is taken as ((total core length – x mm)/total core length) x
viscous pressure drop = Pc. The CO2 saturation in the constant Sw section was always ∼35%,
independent of brine flow rate. This is the residual CO2 saturation (SCO2,r), and it fits very
well with literature data, Table 2.11. T is temperature, p pressure, φ porosity, k permeability,
L and D plug length and diameter, Nc is the capillary number and SCO2,max and SCO2,r are the
maximum initial and residual CO2 saturations.

Table 2.11: Residual CO2 saturations measured, literature data.
Rock

T
[C]

p
φ
[MPa] [%]

k
[mD]

L
[cm]

D
[cm]

SCO2,max SCO2,R Nc
[Frac]
[Frac] [10-5]

(a)

Berea

50

9

22.1

914

10

0.55

0.31

(a)

Paaratte

50

9

28.3

1156

9.5

0.59

0.33

(a)

Mt Simon

50

9

24.4

7.5

9.6

0.54

0.21

(a)

Tuscaloosa

50

9

23.6

220

10.8

0.46

0.31

50

9

19.7

276

(b)

Berea

0.64

56

(b)
(c)

50

9

10.2

28

Doddington 50

9

20.7

1580

0.9

0.48

0.25

0.85

0.48

-

0.28

(d)
(e)

Arqov

0.72

Berea

70

9

22

460

7.53

Berea

50

10

19.8

34.2

11

3.4

2.45

a

Krevor et al. (2012); bPini et al. (2012); cIglauer et al. (2011a); dPentland et al. (2011);
e
Suekane et al. (2008)

Figure 2.26: Water saturation curves during forced imbibition for the different water
injection rates.

Figure 2.27 shows how the DP varied with the water injection rate and time, and Figure 2.28
plots the DP versus flow rate. We found a linear correlation which indicated validity of
Darcy’s law. The results are tabulated in Table 2.12.
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Figure 2.27: Differential pressure plotted versus time. Average DP is plotted as a dotted
line.

Figure 2.28: Average differential pressure plotted versus flow rate. An approximately
linear trend was observed, and the function extrapolates through the origin.

Table 2.12: Water saturation – secondary imbibition capillary pressure data sets
measured for various water flow rates at 297K (24°C) and 9MPa brine pressure in
Bentheimer sandstone, experiment 2.
Rate
[ml/min]
1
2
5
10

Water Saturation
[Frac]
0.659
0.662
0.662
0.656

Differential Pressure
[kPa]
-2.17
-3.34
-6.52
-7.78
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20
50

0.662
0.676

-10.42
-11.14

Secondary Drainage
The Sw profiles for the SD are shown in Figure 2.29 for the various CO2 flow rates; the
maximum in Sw at ∼10mm core length for the 1mL/min and 2mL/min floods were probably
caused by the moving water front through the plug which not yet reached the outlet because
of the low CO2 flow rate. The increase in Sw at the outlet was again caused by the
discontinuity in capillary pressure at that point (“end effect”). This behaviour indicates that
the plug was water-wet (would it be CO2-wet, then Sw should be depressed at the outlet).
Figures 2.30 and 2.31 show the DP as a function of CO2 flow rates and experimental time,
and Figure 2.32 plots DP against CO2 flow rates. The results are summarized in Table 2.13.

Figure 2.29: Water saturation profiles against core length during secondary drainage,
experiment 2.
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Figure 2.30: Differential pressure plotted versus time. The average differential
pressures are plotted as dashed lines.

Figure 2.31: Zoom-in on the high flow rates to show stabilization of DP. From Figure
2.30 the DP appears very unstable, but as we zoom in we can see that except for the 50
ml/min, the DP is almost stable.
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Figure 2.32: Average differential pressure plotted versus CO2 flow rate. Again a linear
trend was observed, and as with primary drainage the intersection is at around 2 kPa.

Table 2.13: Water saturation – secondary drainage capillary pressure data sets
measured for various CO2 flow rates at 297K (24°C) and 9MPa brine pressure in
Bentheimer sandstone, experiment 2.
Rate
[ml/min]
1
2
5
10
20
50

Water Saturation
[Frac]
0.59
0.48
0.41
0.36
0.32
0.30

Differential Pressure
[kPa]
2.1
2.3
2.9
3.4
4.7
9.5

Capillary Pressure – water saturation curves for experiment 2 (297K, 9MPa)
The capillary pressures as a function of water saturation for the PD, FI and SD are plotted in
Figure 2.33. The residual CO2 saturation after forced imbibition was 32.4%, consistent with
literature data (cp. Table 2.11).
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Figure 2.33: Capillary pressure – water saturation curves for PD, FI and SD at 297K
(24°C) and 9 MPa back pressure.

Experiment 3
Experiment 3 was conducted on a Bentheimer sandstone with brine and scCO2 at 323K
(50°C) and 9MPa brine pressure.

Primary Drainage
The water saturation profiles for the different CO2 injection rates during PD are shown in
Figure 2.34. The associated DPs are shown in Figures 2.35 and 2.36.
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Figure 2.34: Water saturation profiles during primary drainage for Bentheimer
sandstone/scCO2/brine at 323K (50°C) and 9 MPa brine pressure.

The data is significantly more noisy than in case of the liquid CO2, which may be caused by
the much lower viscosity of scCO2 (when compared to liquid CO2): both, the primary
drainage and the secondary drainage processes suffered from fluctuating differential
pressures, especially at low flow rates; at higher rates the differential pressures stabilized and
the standard deviation decreased. Another possible explanation for the noise is the quasirandom occurrence (at plug scale) of Haines jumps, which cascade through the plug (Berg et
al. 2013b) – such cascades would explain significant and quasi-random, but not massive,
pressure fluctuations in the plug during two-phase flow, which is a consistent picture to what
we observed.
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Figure 2.35: Differential Pressures measured during Primary Drainage in experiment 3.

Figure 2.36: Differential pressures measured during primary drainage for experiment
3; zoom into the four highest flow rates.

The average DPs are plotted against flow rate in Figure 2.37, now the increase in DP with
flow rate can be fitted with a logarithmic curve, and it is clearly not following Darcy’s law.
Table 2.14 summarizes the Sw-Pc data for experiment 3.
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Figure 2.37: Average differential pressure plotted versus flow rate during primary
drainage, experiment 5.

Table 2.14: Water saturation – primary drainage capillary pressure data sets measured
for various CO2 flow rates at 323K (50°C) and 9MPa brine pressure in Bentheimer
sandstone, experiment 3.
Rate
[ml/min]
1
2
5
10
20
50

Water Saturation
[Frac]
0.67
0.67
0.65
0.58
0.52
0.51

Differential Pressure
[kPa]
0.31
0.90
1.98
3.20
3.98
4.75

Forced Imbibition
The Sw-Pc curves for FI are shown in Figure 2.38. A strong end effect was visible at the inlet,
and a second end effect was acting at the outlet, but this effect was much less significant. For
the Sw-Pc curves, we consider the Sw minima in the profiles as to eliminate the end effects as
much as possible. The core length x at which Sw was measured was used to adjust the
capillary pressure, see above. The fact that the residual CO2 saturation was rather low
(16.1%) is consistent with a less water-wet system: scCO2 has higher affinity to quartz than
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CO2 gas, thus de-wetting the surface (→ higher water contact angle). This is discussed in
much more detail in section 7.
Furthermore variations in petrophysical properties can lead to variation in SCO2,r (particularly
the pore throat to pore body aspect ratio, Pentland et al. 2012).

Figure 2.38: Water saturation profiles during forced imbibition in experiment 3.

The DPs measured are plotted in Figures 2.39-2.41. The noise was significantly smaller than
during scCO2 injection and the DPs followed Darcy’s law. The results are summarized in
Table 2.15.
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Figure 2.39: Differential pressures during forced imbibition in experiment 3. The
average differential pressures are indicated by dotted lines for each flow rate.

Figure 2.40: Differential pressures during forced imbibition in experiment 3 for the last
twelve minutes of the experiment. The average differential pressures are indicated by
dotted lines for each flow rate.
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Figure 2.41: Average differential pressures measured in experiment 3 plotted versus
flow rates during forced imbibition.

Table 2.15: Water saturation – secondary imbibition capillary pressure data sets
measured for various CO2 flow rates at 323K (50°C) and 9MPa brine pressure in
Bentheimer sandstone, experiment 3.
Rate
[ml/min]
1
2
5
10
20
50

Water Saturation
[Frac]
0.704
0.734
0.767
0.76
0.82
0.839

Differential Pressure
[kPa]
-0.61
-0.82
-0.96
-1.19
-1.36
-1.54

Secondary Drainage
The Sw profiles for SD are shown in Figure 2.42; again a clear end effect was visible at the
outlet. The pressure drops associated with the CO2 injections are shown in Figures 2.43-2.44.
The data is noisy and the DPs did not increase linearly with flow rate (Figure 2.45). The data
is summarized in Table 2.16.
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Figure 2.42: Water saturation profiles versus core length (after 1.3 PV of CO2 was
injected, for each flow rate). The absolute pressure was stable for the majority of the
flow rates; however, the absolute pressure increased by almost 0.8 MPa during the
20cc/min flood. Prior to the 50cc/min injection, the absolute pressure was reduced again
to 9 MPa.

Figure 2.43: differential pressures plotted versus time. Average DPs are marked by a
dashed line. The low flow rates were clearly fluctuating, an effect which may be
attributed to temperature differences in the pumps and/or on/off regulation of the
heating coil, or Haines jumps (Berg et al. 2013b).
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Figure 2.44: A close up of the higher flow rates showing less fluctuation. Average DPs
are added as dashed lines.

Figure 2.45: Average differential pressures plotted versus flow rates during secondary
drainage in experiment 3.

70

Table 2.16: Water saturation – secondary drainage capillary pressure data sets
measured for various CO2 flow rates at 323K (50°C) and 9MPa brine pressure in
Bentheimer sandstone, experiment 3.
Rate
[ml/min]
1
2
5
10
20
50

Water Saturation
[Frac]
0.62
0.60
0.51
0.44
0.42
0.46

Differential Pressure
[kPa]
1.98
2.65
3.34
3.86
4.28
4.96

Capillary pressure – water saturation curves for experiment 3 (323K, 9 MPa)
The capillary pressure as a function of water saturation for PD, FI and SD are plotted in
Figure 2.46.

Figure 2.46: Capillary pressures as a function of water saturation and flooding process
for Bentheimer sandstone at 323K (50°C) and 9MPa back pressure, experiment 3.
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Experiment 4
Experiment 4 was conducted on a Bentheimer sandstone with brine and scCO2 at 323K
(50°C) and 9MPa brine pressure.

Primary Drainage
The water saturation profiles for the different CO2 injection rates during PD are shown in
Figure 2.47. The associated DPs are shown in Figures 2.48 and 2.49. The DPs correlated
linearly with flow rate indicating validity of Darcy’s law.

Figure 2.47: 1D saturation profiles during primary drainage for experiment 4 (323K 50°C, 9 MPa).
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Figure 2.48: Differential pressures measured during primary drainage. The fluctuation
was very high for the two lowest flow rates, so they have been excluded.

Figure 2.49: Differential pressures plotted versus flow rate. A fairly linear trend is
evident.

The results are tabulated in Table 2.17.
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Table 2.17: Water saturation – primary drainage capillary pressure data sets measured
for various CO2 flow rates at 323K (50°C) and 9MPa brine pressure in Bentheimer
sandstone, experiment 4.
Rate
[ml/min]
5
10
20
50

Water Saturation
[Frac]
0.68
0.58
0.50
0.44

Differential Pressure
[kPa]
2.90
3.24
3.73
5.18

Forced Imbibition
Similar to experiment 3, the FI profiles indicated end effects at the inlet and outlet, Figure
2.50. We thus consider the points where Sw first reached its minimum for the Sw-Pc
evaluation, and adjusted Pc with this length (see above).

Figure 2.50: Saturation profiles during forced imbibition for experiment 4. (Profiles for
1 and 2 ml/min flow rates are excluded).
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The differential pressures measured are shown in Figure 2.51-2.53. The differential pressure
versus flow rate correlated in a linear fashion.

Figure 2.51: Differential pressures measured during forced imbibition in experiment 4.

Figure 2.52: Differential pressures during forced imbibition in experiment 4, zoomed in
on highest three flow rates to evaluate stability.
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Figure 2.53: Differential pressures plotted versus flow rate. A fairly linear trend was
observed.

Results are tabulated in Table 2.18.

Table 2.18: Water saturation – secondary imbibition capillary pressure data sets
measured for various brine flow rates at 323K (50°C) and 9MPa brine pressure in
Bentheimer sandstone, experiment 4.
Rate
[ml/min]
5

Water Saturation
[Frac]
0.77

Differential Pressure
[kPa]
-2.64

10

0.77

-3.61

20

0.81

-5.55

50

0.83

-11.0

Secondary Drainage
During secondary drainage, for low CO2 injection rates, an increase in injection rate
significantly reduced water saturation at the inlet, Figure 2.54. For the highest CO2 flow rates,
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however, the inlet saturation remained constant, although the water saturation throughout the
core was reduced. The maxima in Sw were probably caused by the moving water front in case
of the low CO2 flow rates, see above.

Figure 2.54: 1D saturation profiles during secondary drainage for experiment 4.

Results are tabulated in Table 2.19.

Table 2.19: Water saturation – secondary drainage capillary pressure data sets
measured for various CO2 flow rates at 323K (50°C) and 9MPa brine pressure in
Bentheimer sandstone, experiment 4.
Rate
[ml/min]
1

Water Saturation
[Frac]
0.67

Differential Pressure
[kPa]
2.55

2

0.60

2.62

5

0.49

2.86

10

0.39

3.37

77

20

0.36

3.83

50

0.37

4.61

Capillary pressure – water saturation curves measured in experiment 4 (323K, 9 MPa)
The capillary pressure – Sw curves for the experiment are plotted in Figure 2.55. The
secondary drainage capillary pressures were smaller than the corresponding capillary
pressures measured during primary drainage as expected. The residual CO2 saturation at the
most negative capillary pressures (-11kPa) was 17%, which is fairly low when compared to
the literature results, Table 2.11; this difference may be caused by larger average pore throat
sizes (which is consistent with the relative high permeability of the Bentheimer sandstone),
which leads to a reduction in SCO2,r (Pentland et al. 2012).

Figure 2.55: Capillary pressure curves for PD, FI and SD measured during experiment
4 (323K, 9 MPa).
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Experiment 5
Experiment 5 was conducted on a Bentheimer sandstone with brine and scCO2 at 323K
(50°C) and 10MPa brine pressure.

Primary Drainage
The water saturation profiles for the different CO2 injection rates during PD are shown in
Figure 2.56.

Figure 2.56: 1D saturation profiles during primary drainage for experiment 5 (323K 50°C, 10 MPa).
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Figure 2.57: Differential pressures measured during primary drainage in experiment 5.
The high differential pressure during 0-0.4 hours exceeded the pressure obtained for
higher rates and were thus discarded.

Figure 2.58: Differential pressures measured during primary drainage in experiment 5.
The pressure close to stady state is marked with a dashed black line.
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The differential pressure as a function of injection rate showed a non-linear trend, which was
also observed for experiment 3 (Figures 2.57-2.59).

Figure 2.59: Differential pressure plotted versus rate.

Forced Imbibition
Saturation profiles for forces imbibition are shown in Figure 2.60, and associated pressure
drops in Figures 2.61-2.63.

Figure 2.60: 1D saturation profiles during forced imbibition for experiment 5 (323K 50°C, 10 MPa).
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Figure 2.61: Differential pressures measured during forced imbibition in experiment 5.

Figure 2.62: Differential pressures measured during forced imbibition in experiment 5.
The pressure close to steady state is marked with a dashed black line.
82

Figure 2.63: Differential pressure plotted versus rate.

Secondary Drainage
Saturation profiles for secondary drainage are shown in Figure 2.64, and associated pressure
drops in Figures 2.65-2.67.
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Figure 2.64: 1D saturation profiles during secondary drainage for experiment 5 (323K 50°C, 10 MPa).

Figure 2.65: Differential pressures measured during secondary drainage in experiment
5. The pressure close to stady state is marked with a dashed black line.
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Figure 2.66: Differential pressures measured during secondary drainage in experiment
5.

Figure 2.67: Differential pressure plotted versus rate.

85

Summary
The end point fluid saturations for each process are tabulated in Table 2.20, all values
reported correspond to the highest flow rates (i.e. 50 ml/min). The highest CO2 saturation for
both primary and secondary drainage occurred at ambient temperatures (297K). Liquid CO2
has a higher viscosity than scCO2 (Table 2.20), thus viscous fingering was suppressed and
more brine was displaced at constant flow rate. Consequently the residual CO2 saturation was
higher for the ambient temperature experiments: a higher initial non-wetting saturation leads
to a higher residual non-wetting saturation (e.g. Gittins et al. 2010, Al-Mansoori et al. 2010,
Pentland et al. 2010,2011, Iglauer et al. 2011b); the residual supercritical saturation reached a
maximum of 0.22, which corresponds to a capillary trapping capacity of 4.00% (Iglauer et al.
2009,2011); note that the capillary trapping capacity is defined as porosity multiplied with the
residual CO2 saturation and quantifies how much CO2 a rock can trap by the residual trapping
mechanism.

Table 2.20: End point fluid saturations for each process (measured at the highest flow
rate). The saturations were averaged for the entire core for the drainage processes; for
the secondary imbibition the saturations were adjusted for the end effects, i.e. the
minimum Sw values were considered (see discussion in text).
Experiment

Secondary
Drainage

Primary Drainage

Forced Imbibition

Sw
[Frac]

SCO2
[Frac]

SW
[Frac]

SCO2,r
[Frac]

Ctrap*
[Frac]

SW
[Frac]

SCO2
[Frac]

2a

0.39

0.61

0.68

0.32

0.0752

0.38

0.62

3b

0.56

0.44

0.84

0.16

0.0376

0.49

0.51

4b

0.51

0.49

0.83

0.17

0.0400

0.47

0.53

5c

0.45

0.55

0.85

0.15

0.0360

0.44

0.56

a) 323K (50°C), 9 MPa
b) 323K (50°C), 10 MPa
c) 323K (50°C), 10 MPa
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*

Ctrap is the capillary trapping capacity (= porosity multiplied with the residual CO2
saturation) and quantifies how much CO2 can be stored by capillary trapping, Iglauer et al.
(2011b).

2.2.4: Discussion: one dimensional saturation profiles
In this section we review, compare and further discuss the 1D saturation profiles acquired for
the different experiments and experimental conditions.

Primary Drainage
In Figure 2.69 the PD curves are plotted against dimensionless core length for experiment 2
(low temperature, 297K - 24°C), left, and experiment 4 (elevated temperature, 323K - 50°C),
right.

a)

b)

Figure 2.69: One dimensional water saturation profiles plotted versus dimensionless
core length during primary drainage for a) experiment 2 (297K - 24°C, 9 MPa) and b) 4
(323K - 50 °C, 9 MPa).
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It is evident that Sw was generally lower for experiment 2 (for the same flow rates); this effect
was caused by the higher viscosity of the liquid CO2, which resulted in better sweep
efficiency and suppression of viscous fingering. As a consequence the capillary pressure –
water saturation curve is shifted to the left (Figure 2.70).

Figure 2.70: Capillary pressure – water saturation curves for PD, FI and SD floods in
experiments 2 and 4 (liquid CO2 versus scCO2).

Water flooding
Figure 2.71 displays the water saturation profiles for the FI curves for experiment 2 (low
temperature, 297K), left, and experiment 4 (elevated temperature, 323K), right. Again there is
a clear difference in water saturation levels and distributions: higher Sw were measured for
the elevated temperature, which is probably also caused by the lower viscosity of scCO2,
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which can be displaced easier with smaller viscous forces. In addition, the lower water
wettability of scCO2 (cp. section 7) is probably another reason for lower residual CO2
saturations (mixed-wet systems have lower residual saturations, e.g. Morrow 1990, Iglauer et
al. 2012a, Chaudhary et al. 2013, Tanino and Blunt 2013). The residual CO2 saturations were
similar at low flow rates, but significantly lower for the elevated temperature experiment at
high flow rates.

a)

b)

Figure 2.71: One dimensional water saturation profiles during forced imbibition verus
dimensionless core length for (a) experiment 2 (297K, 9 MPa) and (b) experiment 4
(323K, 10 MPa). Note that the Sw axes range from 0.5-1.0.

Secondary Drainage
Figure 2.72 displays the water saturation profiles for the SD curves for experiment 2 (low
temperature, 297K - 24°C), left, and experiment 4 (elevated temperature, 323K - 50°C), right.
Sw was higher for the elevated temperature experiment, as the brine accumulated during
waterflooding could not be displaced as easily as in the low temperature CO2 flood because
of lower sweep efficiency and increased viscous fingering. This is also reflected in the clear
maximum in Sw in the elevated temperature experiment, an indication of the lower water
displacement efficiency of scCO2. The maxima in Sw arose from the low CO2 injection rates
which did not completely displace the mobile water from the plug during the experimental
time.
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We also note that for both cases the final primary drainage and secondary drainage saturation
profiles were similar, Figure 2.72, although slightly lower water saturations throughout the
cores were measured for secondary drainage.

Figure 2.72: One dimensional water saturation profiles during secondary drainage
versus dimensionless core length for (a) experiment 2 (297K - 24°C, 9 MPa) and (b)
experiment 4 (323K - 50°C, 9 MPa).

2.2.5: Discussion: three dimensional saturation maps
In this section we present visualizations of the flooding processes in 3D. Such 3D phase
distribution maps further elucidate the underlying physical phenomena and give a good
insight into the fluid dynamics examined. We distinguish liquid CO2 and scCO2 floods as
their flooding behaviour was significantly different.

Liquid CO2 injection
A baseline experiment was performed at ambient temperatures (297K - 24°C), with
equilibrated fluids, to investigate the effect of temperature on the fluid flow behaviour.
Figures 2.73, 2.74 and 2.75 show primary drainage, forced imbibition and secondary
drainage, respectively. The primary drainage images illustrate a fairly homogeneous water
distribution after each increase in flow rate, although the water saturation was slightly higher
in the centre of the core, and lower on the sides of the core. This might have been caused by
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slight heterogeneities in the pore space. Furthermore a gravity override effect is visible during
early development of a high-CO2 saturation flow path on the topside of the core.

Experiment 2 – Primary Drainage

Figure 2.73: Visualization of 3D water saturation maps in the core during primary
drainage (injecting CO2 from the right side). For each flow rate, approximately 1.3 PV
of CO2 were injected. The orthoslices show the phase distributions by colormapping,
blue indicates low water saturation whereas red indicates high water saturation. An
isosurface (yellow) visualizes a threshold of 0.9, representing the areas with high water
saturation (above 90%).

At low positive capillary pressures (low CO2 injection rates, 1mL/min and 2 mL/min) only
25-37% of the water was displaced and a homogeneous water distribution was observed. At
5mL/min CO2 flow rate, however, almost half of the water was displaced and at 10mL/min
55% of the water was displaced; and water accumulated more at the outlet. The capillary
pressure thus had a significant impact on Sw as expected (e.g. Anderson 1987a, Pentland et al.
2011).
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Experiment 2 – Forced Imbibition
The waterflood significantly increased Sw, at low water injection rates (1 and 2 mL/min) to
∼67% and to 73-78% at 10-50mL/min. We conclude that the residual CO2 saturation SCO2,r is
a function of the negative capillary pressure applied; SCO2,r dropped from 33% at low water
flow rates to 22% at high water flow rates (and thus lower negative Pc), which is a significant
drop with a strong impact on the capillary trapping capacity Ctrap (Iglauer et al. 2011b), which
was reduced from 7.75% to 5.17%. In a reservoir flow rates are typically low, so higher
residual CO2 saturations can be expected. As expected Sw was very high at the inlet due to the
discontinuity in capillary pressure.

Figure 2.74: Visualization of 3D water saturation maps in the core during forced
imbibition (injecting CO2-saturated brine from the left side). For each flow rate,
approximately 1.3 PV of brine were injected. The orthoslices show the saturation
distributions by colormapping, blue indicates low water saturation, red indicates high
water saturation and green indicates intermediate water saturation. An isosurface
visualizes a threshold of 0.9, representing the areas with high water saturation (>90%).

Experiment 2 – Secondary Drainage
During secondary drainage, the flow pattern corresponded to the one observed during
primary drainage, but an overall lower Sw was measured. This effect was prominent for the
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entire range of injection rates and suggested that alternate flooding would be useful to
increase initial CO2 saturations and thus sweep efficiency and residual trapping.

Figure 2.75: Visualization of 3D water saturation maps in the core during secondary
drainage (injecting CO2 from the right side). For each flow rate, approximately 1.3 PV
of CO2 were injected. The orthoslices show the distributions by colormapping, blue
indicates low water saturation whereas red indicates high water saturation. An
isosurface visualizes a threshold of 0.9, representing the areas with high water
saturation.

Supercritical CO2 injection

Experiment 4 – Primary Drainage
Figure 2.76 illustrates that CO2 created a preferential flow path on the top side of the core and
primarily displaced brine in the outer radial volume of the core sample. The middle of the
core had the highest water saturation which increased towards the outlet. An isosurface with
threshold Sw = 0.8 is shown (yellow), indicating the locations of the highest water saturations.
The 3D profiles at 20mL/min and 50mL/min demonstrate that there were two main areas
which resisted CO2 flow; this indicates slight rock heterogeneity. The CO2 saturations were
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quite low at 1mL/min flow rate (10%), but strongly increased with higher capillary pressures
(to ∼50% at 50mL/min CO2 injection rate)

Figure 2.76: 3D saturation maps of primary drainage of a core sample during scCO2
injection, experiment 4. CO2 was injected on the right side, displacing CO2 saturated
brine from the core. Approximately 1.3 PV of CO2 were injected for each flow rate and
then CT scans were taken. Note that the water saturation was higher in the middle of
the core and a relatively high water saturation remained in the centre close to the outlet.
The isosurface threshold is set to 0.9 to show the distribution of the high water
saturations in the core.

Experiment 4 – Forced Imbibition
After primary drainage, chase water was injected in order to measure the FI capillary
pressure-Sw curve and to evaluate residual CO2 saturations. On the medicalCT images we
quantified the 3D CO2 saturation map, Figure 2.77. The first image shows the saturation map
after ∼1.3PV of brine had been injected at a low rate (1ml/min) (note: brine was injected from
the left). Sw increased significantly to 76%; Sw increased further with increasing brine flow
rate (= higher negative capillary pressures) to 88% at 50mL/min brine flow rate. SCO2 was
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higher in the outer radial volume, because the initial CO2 saturations were higher in these
areas.

Figure 2.77: 3D saturation map of the core after secondary imbibition in experiment 4
(CO2 saturated brine was injected from the left side). Note that the water saturation
increased first in the centre of the core, while the highest remaining CO2 saturations
were measured on the edges of the core. An isosurface, with a threshold of Sw = 0.9
visualizes the higher water saturations in the plug.

Experiment 3 - Forced Imbibition – unsteady flow: CO2 displacement process (1 ml/min flow
rate)
Figure 2.78 displays the evolution of water saturation during forced imbibition with time
(water injected from the left side). Initially only at the outlet Sw was high (because of the end
effect), and the average Sw was ∼50%. Sw significantly increased by injection of only 0.07PV
(plus 6% in average Sw), and Sw further strongly increased when small additional increments
of water (∼0.1PV) were injected. We conclude that injection of small amounts of water will
strongly increase Sw and should thus be very efficient in terms of enhancing residual
trapping. We also note that during the first 0.23 PV of brine injected, only CO2 was produced.
Further injection of brine resulted in minor changes in Sw, and after 1.3 PV of brine were
injected, the water saturation reached 0.75. The fluids were - apart from the end effect at the
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outlet - distributed quite homogeneously, although a minor elevated water saturation level
was measured in the center of the core.

Figure 2.78: 3D phase saturation maps visualizing water distributions changing during
brine injection in the secondary imbibition flood (1mL/min, experiment 3, brine was
injected from the right side of the core). The high water saturation at the outlet was an
artefact stemming from the primary drainage process (end effect). An isosurface, with a
threshold of Sw = 0.9 visualizes the higher water saturations.

Experiment 5 – Primary Drainage
Figure 2.79 shows the CO2 saturation profile for the primary drainage process; as expected
significantly higher CO2 saturations were achieved at a higher flow rate (→ higher capillary
pressure).
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Figure 2.79: 3D water saturation maps of primary drainage of a core sample during
scCO2 injection, experiment 5. CO2 was injected on the left side, displacing CO2
saturated brine from the core. Approximately 1.3 PV of CO2 were injected for each flow
rate and then CT scans were taken. The isosurface threshold is set to 0.9 to show the
distribution of the high water saturations in the core.

Figure 2.80 shows the CO2 saturation profiles for the forced imbibition flood. Now the
residual CO2 saturation strongly decreased with a higher brine flow rate, from 35% at
1mL/min to 16% at 50 mL/min. It appears that highly negative capillary pressure can
significantly reduce residual CO2 saturations.
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Figure 2.80: 3D water saturation maps of forced imbibition of a core sample during
scCO2 injection, experiment 5. CO2 saturated brine was injected on the left side,
displacing CO2 from the core. Approximately 1.3 PV of CO2 were injected for each flow
rate and then CT scans were taken. The isosurface threshold is set to 0.9 to show the
distribution of the high water saturations in the core.

2.3

Corefloods - Conclusions

The corefloods indicated that CO2-wettability of clean sandstone is weakly water-wet at
storage conditions. This is consistent with the NMR (section 3) and μCT (section 4)
corelfoods, and contact angle measurements (section 7) and we thus have high confidence in
these results. The coreflood tests also indicated that substantial amounts of residual CO2
saturations were achieved, although this value strongly depends on initial CO2 saturations and
therefore capillary pressure. The CO2 saturation at zero capillary pressure was estimated as
∼40%, which indicates substantial trapping even without forced waterflooding. Furthermore
CO2 spreading in 3D was observed with medicalCT, and it is clear that liquid CO2 behaves in
a significantly different manner compared to scCO2: liquid CO2 has a higher sweep efficiency
than scCO2 because of its higher viscosity. This results in a higher initial CO2 saturation and
thus also in a higher residual CO2 saturation. We also observed a larger gravity override for
scCO2, because the density contrast scCO2-brine is larger than for liquid CO2-brine.
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3.

Nuclear Magnetic Resonance Measurements

Nuclear magnetic resonance (NMR) was employed as an additional, independent
technique to add greater depth to the results obtained and to gain more confidence in terms of
the wettability and residual trapping conclusions. The following objectives were pursued:
•
•

•
•
•

The use of NMR T2 distributions to measure the water-occupied pore size distribution
before, and after, CO2 rock plug flooding. This required consideration of the
methodology used to include consideration of both water-rock interfaces as well as
water-CO2 interfaces.
Use of NMR to assess CO2-wettability during drainage and spontaneous imbibition.
NMR based investigations of the stability of residually trapped CO2.
Use of NMR to measure contact angles and interfacial tension.

3.1

NMR background theory

NMR is a phenomenon that involves using the magnetic moments of individual nuclei
(in the work presented here, hydrogen nuclei in water molecules were used exclusively) to
study macroscopic samples. The background of NMR will not be discussed further here but
can be found in many textbooks, (e.g. Levitt 2008, Callaghan 1991). This study
predominately used spin-spin T2 relaxation to study the water contained within porous media.
T2 relaxation occurs after excitation of the magnetic moment of the spins from equilibrium
and proceeds through energy exchange between the nuclei themselves and between the nuclei
and the surrounding environment; in the systems studied here this is predominately the
surfaces of the porous media (rock cores). The T2 relaxation time of freely diffusing water (no
surface interactions) is typically of the order of 2 seconds. The mechanism for increased T2
relaxation that is utilized in this study is what is known as surface relaxivity. When the nuclei
encounter an interface, either of a solid surface or a gas bubble, there will be energy
interactions between the nuclei and the interface which will cause the magnetic moment to
relax faster than within the bulk water. In saturated porous media, this increased relaxation
can be related to this surface to volume ratio (S/V) of the porous media via the equation
(Kleinberg et al. 1994, Brownstein and Tarr 1979):

S
1
=ρ
T2
V

(3.1)
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where ρ is the surface relaxivity of the porous medium and is generally assumed to be
constant. For a rock with a range of pore sizes, there will be a distribution of T2 times
measured that will then correspond to the range of the S/V of the pores (for an idealised
spherical pore this ratio will equal 3/a where a is the pore radius). The T2 distribution is
extracted from the T2 decay data via a numerical inverse Laplace transform.
Surface relaxivity is a parameter that is difficult to measure independently and the
value that is obtained will be dependent on the technique used to obtain the S/V ratio. For
example, literature such as Hurlimann et al. (1994) uses nitrogen adsorption to obtain the S/V
ratio (from which ρ is determined), which is well known to resolve very small pores because
the molecules of gas are able to access all of the pore structure. Studies such as Talabi et al.
(2009), which uses µCT scans to estimate the S/V, are limited by resolution and therefore
obtain a slightly higher value for the surface relaxivity, ρ. Here we employ µCT scans to
determine ρ for the rock cores studied and extend the methodology so that the ρ value
relevant to the CO2-water interface can also be estimated.
1,2 and 3D imaging (using MRI) of the cores (and fluid dispersions) was also employed and
are detailed in the relevant sections below.

3.2

NMR Methodology, Equipment and Samples

1.5 inch or 1 inch diameter, 70 mm long sandstone rock plugs from various sources
were employed. NMR Measurements were performed with a variety of NMR and peripheral
core flooding hardware:
(1) A Cambridge 12.7 MHz Oxford Instruments NMR spectrometer equipped with an
Ergotech NMR-compatible core holder accommodating a 1.5 inch diameter sandstone plug.
The system features temperature control over the confining fluid. Temperatures up to 50 °C
and pressures up to 120 bar are accessible. 3D imaging is possible. The system is shown in
Figure 3.1.
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Figure 3.1: NMR Magnet, control, r.f. and magnetic field gradient hardware in
background. Bi-axial core flooding supports on either side of the magnet are
visible
(2) A core labs NMR-compatible core holding system which was integrated with a
Magritek 2 MHz rock core analyser. This is collectively shown in Figure 3.2.

Figure 3.2: Core Labs core holding system. a) Disassembled NMR compatible core
holder (described further in the text). b) confining fluid recirculation system. c) core
holder within the 2 MHz NMR magnet.

The core holder (Figure 3.2a) consists of the fluoroelastomer AFLAS core sleeve, two
floating distribution plugs, a PEEK inner sleeve which contains the confining fluid, and a
PEEK outer sleeve which contains the overall pressure of the system and is rated up to 300
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bar maximum operating pressure. The recirculation pumping system (Figure 3.2b) contains a
recirculating pump which uses a hydraulic pump to pressurize the system and a heat
exchanger and temperature controller which is rated up to 200oC maximum operating
temperature. A fluorinated oil (Fluorinert FC-70, 3M) is used as the confining fluid, as a fluid
that does not contain hydrogen is needed to ensure that any NMR signal that is received
comes from within the core system and is not affected by the confining pressure. This system
has an outer diameter of 51 mm and is compatible with the UWA Magritek magnet operating
at 2 MHz (0.05 T) (Figure 3.2c); it accommodates rock plugs of 1 inch diameter and a length
up to 60 mm.
The final injection system (shown in Figure 3.3) consists of a series of three-way
valves which allow core flooding to occur in either the upward flow direction or downward
flow direction; in addition, we have allowed for injection of two gases or one gas and the
injection of water. The system currently contains two ISCO pumps, one for injection of CO2
and one for collection of CO2 and water. The collection pump is used as a back pressure
regulator as well as for collection of the outlet process fluids. The final assembly is shown in
Figure 3.3.

Figure 3.3: Fully assembled NMR compatible core flooding system.
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In order to both isolate the rock plug sample from the confining fluid and ensure that
the process fluids pass through the core structure and do not bypass around the plug, it is
important that the materials used create a good seal with the surface of the plug and are
impermeable to the process fluid, as well as capable of containing the pressure of the
confining fluid. Model rock plugs (when used) are typically first cleaned with
dichloromethane to ensure that there is no residual water or oil in the pore structure, dried at
60oC for at least 12 hours, then saturated with distilled water after vacuuming for at least 12
hours. The excess water is then removed and the core is wrapped before insertion into the
core holder. The current procedure used is to first wrap the core in a layer of gas
‘impermeable’ Teflon tape, then wrap with a layer of 200 μm PEEK plastic tape, then insert
the core into an AFLAS sleeve, onto which the confining fluid pressure is applied. PEEK
tape is used as the isolating layer between the water and the CO2 and the AFLAS sleeve.
AFLAS and other plastics are known to swell when exposed to CO2. PEEK is effectively
impermeable to CO2. Extensive tests have shown that this system of core wrapping is
sufficient to ensure that the gas does not corrupt the AFLAS sleeve – such corruption
presents both operational and safety implications when the system is de-pressurised. The
PEEK wrapping procedure is thus an essential development. A sample plug is shown in
Figure 3.4.

Figure 3.4: Berea sandstone one inch diameter rock sample and core wrapping
procedure. The core is then placed in an AFLAS sleeve which both isolates the core
from the confining fluid and ensures that the process fluid is transported through the
core and does not channel around the core.
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3.3 Preliminary measurements at ‘low’ Pressure
To develop the methodology and our aptitude operating the core flooding equipment,
a series of core flooding measurements using NMR were executed at pressures below the
supercritical point.
A 1.5 inch diameter, 70 mm long Berea sandstone rock plug was saturated with CO2
at a pressure of 15 bar. The core was contained in a NMR-compatible core holder with a
confining fluid pressure of 30 bar. This was followed by the injection of water at a pressure
of 20 bar and a Darcy velocity of 1 mms-1. The water was pre-saturated with CO2. This
injection process was continued until no gas bubbles were observed to emerge from the rock
core for a period of at least 10 minutes. The NMR measurement protocol outlined below was
then enacted on this partially saturated core. The core was subsequently subjected to degassed
water injection in-situ (for a period of one week) to remove all remaining CO2 by dissolution.
This was to allow for a fully water-saturated core for comparison purposes. The NMR
measurement protocol was then enacted on the water-saturated core.
The NMR measurement protocol (note signal is received only from the water content
of the cores) consisted of:
(a)
3D imaging of the core, employing standard spin-echo MRI (as described in
Callaghan, 1991), at a spatial resolution of (310 μm)3. Note this employed a high resolution
MRI tomograph.

NMR T2 relaxation measurements were performed for both the partially and fully saturated
core and confirmed that less than 0.8 % of the original signal was lost in the 3D image due to
relaxation effects. By subtracting the partially saturated core image from the fully saturated
core image, we are able to produce 3D CO2 residual saturation maps/images of the cores.
The core was left in-situ, as mentioned above, such that alignment of the images is retained.
In the event that this is not the case, alignment to the voxel resolution is possible using
judiciously placed reference tubes on the perimeter of the core holder.
(b) NMR T2 distributions were acquired – as mentioned above, these can be related to pore
size (radius – a) by calibration of the surface relaxation coefficient, ρ, (Kleinberg, 2007)
using eqn 3.2:
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1

𝑇2

≈

3𝜌

(3.2)

𝑎

This methodology is widely employed in NMR rock core/plug analysis as well as in NMR
logging tools. ρ for Berea sandstone is widely reported to be 15 µm/s (Hurlimann et al.
1994). CPMG NMR signal relaxation measurements were inverted to produce T2
distributions using in-house inversion software (written in Matlab, validated by several
academic groups and sold to industrial users). These distributions were subsequently
converted into pore size distributions using equation 3.2. These CPMG measurements are
comparatively quick (< 5 minutes) and sample the entire core plug.
Figure 3.5 shows the CO2 saturation maps (2D slices extracted from the 3D image) as
captured via the above described subtraction method of water signal maps. The % values
shown refer to the fraction of the pore space in the individual voxels ((310 μm)3 occupied by
CO2. These could be converted into absolute saturation values by calibrating the original
fully saturated water signal against an equivalent water-filled bolus. The ‘CO2 clusters’ are
trapped by capillary forces and occupy pores whose dimensions are significantly below the
resolution of the MRI technique employed. A relatively even distribution of CO2 is however
evident with some preferential entrapment towards the top of the core (3rd slice). This is
probably a gravitational effect as the flooding was conducted with the cores in a horizontal
orientation in this experiment only. The resolution of these MRI images is NOT competitive
with what µCT can deliver – however it is a valuable assist when interpreting the T2
distributions (as will be presented now) predominately in terms of ensuring no bulk
heterogeneity in spatial CO2 entrapment. Figure 3.6 shows the water-occupied pore size
distribution for the core, as determined using the NMR methodology outlined above, with
and without CO2 present. The areas of the peaks have been normalised. What is immediately
obvious is that the CO2 is occupying the larger pores (the peak between 1 and 10 microns is
substantially reduced when CO2 is present), as would be expected if the sandstone is waterwet.

105

CO2
Residual
Saturation
(%)
Figure 3.5: 2D slices of residual CO2 maps acquired with MRI. Core diameter is
38.1mm and image resolution is (310μm)3.
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Figure 3.6: Water-occupied pore size distribution for the standard Berea plugs (porosity
20.43%, permeability 463mD) fully and partially water saturated.
Core flooding is a way to study wettability of rocks by analysing the amount of
residual saturations under different capillary pressure conditions (for example Morrow 1990,
Iglauer et al. 2010a, Iglauer et al. 2012a, Pentland et al. 2011, Sarmadivaleh and Iglauer
2014). Cores are initially saturated with brine, flooded with CO2, analysed for residual
saturation, then flooded with brine again to analyse the amount of CO2 which remains
trapped within the pore structure of the rock due to capillary forces. NMR is sensitive to the
amount of water (brine) within the system as well as being sensitive to the size of the pores
which retain the water, and is thus a powerful tool to analyse these systems (Talabi et al.
2009, Talabi and Blunt 2010).
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An essential unresolved question is to what effect the value of ρ in equation 3.1 and
3.2 depends on the relative amount of water-CO2 and water-rock material interface as this
directly impacts on the conversion of the T2 distribution into a pore size distribution. This
necessitated the following systematic study:
A mono-dispersed bead pack of 90-106 µm borosilicate glass beads was constructed
using a PEEK cell of 25 mm inner diameter. The beads were wet-packed with distilled water
and initial measurements were then taken. Carbon dioxide at room temperature and pressure
was then flooded through the pore structure of the bead pack (porosity 34%), with an
µV
approximate dimensionless capillary number (Nc) of 0.0015, where N c =
and µ is the

γ

dynamic viscosity of the liquid, V is the velocity of the liquid, and γ is the interfacial tension
between gas and liquid. This resulted in a residual water saturation of 34%, after which NMR
T2 measurements were taken. Saturation was determined using the magnitude of the NMR
signal, which is proportional to the amount of water contained in the sample. Water was then
flooded back through the bead pack, resulting in a re-saturation value of 90%, and NMR T2
measurements were re-taken. The results are shown in Figure 3.7.

Figure 3.7: T2 distributions obtained before and after flooding a model glass bead pack
with CO2 at ambient temperature and pressure.

At 100% water saturation, the T2 of the bead pack (determined from the maximum of
the T2 distribution) is 1.25 s. After CO2 flooding, the T2 is reduced to 0.69 s. After water
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flooding, the T2 is 0.93 s. For this system, all of the water will be in pores which are the same
size, so the change in the T2 distribution is not due to residual water remaining in the small
pores. Rather the change in the T2 can be attributed to either increased relaxation caused by
interfaces between water and CO2 gas bubbles or the fact that water remains in the pore necks
of the structure and therefore in closer contact with the glass beads.
The same procedure was used to flood the bead pack with N2 rather than CO2, with
the results shown in Figure 3.8, the capillary number was 0.0015. In this case, the T2 does
not change as significantly with the different flooding conditions, indicating that the T2 is less
affected by the presence of nitrogen bubbles than carbon dioxide bubbles. The magnetic
susceptibility difference between carbon dioxide and water is an order of magnitude larger
than the difference between nitrogen and water (1.0x10-10 m3/mol versus 7.3x10-12 m3/mol,
(Hammond, 1986)). The magnetic susceptibility difference between the two phases results in
internal magnetic field gradients which cause increased T2 relaxation due to diffusion within
the gradients. The larger difference between carbon dioxide and water compared to nitrogen
and water may explain the different T2 effects seen in Figures 3.7 and 3.8. These experiments
show how the presence of the gas within the porous medium may need to be taken into
account when analysing the T2 distributions of rocks under different saturation conditions.
Also to be decided is whether this effect translates to measurements performed in rock core
plugs. In other words, can we neglect the CO2-water interface in terms of interpreting the T2
data from rock cores.

Figure 3.8: Similar experiment to Figure 3.7, but flooding with N2.
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In order to address this question, the following procedure was adopted. A 5 mm
diameter rock core (Doddington sandstone) was subjected to NMR analysis (both saturated
and following a CO2 flood) and X-ray micro CT analysis. The former of these – the NMR
measurements – are particularly challenging as the small sample presented poor signal-tonoise-ratio (SNR) for NMR measurements. Figure 3.9 shows sample µCT data from which
data analysis was used to extract out a S/V ratio based on pores. Pores are defined as in
Baldwin et al. (1996), briefly local minima in hydraulic radius define pore boundaries (as
shown for two selected pores in Figure 3.9(c). Also compare Ebrahimi et al. (2013).
The porosity of this small rock core sample was determined using helium pycnometry
to be 13.2% ± 0.7%. Using the CT image, the porosity was calculated to be 11.9%, which is
less than using pycnometry possibly due to the fact that a subvolume was imaged (∼
3.5mm)3, to obtain a high quality image and the sample was slightly heterogeneous (cp. Also
section 4.5) or possibly due to the resolution of the images (3.57 µm3) not being sufficient to
analyse the smallest pores. Using the NMR signal intensity, a porosity of between 13 ± 2%
was found – the source of this large variation following multiple repeats is almost certainly
the poor SNR given the comparatively small sample size.
T2 relaxation distributions were obtained for the exact same rock sample, as used in
the µCT studies above, saturated with water using a 20 MHz Bruker Minispec spectrometer,
shown as the solid line in Figure 3.10(a). The rock was then flooded with CO2 at ambient
temperature and pressure, resulting in a residual water saturation of 59% (determined by
gravimetric analysis), and the T2 distribution was re-obtained, shown as the dashed line in
Figure 3.10(a). The longer T2 peak corresponding to the larger pores of the rock decreased in
intensity, while the shorter T2 peaks corresponding to the smaller pores were similar before
and after flooding. This indicates that water stayed trapped within the smaller pores due to
capillary trapping and was richly indicative of a water-wet system.
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Figure 3.9: a) 2D slice through the 3D X-ray µCT scan data set. Gray represents the
rock matrix, black is the pore space, and the bright white regions represent areas of
increased relative radio-density. The full 3D image is 1080 pixels x 980 x 980 with an
isotropic resolution of 3.57 µm. b) Pores after segmentation and filtering of the image.
The colours represent the different pores. c) Example of two pores (left pore: blue,
right pore: red; they are joined together) and the tessellation of the surface area used to
calculate the surface to volume ratio. d) Surface to volume ratio, weighted by the total
volume using three different methods for obtaining the surface area.

110

Using the maximum of the surface to volume ratio of the pore structure found using
the µCT scan, for both saturated and CO2 flooded samples, the surface relaxivity parameter
ρ is directly determined and applied to the T2 relaxation- data (Figure 3.10). By comparing
the maximum of the S/V distribution with the maximum of the T2 relaxation distribution, we
obtain a ρ of 17 µm/s, which is consistent with values reported for other sandstones in the
literature (Talabi et al. 2009, Hurlimann et al. 1994, Bryar et al. 2000). It is likely that this
slightly larger value is dictated by the limited µCT resolution which consequently
underestimates S. However it does suggest that the data is not being too adversely affected
by CO2-water interface effects of ρ, which would otherwise have been unreasonably large.
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Figure 3.10: a) T2 distributions for the Doddington rock sample before and after CO2
flooding at ambient temperature and pressure. b) Surface-to-volume ratio calculated
using equation 3.1 and the distributions in (a).

3.4

Measurements at Reservoir Conditions

Core flooding measurements were performed with a 1.5 inch diameter Berea
sandstone plug (porosity 20.43%, permeability 463mD). The temperature was kept at 318K
(45 °C) and the pressure was ramped from 10 to 30 to 50 to 75 to 100 bar with measurements
performed at each pressure. The plug was initially flooded with CO2 saturated brine solution
(5 wt% NaCl, 0.5 wt% KCl in water), a T2 measurement was made, then the core was flooded
with CO2 at approximately 0.1 mm/s (superficial) until no observable reduction in water
NMR signal was observed (hence a drainage process; capillary numbers varied between 1.05
x 10-6 – 2.38 x 10-6). The T2 measurement was then repeated. The core was then flushed
overnight with water to remove all residual gas (this was checked using profiles at different
levels of pressure – in the absence of CO2 gas, these are identical) and the next pressure set of
measurements commenced. Figures 3.11 (a) and (b) below show the T2 distributions obtained
at pressures of 10 and 100 bar respectively, both for fully saturated and partially saturated
cores. What is evident is that they look very similar but that at the higher pressure there is a
greater residual saturation and that it tends to occupy slightly larger T2 (pore size) spaces.
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Figure 3.11: T2 distributions before (fully water saturated) and after CO2 injection
(residual water)) for measurements performed at 318K (45°C) and pressures of (a) left:
10 and (b) right: 100 bar.
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The T2 (pore size) distributions left after CO2 injection are dictated by the relative
contribution of viscous forces (due to displacement velocity) and capillary forces (dictated by
both interfacial tension and contact angle). The core floods were conducted in a vertical
orientation such that density effects would have led to earlier breakthrough and increased
residual saturation at lower pressures. Comparing the T2 distributions at different pressures is
complicated by the fact that it is difficult to ensure exactly constant residual saturation at
different pressures largely as a consequence of pressure drop fluctuations whilst attempting to
maintain a constant flooding velocity. In terms of a fair comparison we determined the mean
value of T2/residual water saturation and plot it in Figure 3.12 as a function of pressure. The
normalisation by residual saturation is designed to account for the variation in residual
saturation between the different pressures such that the mean T2 value of the residual fluid
could be effectively compared. As the system gets less water wetting (due to increases in
contact angle) coupled with any reductions in interfacial tension, we expect the mean T2
value of the residual water to increase as it will start residing in larger pores.
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Figure 3.12: Pore occupancy changes indicative of wettability as a function of pressure

113

Figure 3.12 indicates that the wettability or/and interfacial tension of the system are reducing
as pressure is increasing - this effect is most evident at lower pressures. Higher interfacial
tension and greater water-wettability would result in residual water occupying progressively
smaller pores (and hence smaller values of T2) when compared at the same saturation levels.
To validate these results, the measurements were repeated with an alternative source
of Berea Sandstone. The only other change was to perform the CO2 flooding at a higher
velocity – 0.25 mm/s superficial velocity (Nc number hence varied from 2.8 x10-6 - 6.0 x106
).
The data, as presented in Figure 3.13, is consistent with the arguments above. There
is a small but persistent increase in T2 distribution as pressure is increased. Clearly the data
indicates that water wettability and/or interfacial tension is reducing with pressure increasing.
Higher interfacial tension and greater water wettability (smaller water contact angles) would
result in otherwise equivalent residual water occupying statistically smaller pores (and hence
smaller values of T2) when compared at the same saturation levels. We believe this
measurement has significant potential as a quantitative indicator of wettability in rock
cores/plugs, including with respect to the presence of CO2.
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3.5

Drainage/Imbibition: NMR experiments at Reservoir Conditions

Core flooding of CO2 was then performed on a brine saturated Berea core and followed
by spontaneous imbibition. Conditions were consistent and held at 100 bar and 45°C. The
following experimental procedure was employed in order to systematically probe the change
in both water saturation and pore size distribution occupied by water during the initial
drainage experiment followed by the spontaneous imbibition of the brine solution (5 wt%
NaCl, 0.5 wt% KCl in water) applied at the plug inlet bottom (the core is orientated in a
vertical direction). The following procedure was employed:
(1) CO2 saturated brine solution was prepared at the relevant conditions.
(2) The plug was saturated with brine (no CO2 saturation preparation) at room pressure
(dissolving an initial flush solution of CO2) and then elevated to the operating T-P
conditions (100 bar and 45°C), the plug was subsequently flushed with the saturated brine
(hereafter simply referred to as brine). Complete brine saturation was checked from MRI
1D profiles acquired at different pressures. In the absence of trapped gas, these profiles
are identical.
(3) Supercritical CO2 was then pumped through the core as rapidly as possible using an ISCO
pump (this flowrate increased gradually as water was displaced). Water saturation in the
core was monitored as a function of time (and hence pore volumes (PV) of ‘flushing’
CO2) using NMR spectroscopy. The process was stopped once there was no discernible
change in saturation between two consecutive measurements.
(4) A high resolution NMR T2 (pore size) distribution was then measured for the plug – this
probes only the water occupied pores.
(5) Brine solution was then carefully pumped into the inlet of the cell and hence spontaneous
imbibition was commenced.
(6) During spontaneous imbibition, water saturation was periodically measured.
(7) On (apparent) completion of spontaneous imbibition, a high resolution NMR T2 (pore
size) distribution was re-measured.
The change in saturation of the plug during drainage is shown in Figure 3.14, as a function of
pore volumes injected. The exponential change is as expected. The duration to reach the final
saturation is somewhat surprising. Figure 3.15 shows an assembled saturation profile of the
102 mm long plug after completion of the drainage process – within the constraints of the
resolution employed (1 mm at the fringes, 10 mm in the bulk) – there is no obvious increase
in saturation towards the entrance and exit of the plug. The greater scatter near the entrance
and exit are a consequence of the finer spatial resolution (1 mm) employed in these regions
with the intention of probing more thoroughly any entry/exit deviations.
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drainage flood.
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Figure 3.16 shows the high resolution NMR T2 (pore size) distributions for the initial water
saturated plug, the water occupied pores following drainage and the water occupied pores
following spontaneous imbibition. Drainage results in a distinct loss of water from the larger
pores indicative of the core being very water wetting (consist with previous results).
Following spontaneous imbibition, preferential occupation is observed of the comparatively
smaller pores. The nature of this reoccupation is a clear indicator of water wettability.
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Figure 3.16: T2 (pore size) distributions of water occupied pore space for the initially
fully saturared plug, following drainage (using CO2) and following subsequent
spontaneous imbibition.
The above experimental protocol was repeated on a new Berea Sandstone plug, with
T2 measurements acquired periodically and recorded at specific pore volume injections. This
was performed initially with injection of CO2 until a residual water saturation was achieved
(drainage) followed by injection of water (from the opposite end of the plug) until a residual
CO2 content was attained. When drainage is occurring, there is a clear indication that the
residual water is residing in smaller pores, this is consistent with the imbibition process in
which injected water is observed to preferentially occupy the smaller pores first.
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Figure 3.17: T2 (pore size) distributions of water occupied pore space for the initially
fully saturated plug, following drainage (using CO2) and following subsequent
imbibition.

3.6

Stability of residually trapped CO2

A Berea sandstone (porosity 20.43%, permeability 463mD) plug was fully saturated
with CO2 at 100 bar and 45°C. This was subjected to water imbibition at a superficial
flowrate of 1 mms-1 until no change in saturation was observed (using NMR 1H spectroscopy
measurements). Hence we had residually trapped CO2 (in the form of ganglia trapped by
capillary forces) akin to that formed by a CO2 plume followed by injection of chase water.
This residually trapped CO2 was then monitored over a period of 3 months. The plug was
kept at 100 bar and 45°C and subject to continual flushing with brine (unsaturated with CO2)
at a superficial velocity of 0.001 mms-1. The intention was to use NMR to explore the
stability of the residually trapped CO2 as dissolution occurred. CO2 is soluble in the
surrounding water which in this experiment is continuously replenished. Saturation and, less
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frequently, T2 (pore size) distribution measurements were periodically acquired. A composite
profile of the saturation along the plug was acquired at three stages during the process.
Figure 3.18 shows how the saturation of the plug changes over time – clearly
dissolution of the CO2 is occurring resulting in an increase in water saturation. This is
significantly below CO2 saturation of the discharge water, which if saturated would have
consumed all the residual CO2 within two weeks. The system is clearly experiencing
significant mass transfer limitations. The T2 distributions (Figure 3.19) reveal the slight
preferential dissolution of CO2 in the smaller pores occupied by CO2. This is consistent with
preferential dissolution of CO2 ganglia which are smaller and feature larger surface-tovolume ratios – also indicative of a system controlled by mass transfer limitations. Figure
3.20 – the composite profiles, show minimal (although not negligible) preferential
distribution of the CO2 towards the top of the plug as a consequence of dissolution.
Dissolution rate is given by k.a(Csat - Cbulk), where k is a mass transfer coefficient, a is the
interfacial area between the CO2 and the aqueous phase, Csat is the maximum concentration of
dissolved CO2 in the aqueous phase (thermodynamically) and Cbulk is the local actual
concentration of CO2 dissolved in the aqueous phase. Provided a stays the same, Cbulk should
increase along the axial direction resulting in reduced dissolution rate. However two effects
reduce this:
(1)
The fluid leaving the core has a Cbulk that is at best only 3% of Csat. Thus
the concentration difference in practice only reduced by 3% (maximum)
along the core length – that’s less than the natural scatter due to porosity
variations. (3% is an upper estimate as we assume all the mobilised and
eluted CO2 is dissolved).
(2)
The CO2 ganglia are becoming mobilised and in some cases retrapped. This will, in net effect, cause a shift in CO2 from the bottom to
the top of the cell. Any such mobilisation is however reasonably small,
the residually trapped CO2 appears stable (not prone to significant
mobilisation over the parameter space explored) despite the significant
amounts of dissolution that occurred at the conditions studied.
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Figure 3.19: Change in T2 distribution before and after 21 days of dissolution of the
entrapped CO2 ganglia.
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Figure 3.20: Saturation profiles along the plug length (vertical direction) as a function
of dissolution time.
Berea and Fontainebleau sandstone plugs (1.5 inch diameter, 4 inch length; Berea:
porosity = 20.43%, permability = 463mD; Fonteinebleau: porosity = 15%, permeability =
91mD) were then fully saturated with CO2 at 100 bar and 45°C. This was subject to water
imbibition at a superficial flowrate of 1 mms-1 until no change in water saturation was
observed (using basic 1H NMR spectroscopy measurements). This residually trapped CO2
was then monitored over a period of 4 months. The plugs were kept at 100 bar and 45°C and
subject to continual flushing with brine (unsaturated with CO2 upon entry) at a superficial
velocity of 0.02 mms-1 (higher velocities incurred excessive expense). The intention was
again to use NMR to explore the stability of the residually trapped CO2 as dissolution
occurred. CO2 is soluble in the surrounding water which in this experiment is continuously
replenished. Saturation (bulk and spatially resolved) and, less frequently, T2 (pore size)
distribution measurements were periodically acquired.
Figure 3.21 shows how the saturation of the plug changed over time (120 days) –
clearly dissolution of the CO2 occurred resulting in an increase in water saturation (also
shown are the old data from above – Figure 3.18). Immediately evident is the consistency of
the Berea data with previous measurements indicating good reproducibility as well as the
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more rapid dissolution/CO2 removal in the Fontainebleu core samples. All ‘new’ samples
however asymptote to approximately the same residual CO2 saturation of approximately 0.15
over the time period studied. With the exception of the initial 3 days of dissolution of the CO2
from the Fontainebleau plug sample, calculation of the change of CO2 concentration of the
discharge water based on the change in CO2 saturation in the plug samples, indicated that the
process is mass transfer limited (i.e. the discharge flushing water does not leave the plug
completely saturated with CO2).
Figure 3.22(a) shows sample T2 distributions after 0, 21 and 100 days of flushing the
Berea cores. Figure 3.22(b) shows the increase in mean T2 with time for the Berea cores.
Both point towards the preferential dissolution of CO2 from smaller pores. Interestingly, there
appears to be an approximately linear increase in mean T2 (and hence mean pore size) with
time as CO2 is removed from the system.
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Figure 3.21: Change in saturation (water) as a function of flushing time.
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Figure 3.23(a) shows the evolution in the water distribution along the axis of the Berea core
as a function of time. We also plot how the water saturation at the end of the plug (80-100
mm) changes with time in Figure 3.23(b). What is immediately obvious is that CO2 is
preferentially removed from the entrance region of the cores. There is only a very modest
increase in saturation towards the exit of the core. In the absence of water saturation at the
exit (which we have proven not to be the case based on simple mass balances above), there
must be some CO2 distribution between the entrance and exit regions of the plug. i.e. CO2 is
being mobilised in the entry region of the plug and becoming trapped in the exit region of the
plug.
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Figure 3.23: (a) Water saturation profile for Berea core as a function of time
Saturation in the final 80-100 mm of the core (exit region) as a function of time.

(b)

This study has generated a vast amount of data given the time frame over which it was
executed. All results point to some, but not excessive mobilisation, of the entrapped CO2 as a
consequence of persistent dissolution (i.e. the CO2 bubbles partially dissolved, shrunk, and
were mobilised again. In terms of upscaling, future work should focus on modelling this
dissolution process – the physics are identical to previous work in which we modelled the
dissolution process (we have previous experience in this respect for oil ganglia trapped in
porous media (Johns and Gladden 2001)) such that via comparison with the experimental
data we can quantify how mobile the CO2 becomes as dissolution reduces the trapped ganglia
volumes. This is broadly essential information to considerations of the long term stability of
residually trapped CO2.

3.7

Measurements of Contact Angle and Interfacial Tension using MRI

Axisymmetric drop shape analysis (ADSA) is a technique for the measurement of
interfacial properties in two-phase immiscible fluid systems (Hoofar and Neumann 2006;
Rotenburg et al. 1983; del Rio and Neumann 1997). It involves fitting to an experimental
profile of the shape of a drop or bubble of one of the phases in the other with a theoretical
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curve, the shape of which is determined by capillary and buoyancy forces. Conventionally,
optical imaging techniques using either sessile drop or pendant drop tensiometry are used to
obtain these profiles; this is not possible however for systems where the continuous phase is
opaque. MRI is suitable for such systems as it has the advantage of being able to probe
optically opaque samples in a non-invasive way. However, the acquisition of useful droplet
images using MRI is more challenging compared to optical techniques due to limited spatial
resolution of the order of tens to hundreds of microns per pixel and long image acquisition
times compared to optical techniques. The method used for ADSA is described in detail in
(Rotenburg et al. 1983), but the basic theory is outlined here.
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Figure 3.24: Schematic of a non-wetting sessile drop, used to illustrate the coordinate
system used.
Figure 3.24 shows a theoretical profile of a sessile drop immersed in a bulk immiscible fluid
phase. When the principle radii of curvature, R1 and R2, of the interface between the two
fluids are sufficiently large, the pressure difference, ∆P, across the interface can be described
by Laplace's equation of capillarity:

 1
1 
 = ∆P
+
 R1 R2 

(3.3)

γ ij 

where γij is the interfacial tension between two fluids i and j. For a sessile drop at rest on a
horizontal surface the only external force acting is gravity, hence ∆P is a linear function of
buoyancy according to
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∆P = ∆P0 + (∆ρ )gz

(3.4)

where ∆ρ is the density difference between the two fluids, g is the acceleration due to
gravity, z is the vertical height, and ∆P0 is the pressure difference at z = 0.
Due to the symmetry of the droplet the three-dimensional interface between the two fluids
can be described using the two-dimensional profile shown in Figure 3.24; mathematically, it
is convenient to represent the curve in parametric form, in terms of the arc length from the
origin, s, and the turning angle θ, such that the following geometric identities hold:

dx
= cos θ
ds

(3.5)

dz
= sin θ
ds

(3.6)

By definition, the rate of change of θ with respect to s is

1 dθ
=
R1 ds

(3.7)

Using equations 3.3, 3.4 and 3.7, and substituting these definitions, yields:

dθ
2 (∆ρ )g
sin θ
z−
=
+
x
ds R0
g ij

(3.8)

This equation (3.8), along with Equations (3.5) and (3.6), form a set of differential equations
for x, z and θ as a function of s, subject to the boundary conditions x(0) = z(0) = θ(0) = 0.
Simultaneous integration of these three equations gives the shape of the drop for a given R0
and ∆ρ/γij. For a given pair of liquids ∆ρ is known or can be measured, so calculation of the
curve enables determination of γij. The value of g was taken as 9.81 m s-2. For this project a
Matlab © function was developed using finite element techniques to solve the set of
equations numerically.
A polyether ether ketone (PEEK) cell was constructed that is capable of holding pressures up
to 120 bar. The cell is closed on one end and is connected to a HPLC injection pump on the
other end. The cell was filled with either distilled water or CO2 saturated distilled water. A
bubble of either N2 or CO2 was then formed, with the bubble as an inverted sessile droplet in
contact with the top of the PEEK cell. Figure 3.25 shows a schematic of the set up along
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with 2D images of a N2 bubble in water shown as an example of the images obtained.
Images were obtained using a 12.9 MHz Oxford Instruments Rock Core Analyzer with
gradients available in all three directions of approximately 0.3 T/M.

Figure 3.25: a) Schematic of the bubble chamber used to obtain MRI IFT data. b)
Images of an N2 bubble in water in the axial direction (left, resolution 0.15 mm x 0.2
mm) and transverse direction (right, resolution 0.15 mm x 0.15 mm).
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To validate the method of using MRI images to obtain profiles for ADSA analysis, a well
characterized system was first used: N2 gas bubbles with water as the surrounding fluid at
ambient conditions. The interfacial tension γN2,H2O. is known to be 72 mN/m (Chalbaud et al.
2009).
Each image in Figure 3.25(b) took approximately 18 hours to obtain, resulting in a
signal to noise ratio of about 4 between the signal within the bubble itself and in the
surrounding water. This challenging SNR is a consequence of the investigation of the use of
a bench-top NMR system as it is cheaper, more mobile and does not require cryogenic fluids.
An example of ADSA analysis of the bubble profile obtained from the axial image is shown
in Figure 3.26. Figure 3.26a shows the bubble in the chamber after image analysis was used
to detect the edges of the bubble. The signal to noise ratio of the image, along with the
limited resolution, yields profiles for these images as shown in Figure 3.26b. Three examples
of bubble shape curves are shown. The 2D images do not have enough resolution to see the
contact angle between the solid and liquid – a crucial parameter for obtaining precise
interfacial tension and indeed wettability measurements. The red and black lines show
profiles for γN2,H2O. of 72 mN/m and 85 mN/m, respectively; it is clear from the figure that the
two curves cannot be distinguished using this resolution. The green line in Figure 3.26b
shows analysis of the profile obtained by minimizing the difference between the data and the
fit. In this case, the width of the bubble is captured, but since the interface between the solid
and liquid is uncertain due to the signal to noise, the γN2,H2O. obtained is 100 mN/m, which is
significantly higher than expected.
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Figure 3.26: ADSA analysis using low-field MRI images. (a) Image from Figure 3.25
after an image detection method implemented in Matlab was used to define the bubble
profile. (b) Profile from the image in (a) (blue) compared to three different numerically
generated bubble profiles. (c) 1D profiles in the transverse directions (left) and in the
axial direction (right) of a different bubble. (d) An example of a numerically generated
bubble profile using the dimensions found in (c).

Since 2D images require time on the order of tens of hours, the use of 1D profiles was
explored, which requires total times of the order of minutes to hours. In this case, profiles of
the system with varying slice thicknesses in the plane of the measurement were obtained.
Challenges of using this method were that in order to obtain a high enough signal to noise
ratio to trust the data fitting, large slices had to be used. This however resulted in very small
changes between the surrounding fluid and the bubble. In order to overcome this challenge,
we began obtaining profiles of the chamber before a bubble was formed and thus comparing
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difference images to get the profile of the bubble. This method was also difficult due to the
fact that the magnetic field strength drifts slightly over the course of a day and causes there to
be slight distortions in the 1D profiles, further limiting the signal to noise ratio that was
obtained.
In order to use ADSA analysis of 1D profiles to obtain the interfacial tension, three
parameters must be specifically known, the height of the bubble, the diameter of the bubble,
and the total volume of the bubble. All three of these parameters must be known with a high
resolution in order to obtain precise γ values. Using the profiles shown in Figure 3.26(c) to
obtain these three parameters, a bubble profile for an γN2,H2O of 72 mN/m is shown. However,
it was calculated that an error of ± 10% in either the height, width, or volume led to errors in
the γ calculated of ± 20%.
After extensive experimentation, bubbles of CO2 (in CO2 saturated distilled water) were
produced and subjected to the pendant drop analysis at a range of pressures (cp. section 6).
Table 3.1 below shows the resultant values of γCO2,H2O measured.

1
10
20
50
75
100
Pressure
(bar)
53
48
44
37
27
Interfacial 55
Tension
(mN/m)
Table 3.1: CO2-water interfacial tension ata measured as a function of pressure.

The data in Table 3.1 is broadly consistent with existing literature (e.g. Georgiadis et al.
2010, Al-Yaseri et al. 2015a), however the error in the data produced was impossible to
quantify. To summarise, the comparatively (with respect to optical techniques) poor spatial
resolution of the NMR methodology employed, the requirement that the magnet system and
the droplet remain very stable over extended periods and the difficulties in ensuring the bulk
liquid phase (in significant surplus) remains saturated with CO2, particularly at elevated
pressures constitute the main challenges for this approach.
These challenges to using low-field MRI and the pendant drop method are significant. In
conclusion, further work using low field NMR/MRI (either 1D or 3D) to determine γ or
wettability values via drop shape analysis was not pursued as part of the current project.
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3.8

Conclusions

We have shown that relatively simple NMR measurements can be used to probe
wettability effects regarding CO2 occupation of rock cores. We established that the NMR
measurement of T2 could be considered as a measure of pore size distribution and was not too
severely distorted by gas-liquid interfacial effects. We observed that water occupied
progressively larger pores in rock cores containing CO2 and water as pressure was increased,
reflecting reduced water wettability and/or interfacial tension. We probed the evolution of
occupied pore size during imbibition and drainage with consistent results. We believe this
measurement has significant potential as a quantitative indicator of wettability in rock
cores/plugs, including with respect to the presence of CO2. Finally we conducted lengthy
consideration of the effect of dissolution on residually trapped CO2 in rock cores. This
revealed that the CO2 ganglia became marginally more mobile as their volume was shrunk as
a consequence of dissolution.
Overall the NMR results are consistent with the μCT results (see below), the corefloods
described in section 2, the interfacial tension measurements (section 6), and the contact angle
measurements (section 7): clean sandstone showed water-wet behaviour at storage
conditions.
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4

X-ray micro-computed tomography measurements

X-ray micro-computed tomography (μCT) is now an established technique for petrophysical
analysis and forms the basis of digital rock studies (e.g. cp. the recent reviews by Blunt et al.
2013, Wildenschild and Shepard 2013). Here we employed μCT to study how CO2 spreads in
the rock pore space at the pore-scale. This behaviour is of key importance (note that
wettability can be directly observed) as pore-scale fluid flow determines mesoscopic
(plug/core scale) and eventually reservoir-scale flow (and statics), Bear (1988). It is thus vital
that these phenomena are observed for fundamental understanding and to gain confidemce in
processes which previously could only be measured indirectly.
Specifically, in μCT, a sufficient number of x-ray radiographs of a specimen are acquired at
different (sample) rotation angles. From the radiograph image stack a 3D map of the relative
radiodensity is constructed (Stock 2009); which is essentially a high resolution 3D greyscale
image of the specimen. The greyscale tone depends here on the amount of x-rays absorbed by
the specific volume element (“voxel”). The μCT images in this project were acquired with an
Xradia Versa-XRM-T500 instrument at resolutions ranging from (0.62μm)3 to (3.4 μm)3, and
we examined a range of phenomena:
1. The pore morphology of the rocks and the distribution of minerals and clays in the
samples.
2. The CO2-brine fluid distributions at initial and residual saturation stages as a function
of pressure and temperature.
3. The heterogeneity of a wide range of geological materials.

4.1

Image Processing

Image Processing steps are required to quantify the data in the greyscale images. As these are
16bit images, 256 greyscale tones are possible, and typically many greyscale tones are
recorded (and presented in histograms, see below), while the material itself consists only of
solid, water and CO2. The image processing algorithms remove noise (caused for instance by
small variations in thermal, x-ray or CCD element stability), and segment the images (into the
three phases solid, water, CO2). This is not a trivial task although nowadays standard
commercial software is available with which processing is reasonably easy. The key
challenge is to remove noise and find good segmentation thresholds without losing too much
(“real”) data – data loss, however, is unavoidable as we reduce a variability of 256 to 3.
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4.1.1. Filtering, segmentation and generation of isosurfaces - Berea sandstone standard
sample
A cylindrical µCT image of a dry (air saturated) Berea Sandstone sample (plug length =
10mm, core diameter = 5mm; image length = 3.4mm, image diameter= 3.4mm) was captured
with a μCT Scanner. The acquired image was stored as a series of 1,997 16-bit Greyscale .tiff
slices [1964 x 2008pixels]. The image data from this Berea core sample was used to test and
assess the various data processing techniques that can be applied to reduce noise and improve
fidelity of the image. We describe in this section the various attributes and pitfalls of these
techniques. In addition the processed image can be used as a standard digital Berea rock
sample for flow computations (digital experiments), cp. section 5.
The image was processed to obtain a digital representation of the pore space. Note that the
exact pore morphology is highly relevant because of the sensitivity of residual trapping to
the aspect ratio (ratios of pore bodies and pore throats diameter; Pentland et al. 2012). In
addition, pore network models can be extracted from such images (Dong and Blunt 2009,
Ebrahimi et al. 2013, Wildenschild and Sheppard 2013), but the pore network (and thus the
µCT image) must reflect the sample as exactly as possible, to allow for relevant simulation of
multiphase flow behaviour, non-wetting fluid pore-scale trapping mechanisms and generally
assessment of pore morphology and rock heterogeneity.
To achieve these aims, the collected images need to be cropped, filtered, subsampled and
separated based on threshold grey values (which are a representation of the relative
radiodensities, Golab et al. (2013)) to form a binary image. Application of logical operators
allowed for removing much of the non-effective or disconnected pore space. From this binary
image, a 3D isosurface contour of the pore morphology was generated, which was
subsequently transformed into a mathematical mesh to support single- and multi-phase CFD
calculations.
4.1.1.1
Cropping the Data Set
After first loading all of the slices into the commercial software package ”Avizo Fire“ and
scrolling through them, a flaw in the image taken from both top and bottom end of the sample
was revealed. At the outer faces, the microCT slices were significantly darker, and as such
would need to be cropped off. This radial “Dark Ends” behaviour is related to the cone angle
of the x-ray beam not being able to reach the outer edges (Favretto 2009, Xradia 2012).
Figure 4.1 shows the 0, 20, 40, 60, 80, and 100th axial slices (i.e. slices through the sample
taken at different heights).
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Figure 4.1: µCT axial slices at z-heights 0,20,40,60,100. The diameter of the core image
is 3.4mm at a nominal resolution of (1.7 µm)3.

135

Slice 20

Slice 60

Slice 150

Figure 4.2: µCT axial slice at z-height 150. The diameter of the core image is 3.4mm at a
nominal resolution of (1.7 µm)3.

Comparing axial slice 100 with axial slice 150 (Figure 4.2), there is no noticeable difference
in overall shading density, so we can assume each slice is now receiving a laterally consistent
level of radiation.
For easier data processing a cuboid subvolume was extracted from the original dataset.
Cropping 150 poor-quality slices at both end faces gave a subvolume of depth 1700 pixels.
The boundaries of the circumscribed square were calculated by:
Sample Diameter D ≈ 1964 pixels, and
D2 > x2 + x2 giving
⇒

x < 1388 pixels

Slice 100

as sketched in Figure 4.3. A 3D image of the selected subvolume is shown in Figure 4.4.

1964

x

Figure 4.3: Cropping parameters.

x
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Figure 4.4: Subvolume box size: [1300 x 1300 x 1700 = 2873 x 106 voxels].

4.1.1.2
Improving Image Quality
After the data was cropped, the next step was to remove the salt-and-pepper noise in the
original image (Figure 4.5) by applying an edge preserving, noise reduction filter, commonly
termed smoothing filter. The related histogram lists the distribution of grey values in the
images.
A Median (M) filter (Figure 4.6) uses morphological operators to set the voxel value to the
median for a defined neighbourhood (cp. Paragraph 4.1.2 for more M filter details). This
usually works well when images contain non-Gaussian noise and small artefacts (Noesis
2011). However, it is the salt-and-pepper Gaussian noise (normally distributed) that is
causing reduced image quality and therefore less accurate measurements of rock and fluid
properties performed on the µCT images. A drawback to the median filter is that it blurs
sharp edged features present in the original image (Porter and Wildenschild 2010).
Anisotropic Diffusion Filters (ADF) (Figures 4.7-4.10) have the ability to smooth out noise
from the original grey scale images, while preserving large global features such as contours
and discontinuities (Tschumperle and Deriche 2003).
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Figure 4.5: Original image and histogram.

Figure 4.6: Median filter – image and histogram.

Figure 4.7: Anisotropic diffusion filter; diffusion threshold = 15000, number of
iterations = 5.
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Figure 4.8: ADF; Anisotropic threshold = 30000, number of iterations = 5.

Figure 4.9: ADF; Anisotropic threshold = 45000, number of iterations = 5.

Figure 4.10: ADF; Anisotropic threshold = 15000, number of iterations = 30.

By examining the histograms, we can see that the original data is quite indistinct, with
normally distributed noise filling in the frequency curve, making threshold separation
impractical. Each of the diffusion filters smooths out the noisy data and it gathers towards
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three local maxima. The first is the “Black” representing void space, the second a “Dark
Grey” representing the grain volume of the rock, and a third “Light Grey” Peak relates to
minerals or clay particles with a high x-ray mass absorption coefficient. Increasing the
Diffusion Stop Threshold from 15000 to 45000 produced little to no noticeable
improvements. However, a definite reduction in image quality was noticed using 30 iterations
rather than 5, which confirms that too much diffusion can cause the edges to blur and become
indistinct.
The Diffusion Stop Threshold is the maximum difference between a voxel and its neighbours
where diffusion is considered to be present. A threshold of 0 represents no diffusion, and if it
is equal to the maximum value, there is always diffusion. In Figure 4.11 below, there is
diffusion between the bottom and left neighbours, but not the top or right where the
difference is >50.

250
250-150=100

180
180-150=30

150

90
150-90=60

115
150-115=35

Figure 4.11: Diffusion stop threshold (set to 50, cf. to the text). The arrows indicate
between which voxels diffusion occurs.

4.1.1.3
Subsample Resolution
Once the image has been filtered, the next step in building a pore space model is to create a
binarised image, by applying a threshold to each voxel. Voxels with values below the
threshold become part of the pore space, and those above the threshold form the rock matrix.
However, a 1300x1300x1700 data set is very large, and performing operations over this set
take significant computation power and time, as well as having a tendency to crash the
modelling software. To overcome this issue with minimal loss of fidelity, the “Volume of
Interest” (VOI) was resampled using 4x4x4 voxel size, resulting in a 325x325x425 leading to
a decrease of image resolution to ¼ the original resolution. To ensure minimal loss, several
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different threshold values were tested on the original 1x1x1 voxel resolution, and the pore
volumes compared to the 4x4x4 subsampled image. Results are given in Table 4.1.

Voxels

1x1x1
Original Image

4x4x4
Subsample

Threshold

PV
Φ
6
(10 px) (%)

PV
Φ
6
(10 px) (%)

5000

181.33

6.31

181.35

6.31

10000

552.32

19.22

552.39

19.23

15000

2195.1

76.41

2194.8

76.39

Table 4.1: Pore volume (PV) and porosity (ϕ): Comparisons for subsamples.

As shown, there is minimal change in porosity from controlled sub-sampling after image
filtering, and much of the data reported in this section was generated using the 4x4x4
resolution subsample.
A second measure of the effect of the subsampling was to reduce the number of triangles
required to form the isosurface. In a sample 1000x1000x1000, at a resolution of 1x1x1 voxel,
the pore space model isosurface required approximately 59 million triangles. However, in the
4x4x4 resolution subsample, the same surface was mapped with only 1.9 million triangles.
Larger datasets were analysed when the new Pawsey (formerly Ivec) supercomputers went
online (see below).

4.1.1.4
Binary Threshold Separation
Binary Threshold Separation is performed over the filtered subvolume, by use of the
interactive thresholding quantification tool, i_threshold. This option provides a threshold
slider to choose the boundaries separating pore space voxels from solid material voxels. An
example resultant original image slice and corresponding binary separated image slice are
shown below in Figure 4.12.
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Figure 4.12: Original and ternary segmented image; the edge length is 2.3mm.

Segmenting the greyscale image into a binary image allows representation of “Rock” = 0 and
“Pore” = 1 data. The pore data is shown in black on the filtered image (left) and blue on the
segmented image (right). The white object in the middle is a mineral (solid) with high CT
number which can easily be located and separated. In this case we obtain a ternary image
with the mineral which has a high relative radiodensity shown in white.

Border Kill Transformation
During initial experimentation with various image morphology tools available in the Avizo
Fire software, the “border_kill“ algorithm was selected, and applied to the binary thresholded
image. First, we will explain the border_kill algorithm in 2D.
Definition: The BORDER_KILL transformation eliminates all the objects touching the frame
of the image (Noesis 2011), as shown in (Figure 4.13).

Intersection of the image with the frame
The result will be used as markers
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Reconstruction of the image starting from markers
Only the marked particles are reconstructed

Logical difference between the original image and the
reconstructed image to get only relevant particles

Figure 4.13: “border kill” transformation (Noesis 2011).

When applied to a 3D image, the same principle is applied, where only those parts of the
image not touching the border frame are included. However, due to the nature of a connected
pore space, almost all of the data was removed by this process.
The unintended consequence of this was that the remaining image data represented every
piece of disconnected pore space in the first segmentation that did not touch the boundary.
Through a series of logical operations, this Border-Kill data can be removed from the
thresholded image. Firstly, a “logical_not” is taken to get the image of the complement.
Secondly a “logical_and” intersects this Not-Border-Kill image with the original image. Thus
the disconnected pore spaces are deleted from the original set. The Avizo Workflow is shown
below in Figure 4.14.
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Figure 4.14: disconnected pore reduction workflow.

Applying this algorithm saw a reduction in the number of elements from the first thresholded
image of ≈30000 separate 3D shapes, to around 1000 objects following the Disconnected
Pore Space Reduction process. These remaining objects are primarily the main pore space
(which is continuous), and secondly any disconnected pore spaces that intersect the boundary,
but also some salt-and-pepper noise.

Erode and Reconstruct Cleaning
To try and remove these extra objects, which do not represent the connected pore space, a
second method for Cleaning a Binary Image was applied. This method involves the “Erode”
and “Reconstruct” commands, and works by eroding the original sets to smaller size markers,
which are then used to reconstruct the original image, minus the noise data (Dougherty and
Lotufo 2003). See the workflow in Figure 4.14 above.
The Erode morphology reduces the size of the sets of points, as shown below in Figure 4.15.
This removes the smallest cells and reduces the size of the main pore space to a set of points,
which we consider the basis markers for the following reconstruction.

Input image

144

Eroded image

Figure 4.15: erode transformation (after Noesis 2011; Dougherty and Lotufo 2003).

The Reconstruct transformation rebuilds an image starting from markers, and retrieving only
objects that contain a marker, as shown in Figure 4.16. This means any small data that have
been eroded away, and are not connected to the main pore space, will be removed.

Figure 4.16: reconstruct transformation (after Noesis 2011).

Erosion was performed with magnitude 19 (which was identified as a good value using an
iterative trial-and-error approach), and following the reconstruction, the number of 3D
objects was further reduced from ≈1000 to 5.
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Volume_3D and I_Analyse Tools
The volumes of the pore spaces were initially calculated using the volume_3d quantification
tool as shown in Figure 4.17. Later, the more powerful I_analyse command was used.

Figure 4.17: volume_3d quantification tool.

The I_analyse tool generates a Label Field from the binary image, where each individual
object is labelled and analysed, as shown in Figure 4.18. Here, object 1 is the main pore space
(ϕeff), with a volume close to the Sum (ϕabs).

Figure 4.18: I_analyse labelled output.
From the I_analyse approach we can find the volume of the connected pore space prior to any
processing. Notably, this volume remains unchanged following the above image cleaning
processes. By labelling each object, we are able to choose only the pore space of interest,
which will have the largest volume (108 voxels3) compared with other objects (1-104 voxels3).
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Volumetric Analysis Segmentation
Applying I_analyse to the thresholded image generates a Label field, where each distinct
object is labelled with a value, and the main pore space has the value 1. Repeating the Binary
Thresholding on the Label Field allows selecting a single object from the 60181 objects.
Using threshold boundaries [Lower=1, Upper=1], we select the object with value 1, that is,
our connected pore space. This much shorter workflow is shown below in Figure 4.19.

Figure 4.19: Label-field threshold pore selection.
4.1.1.5
Determining Best Threshold
The Berea sandstone sample porosity was measured independently via Helium pycnometry
on a larger standard sample drilled from the same block, and was reported as 21.13%. We
should therefore find a threshold value that gives a similar porosity.
The general practice for thresholding is to choose a value corresponding to a local minimum
in the frequency distribution histogram shown in Figure 4.20. This value corresponded to
approximately 11000, which was consistent with an “eye-balled” approach to thresholding
(note that in our experience, thresholding by eye gives the best result, however this approach
cannot be automated).
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Figure 4.20: Greyscale frequency distribution histogram.
Several threshold values were tested, ranging from 10000 to 12000, with finer resolution
closer to the matching porosity. This data is given in Table 4.2 below, and plotted in Figure
4.21.
Threshold
10000
10500
11000
11100
11200
11300
11400
11500
12000

ϕabs
18.81%
19.88%
21.02%
21.26%
21.50%
21.75%
22.01%
22.27%
23.76%

Objects
21161
23570
33677
38132
43828
50989
60181
71907
180119

ϕeff
18.68%
19.75%
20.87%
21.11%
21.35%
21.59%
21.84%
22.09%
23.45%

Table 4.2: Effective porosity (ϕeff) and absolute porosity (ϕabs) for various thresholds.
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Figure 4.21: Porosities and differences in thresholds.

Resulting from this process, we can see a reasonably linear increase of porosity with
threshold, as the darker pixels in the image represent pore space, so the more selected, the
larger the pore volume.
The threshold value 11100 gave porosity closest to the measured porosity of 21.13%. Also at
around this value, we see a significant increase in the number of objects. A high number of
objects represent noise data (salt-and-pepper noise caused by random background errors,
including thermal, x-ray beam or electronic instabilities (Favretto 2009)). Such data is solid
(rather than pore space) although the CT number may be higher on the particular voxel
because of the background errors.

Permeability Measure
Characterising the pore space by measuring the porosity of the digital sample at various
thresholds, and comparing with measured Helium-porosity, for the largest clean subvolume,
is a reasonably sound approach. Berea sandstone is a fairly homogeneous sandstone, although
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it contains clay minerals. It still has a degree of heterogeneity and non-uniform distribution of
pore spaces (see also discussion below).
A second possibility to ensure best thresholding would be to measure sample permeability,
and compare this with the permeability calculated from the generated pore spaces; this
approach is discussed in section 5.

4.1.1.6
Construction of an Isosurface
Once the original image had been cropped, filtered, segmented and cleaned, the final step (for
image processing) was to generate a 3D isosurface from the Binary Image Data.
This is quite a computationally intensive process, and many times caused even the iVEC
computer to crash. This is due to the huge volume of data it needs to process, and the
intensity of the computations applied to generate a 3D surface, made up of connected
triangles. Figure 4.22 shows the 1000x1000x1000 sample isosurface.

Figure 4.22: 1000x1000x1000 isosurface – contains 57,202,516 triangular elements;
(1.7µm)3 volume.
Problems with Isosurface Size
The problem with the previous isosurface, in terms of usefulness for Computational Fluid
Dynamics (CFD) calculations (cp. section 5), was that it was too large and complex. With
57,202,516 triangles required to make up the model, the number of calculations that would be
required to model fluid flow is overwhelming, and would take too long to process. At this
moment we therefore reduced the isosurface size to (300)3 voxels, using between 1-2 million
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triangles. Such smaller surfaces were several orders of magnitude less complex. The central
sample surface can be seen below in Figure 4.23. With larger Pawsey computer sizes it will
be possible to process larger surfaces (or finer surfaces).

Figure 4.23: 300x300x300 isosurface – contains 1,621,947 triangular elements; (0.51µm)3
volume.

Subsamples and Heterogeneity
Five digital subsamples were taken from the thresholded image, and these were analysed, and
re-cleaned to remove disconnected data, then their isosurface mesh was generated. Four of
the sub-samples were taken from two opposite corners in the top half, and two in the bottom
half, and the final sub-sample was central in the sample. The five sub-sample surfaces and
their top corners are shown below in Figure 4.24.
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Sample 2
(600,100,600)

Sample 1
(100,100,100)

Central Sample
(350,350,350)

Sample 4
(600,600,100)

Sample 3
(100,600,600)

Figure 4.24: Five digital subsamples; (0.51µm)3 volume.

The porosities of the sub-samples were determined, as well as the number of triangles
required to generate their isosurfaces. This data is shown below in Table 4.3.
SubSample# ϕabs
ϕeff
#Triangles
1
19.01% 18.77% 1581961
2
22.66% 22.45% 1667514
3
18.91% 18.64% 1537602
4
19.21% 18.96% 1533950
Central
20.79% 20.56% 1621947
Table 4.3: Sub-sample porosities and isosurface mesh sizes.
The noticeable difference in these subsamples compared with the larger model is their
porosity. Even though the original thresholded image had an average porosity of 21.11%, this
porosity is not uniformly distributed throughout the sample as expected. Significant
heterogeneity is noted as the sampled porosity changes with location. Sample heterogeneity
and subsampling effects are discussed in more detail in section 4.5.
A second explanation could be due to the disconnected pore removal in the 300x300x300
subsample. Significant boundary objects may be interconnected elsewhere in the larger
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sample, but disconnected in the smaller one, and thus be removed when the sub-sample is
cleaned. A third possibility is a non-randomly distributed clay content, which currently is
identified as a solid phase, but in fact contains some nanopores in the real sample.
These pore variations represent a 10% change in the Berea sandstone porosity, which is
significant. This should be considered when modelling flow and storage behaviours, in
particular when looking at the scalability of those results to reservoirs simulations.

4.1.2 Noise removal and filter analysis
4.1.2.1

Noise and artefacts in µCT images

Traditionally µCT images typically contained ring artefacts which are caused by detector
(pixel) instabilities and which have to be removed with special algorithms (Favretto 2009).
Today the much improved hardware in µCT instruments suppresses ring artefacts leading to
much cleaner images; rarely ring artefacts have to be removed nowadays.
However, a random distribution of unwanted noise in an image is still the normal case. This
noise is an undesirable by-product of image capture that adds spurious and extraneous
information. Image noise can be classified into Gaussian-noise, salt-and-pepper noise or shot
noise. Gaussian noise has a Gaussian-distribution (Ohta 2008), while salt-and-pepper noise
has a fat-tail distribution (Gonvalez and Woods, 2007).

4.1.2.2

Three algorithms for removing noise

Median Filter
A Median (M) filter orders the greyscale values of neighbouring pixels and assigns the
median greyscale value to the centre pixel (McAndrew 2004). An M filter is typically good at
filtering out salt-and-pepper noise, however, it also burs edge features (Solomon and Breckon
2011).
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Anisotropic Diffusion Filter (ADF)
A more advanced filter is the anisotropic diffusion filter (ADF). An ADF is based on partial
differential equations and it is better at preserving edge features than an M filter (Perona and
Malik 1990).

Non-local (N-L) Means Filter
The Non-local (N-L) means or NLM filter was suggested by Buades et al. (2005). An NLM
filter denoises an image by assigning a weighted average of all its structure-similar pixels in
the image. Thus this filter is good at removing salt-and-pepper-noise while simultaneously
preserving edge features.

4.1.2.3

Filter testing and filter assessment - examples

In the following we compare by visual inspection (again the human eye is very good at this)
the efficiency of the different filters applied to a Doddington sandstone core image
(resolution (3.57µm)3. The raw image contains a lot of salt-and-pepper noise (compare
Figures 4.29 and 4.44 left), and is thus particularly challenging to denoise.
After filtering with a 2D-Median filter (Figure 4.30) there is still significant noise, but the
filter preserved the edge features. The 3D median filter was more effective than the 2D
median filter (Figure 4.31). The 2D Anisotropic Diffusion filter (ADF) performed better than
a Median filter in smoothing the image (Figure 4.32), however, it also blurred the edges. The
3D ADF performed better than the 2D ADF (Figure 4.33), it preserved the edges, however it
was inferior to the median filter in terms of obtaining sharp edges. The 2D Non-Local Means
filter resulted in the best image, this filter preserved and even enhanced the edge features
while eliminating salt-and-pepper noise efficiently at the same time (Figure 4.34). It is
important to note that filtering is a key step in image processing of µCT data as further
analysis is strongly affected by this process.
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Figure 4.29: Raw image slice including zoom-in (left).

Figure 4.30: Image filtered with a 2D median filter including zoom-in (left).
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Figure 4.31: Image filtered with a 3D median filter including zoom-in (left).

Figure 4.32: Image filtered with a 2D Anisotropic diffusion filter including zoom-in
(left).

156

Figure 4.33: Image filtered with a 3D Anisotropic diffusion filter including zoom-in
(left).

Figure 4.34: Image filtered with a 2D Non-Local means filter including zoom-in (left).

4.1.2.4
•

Conclusions
Of the filters tested, the median filter (both, the 2D and 3D) is good in preserving the
edges;
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•

The Anisotropic Diffusion filter (both, the 2D and 3D) is more efficient in smoothing
the image, it removes as much noise as possible.

•

A 3D filter is better than the corresponding 2D filter.

•

The Non-Local Means filter was best in preserving edge features and removing noise
at the same time. We thus conclude that this filter is optimal for processing µCT
images.

•

Every filter introduces artefacts into the original image, however filtering is necessary
to obtain a reliable segmentation of the phases, and subsequently a reliable
quantification of petrophysical parameters.

4.1.3
Influence of µCT image resolution on pore spaces and predictions of
petrophysical parameters
We imaged a Doddington sandstone sample at three different nominal voxel resolutions
((3.57μm)3, (0.7μm)3, and (0.39μm)3) to study the influence of image resolution on pore
spaces and prediction of petrophysical parameters (Al-Ansi et al. 2013). We used the image
processing procedure described above: cropping (Table 4.4 and Figure 4.35), filtering, and
image segmentation. Doddington sandstone is another standard sample used in petrophysics
(e.g. Iglauer et al. 2011a). Note that the images used had a high noise-to-signal ratio, to set a
challenge for the processing algorithms and to test their robustness.

4.1.3.1

Image Cropping

Image statistics are shown in Table 4.4. and related axial image slices in Figure 4.35.

Table 4.4: Image statistics.
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Figure 4.35: Original and cropped images, axial slices shown ((0.39)3, (0.7)3 and
(3.57μm)3 nominal resolution).

4.1.3.2 Filter Selection
The raw images, filtered images, and associated greyscale histogram plots are shown below
for each image (Figure 4.36).

Nominal Voxel Resolution = (3.57μm)3
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Figure 4.36: Image slices and histograms for the raw image, and the ADF and NLM
filtered images ((3.57μm)3 nominal resolution).

Images at (3.57μm)3 nominal resolution had relatively clear edge features although they
contained significant salt-and-pepper noise. The Anisotropic Diffusion filter blurred the
edges, but the Non-Local Means Filter denoised the image while it preserved the edge
features. This conclusion is also confirmed by the segmentation result, see below.

Nominal Voxel Resolution = (0.7μm)3

Figure 4.37: Image slices and histograms for the raw image, and the ADF and NLM
filtered images ((0.7μm)3 nominal resolution).
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The (0.7μm)3 nominal resolution image contained more noise than the former set (Figure
4.37). The Non-Local Means filter sharpened the edge, however it performed poorly in
denoising. The Anisotropic Diffusion Filter denoises and preserves the edge features.

Nominal Voxel Resolution = (0.39μm)3

Figure 4.38: Image slices and histograms for the raw image, and the ADF, M and NLM
filtered images ((0.39μm)3 nominal resolution).

This set of images contains significant amount of noise and no individual filter worked well
(Figure 4.38); we thus tried filter combinations. Different filters have different features, NLM
filters will preserve and even enhance edge features, while M or ADF filters smooth the
images. We tested two filter-combinations: NLM-ADF-M amd NLM-M-ADF and found that
the “NLM-M-ADF” filter is the best performer (Figure 4.39).
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Figure 4.39: Image slices and histograms for the NLM-ADF-M and NLM-M-ADF
filtered images ((0.39μm)3 nominal resolution).
4.1.3.3

Segmentation Threshold Determination

Threshold segmentation was performed over the filtered subvolume using the interactive
thresholding quantification tool, i_threshold. This command provides a threshold slider to
choose the boundaries separating pore space voxels from solid material voxels (see above and
Yudan 2008).

Nominal Voxel Resolution = (3.57μm)3

Figure 4.40: Image slices for the raw image, and segmented slices after applying an ADF
or NLM filter; ((3.57μm)3 nominal resolution).
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By comparing the binary segmented images (Figure 4.40) it is obvious that the Non-Local
Means filter performed best.

Nominal Voxel Resolution = (0.7μm)3

Figure 4.41: Image slices for the raw image, and segmented slices after applying a M, an
ADF or NLM filter; ((0.7μm)3 nominal resolution).

In this case the Anisotropic Diffusion Filter delivered the best result, Figure 4.41.

163

Nominal Voxel Resolution = (0.39μm)3

Figure 4.42: Image slices for the raw image, and segmented slices after applying a M, an
ADF, NLM filter or the filter combinations NLM-M, NLM-M-ADF and NLM-ADF-M;
((0.39μm)3 nominal resolution).

The combined “NLM-M-AD” filter sequence worked best for the highest resolution image
(Figure 4.42).
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4.1.3.4

3D Results

Once the original image had been cropped, filtered, and segmented, the final step was to
generate a 3D isosurface from the Binary Image Data. This work was completed using the
visualization software Avizo Fire on the iVEC computer “Epic”. The resulting 3D pore
spaces are shown in Figure 4.43 and porosity statistics are tabulated in Table 4.5. From the
images we can determine the size of the representative elementary volume (REV), see below.
The REV is a critical parameter in studies concerning porous media; it defines which
minimum volume has to be considered to be able to observe representative (average) rock or
fluid properties.
It is now well established that a range of petrophysical parameters can be computed using
µCT images as input parameters (e.g. compare Arns et al. 2001, 2005a,b, Al-Ansi et al. 2013,
Golab et al. 2010,2013, Blunt et al. 2013), but an understanding of the REV is required to
guarantee that such digital results are representative and thus useful and reliable. A detailed
analysis is provided in section 4.5.

Figure 4.43: Left: (3.57μm)3 nominal resolution; middle: (0.7μm)3 nominal resolution;
right: (0.39μm)3 nominal resolution. The volume ratio between the shown volumes is
1321.7 : 5.78 : 1.
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Parameter

(3.57μm)3 nominal (0.7μm)3
nominal (0.39μm)3 nominal
resolution image
resolution image
resolution image

Absolute porosity [%]

12.36

12.71

N/A

Effective porosity [%]

12.09

11.75

N/A

Table 4.5: Porosity statistics extracted from µCT images. Note that the subvolume
imaged at highest resolution was below the representative elementary volume.

4.1.3.5 Conclusions

4.2

•

Extracting pore spaces at different scales can help analyze the influence of image
resolution on measured parameters (Al-Ansi et al. 2013).

•

Different image sets/resolutions need different image processing methods/filters.

Image quality analysis

The image quality can vary significantly, from low signal-to-noise (SNR) ratio (left Figure
4.44) to high quality, high SNR images (right Figure 4.44). Important factors in acquiring
high quality images is that the sample does not move during scanning and a sufficiently high
number of radiographs is acquired. Also, the heterogeneity and type of material surrounding
the imaged volume is of key importance.
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350 µm

350 µm

Doddington sandstone: 0.7 µm resolution, Bentheimer sandstone: 1.06 µm resolution,
old acquisition methodology.
new acquisition methodology.
Figure 4.44: Impact of improved image acquisition methodology on noise levels.
Sandstone is light grey, air is dark grey.

4.3

Investigating different porous media

One geological factor, which is well known to determine CO2 flow behaviour in the
subsurface is the rock heterogeneity (e.g. Orr 1991). This heterogeneity can be quantified
with the representative elementary volume (see below). In order to tackle this question we
imaged a range of selected geological porous media, from a highly homogeneous glass bead
pack (75 µm standard glass beads, SigmaAldrich, Figure 4.45) to highly heterogeneous
carbonate (Figure 4.46). The glass bead pack also acted as a benchmark test for the μCT
scanner: we found a good consistency between the bead diameter as specified by the
manufacturers and our measurements performed on the image (we measured 72-75 µm
diameters on randomly selected beads). As a side-note it was revealed that some of the beads
are not fully solid, but contain holes, and some beads are ellipsoidal, not spherical.
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Figure 4.45: Image slices (slice 300) of a glass bead pack: left: 3.4 µm resolution (3.4 mm
diameter); right: 9.3 µm resolution (9.3 mm diameter). Air is dark grey, the glass beads
are light grey/white.

We also tested shale samples to question the limit of the machine (Figure 4.46). As expected
the pores in shale cannot be resolved (Rezaee et al. 2013); although microfractures and the
distribution of different minerals in the shale material was observed.
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2D slice through each 3D image stack; the Nominal resolution [µm]
diameter of the material shown is 982 x pixel
nominal resolution

Porous
medium

Glass
pack

3.4

bead

Sand pack

4.09

169

Sandstone
(Bentheimer)

3.4

Carbonate

3.4

(Edwards
limestone)

170

shale

3.2

Figure 4.46: Image slices of sand pack, sandstone, carbonate and shale (Rezaee et al.
2013). Air is dark grey, solid is white or light grey.

4.4.

Impact of image resolution

In Figure 4.47 we demonstrate which impact image resolution has on the acquired images:
the pore space can only be clearly seen at ≈ 1µm resolution, however only a small cylindrical
volume is imaged (≈ 1mm diameter ⇒ ≈0.8mm3 volume), so there is a clear trade-off
between imaged volume and resolution (resolution strongly impacts on image quality), and it
is important to select the appropriate volume-resolution factor; this decision mainly depends
on the scientific question to be answered.
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Bentheimer sandstone

Bentheimer sandstone

Bentheimer sandstone

Diameter = 1.06mm

Diameter = 3.4mm

Diameter = 9.3mm

Resolution = 1.06 µm.

Resolution = 3.43 µm.

Resolution = 9.3 µm.

Berea sandstone

Berea sandstone

Berea sandstone

Diameter = 1.23mm

Diameter = 3.43mm

Diameter = 9.69mm

Resolution = 1.23µm

Resolution = 3.43µm

Resolution = 9.69µm
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Edwards limestone

Edwards limestone

Diameter = 3.4mm

Diameter = 0.7mm

Resolution = 3.4µm

Resolution = 700nm

Figure 4.47: Impact of image resolution: top row: Bentheimer sandstone), middle row:
Berea sandstone, bottom row: Edwards limestone. Air is dark grey, solid is white or
light grey.

We also add some segmented images to illustrate the quality of our image processing
procedures and algorithms (note that the raw and segmented image slices are not
corresponding), Figure 4.48; we typically apply a 3D non-local means filter or a 3D
anisotropic diffusion filter (see above and Iglauer et al. 2013).
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Berea sandstone

Berea sandstone

Edge length = 2.058mm

Diameter = 3.43mm

Resolution = 3.43µm

Resolution = 3.43µm

St. Bees sandstone

St. Bees sandstone

Edge length = 2.058mm

Diameter = 3.43mm
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Resolution = 3.43µm

Resolution = 3.43µm

Bentheimer sandstone

Bentheimer sandstone

Edge length = 2.058mm

Edge length = 2.058mm

Resolution = 3.43µm

Resolution = 3.43µm

Edwards limestone

Edwards limestone
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edge length = 2.06mm

Diameter = 3.4mm

Resolution = 3.4µm

Resolution = 3.4µm

Figure 4.48: Selected raw (right column) and segmented (left colum) images. The images
were cropped, filtered (with a non-local means filter) and segmented into binary images.
Note that the raw and the segmented slices do not show the same area element. Air is
dark grey, solid is white or light grey.

4.5

Representative Elementary Volume

As mentioned above rock heterogeneity plays a key role in carbon storage. This heterogeneity
can be quantified using the representative elementary volume (REV; Figure 4.49) – the larger
REV, the more heterogeneous the material.

Figure 4.49: REV concept: a petrophysical parameter (here porosity) turns constant if
the sample length L is sufficiently large. The point at which constancy is reached is
defined as the (minimum) REV (adopted from Bear 1988).
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In this work we consider the porosity as the petrophyscial parameter. µCT images wer
acquired for five samples, which covered a broad range of heterogeneities (Table 4.6, Figure
4.50). The raw images were filtered with an NLM filter (see above), and segmented using
Otsu’s algorithm (1979).

Table 4.6: Samples tested for porosity REV.
Porous Media

Resolution Volume
(voxels)
[µm]

Volume (mm3)

Glass bead pack

3.40

646x726x906

16.7

Sand pack

4.09

682x691x879

28.34

Bentheimer sandstone

4.58

657x667x682

28.73

St Bees sandstone

3.78

675x694x816

20.65

Mount Gambier carbonate

4.58

663x706x701

31.54

Porosity was then measured on the segmented images by counting the void voxels (= pore
space) and dividing them by the total voxel number (= bulk volume).

Filtered

Segmented

(2D Slice)

(2D Slice)

Pore Space

Matrix Solid

Glass bead pack

1 mm
1 mm

1 mm
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1 mm

Sand pack

1 mm

1 mm

1 mm

1 mm

1 mm

1 mm

Bentheimer

1 mm

1 mm

St Bees

1 mm

1 mm

1 mm

1 mm

Mount Gambier

1 mm
1 mm

1 mm

1 mm

Figure 4.50: From left to right: filtered image, segmented, 3D pore spaces, and solid
matrix.

From these images, subvolumes were randomly sampled (no overlap condition), covering a
1-10mm3 volume range, cp. Figure 4.51 and 4.52.
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3.01 mm

0.85 mm

Figure 4.51: Bentheimer sandstone subsampling: 8 pore space subsamples (1.5 mm3) are
shown in blue.

0.51 mm

0.34 mm

0.68 mm

1.02 mm

0.85 mm

Figure 4.52: Bentheimer subsamples of various size (pore spaces shown).

Table 4.7: Subsample properties.
Subsample
Size
(voxels)

Sub
sample
number Bentheimer Mount
Gambier

Volume (mm3)
Sand
Pack

St Bees

Glass
Beads

300x600x600 2

10.38

10.38

7.39

5.83

4.25

200x600x600 3

6.92

6.92

4.93

3.89

2.83

150x600x600 4

5.19

5.19

3.70

2.92

2.12

250x300x600 4

4.33

4.33

3.08

2.43

1.77

179

100x600x600 6

3.46

3.46

2.46

1.94

1.42

200x250x600 6

2.88

2.88

2.05

1.62

1.18

300x300x300 8

2.60

2.60

1.85

1.46

1.06

200x200x600 8

2.31

2.31

1.64

1.30

0.94

150x250x600 8

2.16

2.16

1.54

1.22

0.88

250x250x250 8

1.50

1.50

1.07

0.84

0.61

150x150x600 10

1.30

1.30

0.92

0.73

0.53

200x200x200 10

0.77

0.77

0.55

0.43

0.31

150x150x150 12

0.32

0.32

0.23

0.18

0.13

100x100x100 20

0.10

0.10

0.07

0.05

0.04

4.5.1 REV - visual extraction
REV can be extracted by an eye-ball analysis (Bear 1988): the porosity φ is plotted versus
sample length; the point where φ turns constant is the REV. In Figure 4.53 all porosity values
for all samples are plotted, and the visual REV is indicated. We note that the variance of the φ
values at the smallest volumes (<0.1mm3) is also an indicator of heterogeneity (Figure 4.53,
Table 4.8). This is reflected in the high variance in φ and large REV for carbonate, while the
homogeneous glass bead pack has a low variance and smallest REV (Table 4.8).

180

40

b) 60

35

50

Porosity (%)

Porosity (%)

a)

30
25

Measured Porosity
Mean Porosity

20
15

40
30

Measured Porosity
Mean Porosity

20
10

10
0

1

2

3

0

4

1

2

3

24

30

22
20
18
16
14

Measured Porosity
Mean Porosity

10

7

8

Measured Porosity
Mean Porosity

25
20
15
10

0

2

4

6

8

10

0

80
70
60
50
40
30

Measured Porosity
Mean Porosity

20
10
0

2

4

6

Volume

1

2

3

Volume

Volume (mm3)

Porosity (%)

6

d) 35
Porosity (%)

Porosity (%)

26

12

e)

5

Volume (mm3)

Volume (mm3)
c)

4

8

10

(mm3)

181

4

(mm3)

5

6

Figure 4.53: Variation in porosity (blue points) as a function of sample volume: a. Glass
bead pack, b. Sand pack, c. Bentheimer sandstone, d. St Bees sandstone, and e. Mount
Gambier carbonate. The green line indicates the average porosity, and the vertical red
line indicates the REVs.

Table 4.8: Heterogeneity statistics of the five samples analysed. (*by visual inspection)
Porous Medium

Porosity sample (%)

Variation

REV* [mm3]

Glass bead pack

35.349

± 10%

2.8

Sand pack

35.177

± 2/3

4.9

Bentheimer sandstone

18.066

± 1/3

>10

St Bees sandstone

16.266

+100% / -25%

5.8

Mount Gambier
carbonate

40.541

± 100%

>10

Although φ follows the trend described by Bear (1988), we conclude that the visual method is
not so good in terms of extracting REV, as there is a significant subjectiveness when
selecting an eye-ball threshold (which can make a large difference).
It is thus necessary to select a statistical criterion to better constrain REV, see below.

4.5.2 Standard Deviation Analysis
We thus resorted to a standard deviation analysis (Stroeven et al. 2004). Consider equation
4.7:
s𝑖 = �

∑(φ𝑘 −φ)2

(4.7)

𝑁𝑖 −1

, where φ𝑘 is the kth value of the porosity measured, φ is the arithmetic average of the
porosity, 𝑁𝑖 is the number of subsamples and 𝑠𝑖 is the unbiased estimate of the standard
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deviation. If now si is plotted against sample length (Figure 4.54), REV can be assessed using
a threshold value for si. The point at which the measured si falls below the threshold defines
the REV.
16
14
Standard Deviations of
Porosity (%)

Bentheimer sandstone
12

Mount Gambier carbonate

10

sand pack
St Bees sandstone

8

Glass beads pack

6
4
2
0
0

1

2

3

4

5
6
Volume (mm3)

7

8

9

10

11

Figure 4.54: Standard Deviations of the five samples. The horizontal red line is the
threshold of Standard Deviation at 2% of porosity.

Generally si dropped rapidly with sample length, but fastest for the homogeneous material as
expected. We note that selecting different thresholds results in significantly different REVs
(Table 4.10). We suggest to use a threshold of ±0.5%, which reflects the accuracy of a
standard helium pycnometry measurement.
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Table 4.9: REV statistics for the samples (standard deviation analysis). Different
thresholds are indicated.
Porous Medium

Threshold [% porosity]

REV [mm3]

Glass bead pack

0.5

0.1

Sand pack

0.5

4.5

St Bees sandstone

0.5

2.2

Bentheimer

0.5

3.5

Mt Gambier carbonate

0.5

>10

Glass bead pack

1

0.05

Sand pack

1

2.7

St Bees sandstone

1

2.1

Bentheimer

1

1.1

Mt Gambier carbonate

1

10.2

Glass bead pack

2

Not observed

Sand pack

2

0.7

St Bees sandstone

2

0.2

Bentheimer

2

0.4

Mt Gambier carbonate

2

4

This method is better than the visual inspection.
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4.5.3 Coefficient of Variation
We also tested the coefficient of variation (CV) (equation 4.8, Vangel 1996) with respect to
the REV extraction. CV is superior to the standard deviation in the sense that it is unitless.
CV𝑖 =

𝑠𝑖

(4.8)

φ

0.4

Coefficient of Variation of
Porosity (%)

0.35
Bentheimer sandstone
Mount Gambier carbonate
sand pack
St Bees sandstone
Glass beads pack

0.3
0.25
0.2
0.15
0.1
0.05
0
0

1

2

3

4

5
6
7
Volume (mm3)

8

9

10

11

Figure 4.55: Coefficient of Variation as a function of sample volume. The horizontal red
line is the 0.1 threshold.
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Table 4.10: REV statistics using the CV method.
Porous medium

Threshold [% porosity]

REV [mm3]

Glass bead pack

0.025

0.1

Sand pack

0.025

2.7

St Bees sandstone

0.025

5.1

Bentheimer

0.025

4.25

Mt Gambier carbonate

0.025

10.1

Glass bead pack

0.05

Not observed

Sand pack

0.05

0.9

St Bees sandstone

0.05

2.2

Bentheimer

0.05

1.25

Mt Gambier carbonate

0.05

3.8

Glass bead pack

0.1

Not observed

Sand pack

0.1

0.3

St Bees sandstone

0.1

0.1

Bentheimer

0.1

0.5

Mt Gambier carbonate

0.1

1

CV behaves similarly to si, it drops rapidly and a threshold needs to be selected to determine
REV (Figure 4.55 and Table 4.10) After assessing all methods studied, we agree with Zhang
et al. (2000) that the CV method is best to obtain REV.
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4.5.4 Relative Gradient Error Criterion
Another REV extraction method was suggested by Constanza-Robinson et al. (2011), the
relative gradient error εg, equation 4.9:

𝜀𝑔 = �

φ𝑖+1 −φ𝑖−1
𝑖+1

φ

𝑖−1

+φ

�

1

(4.9)

𝑉 1/3

, where φ is porosity, i is the subsample number and V is the volume of the subsample.
We plot the results for our εg analysis in Figure 4.56. The curves are more compressed into
each other, which makes an analysis more difficult. Associated REVs are tabulated in Table
4.11.
0.9
0.8

Porosity - 𝜀g

0.7
0.6
0.5
0.4

Glass bead pack
Sand Pack
Bentheimer
St. Bees
Mt. Gambier

0.3
0.2
0.1
0
0

1

2

3

4

Volume

5

6

(mm3)

Figure 4.56: Relative Gradient Error versus sample volume for the five samples
investigated.
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Table 4.11: Influence of threshold value on REV.
Porous medium
Threshold
[% porosity]
Glass bead pack
0.05
Sand pack
0.05
Bentheimer
0.05
St Bees sandstone
0.05
Mt Gambier carbonate
0.05
Glass bead pack
0.1
Sand pack
0.1
Bentheimer
0.1
St Bees sandstone
0.1
Mt Gambier carbonate
0.1
Glass bead pack
0.125
Sand pack
0.125
Bentheimer
0.125
St Bees sandstone
0.125
Mt Gambier carbonate
0.125

REV [mm3]
from Curve
<0.1
0.9
1.2
0.8
1.2
<0.1
0.55
0.7
0.75
0.9
<0.1
0.5
0.45
0.7
0.65

REV [mm3]
from Fitting Equation
<0.07
0.01
0.01
0.01
0.01
<0.07
0.03
0.01
0.02
0.01
<0.07
0.04
0.02
0.02
0.02

4.5.5 Conclusion
We conclude that the CV method is best in terms of determining REV.

4.6

Fluid displacement in rocks imaged with µCT

Various flooding experiments were conducted at ambient conditions using oil and water to
acquire basic data in terms of fluid displacement processes with particular focus on the effect
of rock wettability and residual saturations. This was then followed by high pressure
experiments using CO2 in gas, liquid and supercritical form.

4.6.1 Water-wet sandstone
Initially water-wet Bentheimer sandstone plugs were used. Petrophyscial and chemical
properties are tabulated in Table 4.12. For the µCT experiments, cylindrical plugs were
drilled (10mm length and 5mm diameter) and mounted into a PTFE heatshrink sleeve, cured
and subsequently sealed in epoxide glue as described previously (Iglauer et al. 2012a). The
dry plugs were then imaged with an Xradia Versa XRM-500T micro-computed tomograph at
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a nominal resolution of (3.4µm)3. The specimens were subsequently vacuumed for more than
2 hours prior to brine saturation (the brine was doped with 10wt% potassium iodide to
enhance CT contrast) under vacuum. The specimens were then imaged again at Sw=1. The
plugs were then subjected to oil flooding (5 pore volumes (PV) of n-decane were injected) at
a capillary number of 4 x 10-4 so that connate water saturation Swc was achieved. This was
followed by injection of 5PV of brine at a capillary number of 10-6 so that the plugs were
driven to residual oil saturation Sor. µCT images for the plugs at Swc and Sor states were
acquired.
Air (dry sample), brine, oil, and rock could be clearly distinguished in the images (Figure
4.57). The porosity and oil saturation So on each 3D image was measured, Table 4.13; the
standard deviation of the porosity measurements was 0.003773, which demonstrates the high
reliability of this approach, particularly when considering sample heterogeneity (see REV
discussion above) and that different (but possibly overlapping) volume elements were imaged
at different saturation states, while the commonly used Helium pycnometry can measure
porosities with an estimated accuracy of ±0.5%.

Rock

Composition [wt%]

Reference

Clashach

a-quartz: 96
K-feldspar: 2
Calcite: 1
Ankerite: ≈1
Illite: trace

Iglauer et al. (2012a)

Bentheimer

this work, Curtin Unversity
Kaolinite: 0.7
Quartz: 99.0
Rutile: 0.3
Table 4.12: Petrophysical and chemical properties of Bentheimer and Clashach
sandstones.
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Saturation
state

porosity

So

Sw=1

0.2195

0

Swc

0.2205

0.684

Sor

0.2265

0.383

Table 4.13: Porosites and oil saturations measured on the acquired Bentheimer µCT
images.

Inspecting the images at Swc and Sor more closely, it is clear that oil is located in the larger
pores, which indicates that n-decane is a strongly non-wetting phase in this system as
expected, and consistent with contact angle and capillary pressure measurements (Anderson
1987c, Morrow 1976) and an earlier, similar µCT study (Iglauer et al. 2010).
Sor and oil distribution was, however, significantly different in a mixed-wet plug (e.g. Iglauer
et al. 2012a found in a mixed-wet plug Sor = 18% after 5PV of waterflooding compared to Sor
= 35% in a strongly water-wet sandstone plug, Iglauer et al. 2010; also compare Marathe et
al. 2012, Kumar et al. 2009, 2010, 2012). This is discussed further below.
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Dry
Bentheimer sandstone

Resolution = 3.43 µm
Diameter = 3.368mm

Air is black, rock is
light grey or white

Sw1
Bentheimer sandstone

Resolution = 3.43 µm
Diameter = 3.368mm

Brine is dark grey, rock
is light grey or white
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Swc
Bentheimer sandstone

Resolution = 3.43 µm
Diameter = 3.368mm

Oil is black, brine is
dark grey, rock is light
grey or white; the oil
saturation is very high
due to the high applied
capillary pressure
Sor
Bentheimer sandstone

Resolution = 3.43 µm
Diameter = 3.368mm

Oil is black, brine is
dark grey, rock is light
grey or white

Figure 4.57: Image slices of a flooding sequence through a water-wet Bentheimer
sandstone plug at dry, Sw1, Swc and Sor conditions. The flooding was performed at
ambient conditions with brine and n-decane. Air and oil are dark grey, solid is white or
light grey, and brine is intermediate grey.
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All images were then filtered using a non-local means filter and segmented according to
Otsu’s algorithm (1979). Porosities and oil saturations were then measured on each image,
Table 4.13 (see discussion above). A selected segmented slice through the plug at Sor is
shown in Figure 4.58; Figure 4.58 also shows the 3D spatial distribution of the residual oil
droplets.

Figure 4.58: Bentheimer sandstone plug at Sor conditions: left: 2D slice through the
segmented plug image, red = rock, light blue = oil, dark blue = brine, the edge length of
the shown area is 600 pixels x 3.43 µm = 2.058mm; right: 3D spatial distribution of
residual oil droplets (red), brine and rock was removed for better visualization, the bulk
volume shown is (6003 voxels ) ≈ 8.72mm3.

We then proceded to image different two-phase fluid systems in Bentheimer and Clashach
sandstones at high resolution and ambient conditions, Figure 4.59. Clashach petrophysical
and chemical properties are listed in Table 4.12. We compared different fluid systems:
air/brine, n-decane/brine, 1-bromododecane/brine, their interfacial properties are summarised
in Table 4.14. we thus systematically collected information in terms of how fluid-fluid-rock
interfacial properties influence the fluid displacements and distributions.
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Fluid/fluid system

Interfacial tension Water contact angle
[mN/m]
with quartz [°]

Air/brine

71.99*

0

n-decane/brine

52.1**

0#4

1-bromododecane/brine 52.09***
Table 4.14: Interfacial properties of fluids used; * 298K, Haynes et al. (2012), ** Zeppieri
et al. (2001) at 298K, ***measured at 295K (Ortiz-Arango and Kantzas 2009); #4 Xie and
Morrow (1998), advancing and receding contact angles, 0.01-0.1M NaCl and NaOH
brines, pH range 4-10.

Bentheimer sandstone, brine and
air at Sgr (low initial Sg)

Resolution = 1.1 µm resolution
Diameter = 1.08mm.

Air is black, brine and rock are light
grey.
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Bentheimer sandstone, brine and
n-decane (Swc; very high So as a
high oil injection rate was used,
almost all pore space is filled with
oil)

Resolution = 0.9 µm resolution
Diameter = 0.884mm.

Oil is dark grey, rock is light grey
and brine is intermediate (light)
grey (note: there is only a small
amount of brine left in the sample).
Clashach sandstone, brine and air
(Sgr)

Resolution = 0.95 µm
Diameter shown is 0.933mm.

Air is black, brine and rock are light
grey.
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Clashach sandstone, brine and 1bromododecane (Sor)

Resolution = 0.95 µm
Diameter = 0.933mm

Oil is white (because of the
bromine atom), rock is light grey,
and brine light grey (slightly lighter
than rock).

Figure 4.59: 2D slices through Bentheimer and Clashach sandstone plugs saturated with
different fluid pairs at ambient conditions.

4.6.2 Mixed-wet conditions
The next step was to image the same fluid systems in a mixed-wet plug, Figure 4.60. Note
that this plug was rendered weakly oil-wet by ageing it in crude oil (Amott-Harvey index = 0.1, Iglauer et al. 2012). It is clear from a qualitative analysis that the oil distribution is
significantly different in a slightly oil-wet plug (consistent with previous measurements,
Iglauer et al. 2012a, Kumar et al. 2012, Marathe et al. 2012). Oil was located in smaller (oilwet) pores, and more frequently adjacent to the rock surface. Furthermore, the residual oil
saturation was significantly lower (∼18%) than in an analogue water-wet plug (35%, Iglauer
et al. 2010, 2012a).
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Mixed-wet
Clashach
sandstone, brine and ndecane (Swc)

Resolution = 9.3
Diameter = 9.1mm.

µm

n-decane is dark grey, rock
is white or light grey, and
brine is intermediate grey.

Mixed-wet
Clashach
sandstone, brine and 1Bromododecane (Swc)

Resolution = 3.43
diameter = 3.368mm

µm

Oil is white, brine is black
and rock is intermediate
grey.
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Mixed-wet
Clashach
sandstone, brine and 1Bromododecane (Sor)

Resolution = 3.43
Diameter = 3.368mm.

µm

Oil is white, brine is black
and rock is intermediate
grey.

Figure 4.60: Weakly oil-wet Clashach sandstone (A-H index = -0.1). The oil distribution
is different when compared to the strongly water-wet plug (Figure 4.56).

4.7

Reservoir rock: Harvey plug

We imaged a Harvey plug from the SW Hub storage site, Figure 4.61. This plug (diameter =
5mm) was drilled from a larger plug (plug number 79). It is clear from the acquired images
that:
a) Harvey rock is significantly more complex than outcrop sandstone.
b) The plugs contained a large amount of non-quartz material. We expect that some of
this is dried drilling mud (Note: these plugs were imaged as received after drilling and
drying at ambient conditions for several days). Remaining drilling mud, which
contains a lot of salt, would be consistent with the white and light grey areas in the
images – this could be precipitated salt, e.g. KCl which has a high concentration in the
drilling mud.
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c) It is clear from these images that the plugs must be cleaned, and we suggest to clean
them with a 50vol% toluene:50vol% methanol mixture, i.e. the prescribed industry
cleaning method. One problem which will arise from this cleaning procedure is that
the plug will be very likely rendered water-wet (probably weakly to very strongly
water-wet, Cuiec 1991), and this may not be representative anymore of Harvey
subsurface conditions.

Figure 4.61: Left: Harvey plug imaged at average resolution (3.43 µm)3, 3.4mm
diameter; right: Harvey plug imaged at low resolution (9.3 µm, 9.3mm diameter). Most
of the white and light grey patches are probably residues of dried drilling mud. Air is
black, the rest are different types of solid.

4.8

Initial and residual CO2 saturations

In the following we conducted a systematic study of initial and residual CO2 saturations
imaged with µCT at various thermophysical conditions in Bentheimer sandstone. This
included ambient condition CO2 gas, near-critical CO2 gas, liquid CO2 and scCO2, Table
4.15.
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CO2 state

Pressure [MPa]

Temperature [K]

gas

0.1

295

near critical gas

7.0

315

near critical gas

10.0

302

liquid

7.0

295

supercritical

10.0

315

Table 4.15: CO2 states investigated.

To obtain the images, a cylindrical plug was drilled out of a block (diameter 5mm, length
10mm). The plug was housed in a flow cell, vacuumed for 45min, and then 100PV of deaired doped brine (10wt% NaI in deionized water) were injected so that the plug was fully
saturated with brine. Then, CO2 was injected to obtain the initial CO2 saturation, which was
imaged. Subsequently brine was injected to obtain the residual CO2 saturation, which was
imaged again. The displacement behaviour of equilibrated versus non-equilibrated fluids was
also investigated. Non-equilibrated fluids can be expected to reside closer to the injection
wellbore, while equilibrated fluids will be found deeper in the reservoir (Pentland et al.
2010b). Each thermophysical condition is discussed in detail below.

4.8.1 CO2 saturations in Bentheimer sandstone (ambient conditions)
CO2 gas was injected at 170000 Pa (25psi) for approximately 3 seconds; note that brine
production was observed visually. This injection rate achieved a high initial CO2 saturation;
subsequently doped brine was re-injected to trap CO2 by capillary forces, 5 PV of brine were
injected at 0.05 mL/min, which corresponded to a capillary number of ∼10-6, which is
representative of reservoir flow conditions.
The resulting images for ambient condition CO2 gas are shown in Figure 4.61 as a function of
image resolution It is evident that most brine was displaced by CO2, and very high initial CO2
saturations were achieved (shown in the upper row); this lead to high residual CO2 saturations
(lower row), consistent with literature data; e.g. compare Pentland et al. 2011, Iglauer et al.
2011, Krevor et al. 2012.
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Furthermore it is clear that CO2 was located in only the largest pores, similar to n-decane
(which is strongly water-wet, Xie and Morrow 1998, Iglauer et al. 2010); this indicates that
CO2 at ambient conditions is strongly water-wet, consistent with contact angle measurements
(cp. section 7).

Initial CO2 saturation
grain

brine

CO2

Diameter = 1.4mm

Diameter = 3.4mm

Diameter = 9.3mm

Resolution = 1.37 µm.

Resolution = 3.43 µm.

Resolution = 9.3 µm.

Diameter = 1mm

Diameter = 3.4mm

Diameter = 9.3mm

Resolution = 1.07µm

Resolution = 3.43µm

Resolution = 9.3µm

Residual CO2 saturation
CO2

grain

brine
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Figure 4.62: Selected slices through a Bentheimer sandstone partially saturated with
CO2 gas at ambient conditions; upper row: initial CO2 saturation, lower row: residual
CO2 saturation; left: high resolution, middle: average resolution, right: low resolution.
CO2 is black or dark grey, solid is white or light grey, and brine is dark to light grey.

4.8.2 High pressure μCT imaging
In order to image fluids in rock at high pressures additional hardware is required (Figure
4.63): a high pressure flow cell (cp. also Iglauer et al. 2011), various additional flow pumps,
and heated flow lines; in fact this set-up is essentially a miniaturized coreflood apparatus
(similar to the one described in section 2.1) integrated into a μCT scanner.

Figure 4.63: Left: high pressure μCT flow cell (middle) integrated into the μCT scanner.
The x-ray source is on the left, and the x-ray detector on the right side of the flow cell.
Right: auxiliary coreflooding equipment required to conduct reservoir condition μCT
corefloods.

4.8.3 Liquid CO2
Initially liquid CO2 saturation in a Bentheimer sandstone was imaged at 298K and 10MPa
(Figure 4.64). CO2 was injected at a flow rate of 0.1mL/min. A significant initial CO2
saturation could be achieved, and the CO2 was preferably located in the larger pores,
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indicating water-wet conditions. However, some CO2 penetrated into medium-sized pores
and apparently some smaller pores and groves, indicating weakly water-wet behaviour.

4.8.4 Near-critical CO2
Three experiments were conducted at near-critical CO2 conditions. Initial CO2 saturations are
shown in Figure 4.64, and the residual saturations in Figure 4.65. CO2 was always injected at
a flow rate of 0.1mL/min. Again significant initial CO2 saturations were achieved. The CO2
behaved in a similar way to liquid CO2 (see above), indicating weakly water-wet conditions.
The CO2-brine interface curvature, relatively clearly visible in the high resolution image, also
indicated water-wet behaviour (water phase was concave versus the CO2). Residual saturation
for equilibrated brine reached significant values (brine was always injected at 0.1mL/min).
However, if non-equilibrated (fresh) brine was injected, significantly lower CO2 saturations
were observed. This is a mass transfer effect (CO2 dissolves in brine), and much smaller,
dispersed CO2 bubbles remained, and they spread throughout the pore space. We conclude
that dissolution trapping is a viable CO2 geo-storage mechanism (Riaz et al. 2006, Iglauer
2011), if sufficient undersaturated brine can be brought into contact with the CO2. We note
that some of these (newer) images contain more noise as our x-ray tube in the μCT scanner
was deteriorating. This tubes needs to be replaced periodically, and we are in the process of
doing that.

4.8.5 supercritical CO2
Two experiments were conducted with supercritical CO2. In the first experiment, the fluids
were injected with a flow rate of 0.1 mL/min; while in the second experiment the fluids were
injected at 0.02 mL/min. Initial CO2 saturation are shown in Figure 4.64, and residual
saturations in Figure 4.65. Again significant initial CO2 saturations were achieved, while the
images indicated weakly water-wet conditions, similar to liquid or near-critical CO2. We note
that some of the newer images contained more noise as the x-ray tube was deteriorating.
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Thermophysical condition

CO2 state

Initial CO2 saturation

T = 298K

ambient condition CO2 gas

p = 0.1 MPa

T = 298K

liquid CO2

p = 10 MPa

T = 315K

near-critical CO2 gas

p = 7 MPa
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T = 315K

near-critical CO2 gas

p = 7 MPa

1.2μm resolution

T = 315K

supercritical CO2

p = 10 MPa

Figure 4.64: Initial CO2 saturations in Bentheimer sandstone imaged at various
thermophysical conditions. Image resolution was 3.4μm (unless otherwise stated), and
the diameters shown are 3.4mm.

205

Thermophysical condition

CO2 state

Residual CO2 saturation

T = 298K

ambient condition CO2 gas

p = 0.1 MPa

T = 315K

near-critical CO2 gas

p = 7 MPa

equilibrated brine

T = 302K

near-critical CO2 gas

p = 10 MPa

non-equilibrated brine
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T = 315K

near-critical CO2 gas

p = 7 MPa

non-equilibrated brine

T = 315K

near-critical CO2 gas

p = 7 MPa

non-equilibrated brine
1.3μm resolution

T = 315K

supercritical CO2

p = 10 MPa

0.1 mL/min
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T = 315K

supercritical CO2

p = 10 MPa

0.02 mL/min

Figure 4.65: Residual CO2 saturations in Bentheimer sandstone imaged at various
thermophysical conditions. Image resolution was 3.4μm unless indicated otherwise, and
the diameters shown are ∼1000xresolution.

4.8.6 Discussion
Substantial initial and residual CO2 saturations were observed in a Bentheimer sandstone for
various thermophysical conditions. Residual saturations were a strong function of the injected
brine, non-equilibrated brine produced much lower residual saturations and smaller CO2
bubbles, probably due to mass transfer (dissolution trapping), while equilibrated brine led to
significantly higher residual saturations. The distribution of the CO2 phase inside the rock
indicated water-wet conditions at all temperature and pressure ranges tested. However, higher
pressures reduced water-wettability and showed weakly water-wet conditions, consistent with
contact angle measurements (cp. section 7). Overall it appears that residual trapping and
dissolution trapping provide good CO2 storage mechanisms.

4.9

μCT - Conclusions

We observed residual CO2 drops for a range of geo-thermal and hydrostatic pressure
conditions: CO2 gas, near-critical CO2 gas, liquid CO2, and scCO2. In all cases CO2 mainly
accumulated in larger pores and more in the centre of the pores, which indicates water-wet
behaviour, consistent with the NMR results (section 3, which also independently indicate that
residual CO2 a) exists and b) is located in the larger pores), and also consistent with coreflood
experiments (section 2) and contact angle measurements (section 7). We also touched upon
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pore-scale dissolution trapping, and showed that this is a viable mechanism if the partially
CO2 saturated plug is flooded with undersaturated brine. This is an area we propose to study
further as again the pore-scale mechanisms determine the overall reservoir-scale behaviour;
and the associated reservoir scale predictions currently have large uncertainty (e.g. compare
Riaz et al; 2006, Moortgat et al. 2011, Cardoso and Andres 2014).
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5 Computational Fluid Dynamics (CFD) computations
It would be beneficial to have an advanced pore-scale simulation tool with which mesoscale
parameters (e.g. residual saturations) can be computed rapidly. Traditionally this is done via
pore-network modelling, however, such networks significantly simplify the pore geometry of
the rock (cp. e.g. Ebrahimi et al. 2013, Dong and Blunt 2009) - which is of key relevance for
fluid dynamics and statics - and thus have only limited predictive power. We thus embarked
on a more rigorous simulation study using μCT images and Navier-Stokes equations, i.e. a
more fundamental approach of tackling this modelling problem.

5.1

Single-phase permeability predictions

We have predicted single-phase brine permeabilies in a sandstone and a sand pack using μCT
images and Navier-Stokes equations. The predicted values matched well with experimentally
measured permeabilities. This work is described in detail by Ahmed and Iglauer (2012). The
output data included also pressure and flow vector fields. We conclude that single phase
permeabilities can be reliably calculated with CFD.

5.2

Two-phase flow predictions

In addition, we attempted to predict two-phase flow at the pore-scale; again we used meshes
built from the pore space (nominal voxel sizes of approximately (5 μm)3) extracted from µCT
images, and numerically solved the Navier-Stokes equations within this pore space. Here we
considered a sand pack sample (Figure 5.1). Specifically, the three dimensional transient,
incompressible, laminar flow fields for oil/brine two-phase flow were computed using an
Eulerian-Eulerian multi-phase flow approach, where the velocity fields and volume fractions
of oil and brine were computed separately, but the pressure field was shared by both phases.
The particle model was used for inter-phase momentum transfer. Complete water-wettability
of the solid surface was simulated by setting the water contact angle to 0°. The inlet boundary
condition was set by specifying oil and brine flow rates in such a way that the average
capillary number for the whole system was 10-7, which is representative of reservoir flow. A
pressure boundary condition was prescribed at the flow outlet. Initially all pore space was
filled with brine, and oil was injected from one side at constant flow rate. Once no more brine
was produced from the other side the system was considered to be at steady state conditions
(cp. Figures 5.2-5.4). Residual brine saturation (Swr) was calculated (Figures 5.5 and 5.6) and
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this was consistent (experiment 18% and simulation 14%) with independent experimental
data available in the literature (Pentland et al. 2010a, Al-Mansoori et al. 2010, Gittins et al.
2010). At this stage, oil injection was stopped, brine injection was started and the flow rate
was again set to a constant value so that the capillary number was 10-7. Once oil production at
the outlet ceased (after 95 seconds of simulation), the system reached steady state (Figure
5.5) and residual oil saturation (Sor) was calculated and compared with experiments (Pentland
et al. 2010a, Al-Mansoori et al. 2010, Gittins et al. 2010) and found to be consistent
(experiment 10% and simulation 9%). This numerical procedure is very cost-effective and
rapid compared to an experimental approach.
However, a serious drawback of these simulations is that capillary forces are ignored, which
leads to unreliable predictions as capillary forces are of vital importance at the applied
capillary numbers and at this length scale. This neglection indeed leads to predicted fluid
distributions, which were inconsistent with experimental observations (e.g. check section 4;
e.g. oil touches the water-wet sand, Figure 5.5).
An alternative approach is to include capillary forces and to track the interface movement
(VOF method; e.g. cp. Jettestuen et al. 2013). However, the VOF method models only small
volume elements, which may not be representative (cp. section 4.5 above about REV).
We conclude that CFD can in principle deliver good two-phase flow through rock predictions
provided that sufficiently large volumes can be considered.

Figure 5.1: Visualization planes in the digital sand pack sample.
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Figure 5.2: Pressure distribution at the inlet as a function of time.

Figure 5.3: Brine velocity at the outlet as a function of time.
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Figure 5.4: Pressure distribution at pore wall after 50s.

Figure 5.5: Image slices showing oil and brine pore-scale distributions computed with
CFD for the sand pack. The planes shown are those indicated in Figure 5.1. Note that
capillary forces were ignored in these computations. Mixing of brine and oil was
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prevented by setting an interfacial tension between oil and brine. However, interfacial
tensions between the oil and rock surface and rock surface and brine were ignored,
which resulted in the adherence of the oil to the rock surface which is physically
unrealistic for a water-wet surface.

Figure 5.6: 3D image showing oil and brine pore-scale distributions in the sand pack,
computed with CFD. Note that capillary forces were ignored in these computations.

5.3

CFD - Conclusions

We conducted single- and two-phase CFD simulations on μCT images, and we foud that
single phase fluid dynamics can be predicted well. Two-phase flow, however, is significantly
more complicated, and it requires substantial computer power to obtain reliable results.
Nevertheless, CFD can in principle predict correct fluid dynamics, and we believe that it will
evolve into a standard tool for subsurface pore-scale fluid flow predictions.
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6

Interfacial tension measurements

Interfacial tensions influence multi-phase fluid dynamics in a porous medium (e.g. residual
saturations, Lake 2010), and they determine the contact angle between two fluids and a
substrate (cp. section 7). Furthermore interfacial tensions are required to transform mercury
injection capillary pressure data into an equivalent for scCO2, and for predicting CO2 column
heights in structural trapping (section 7). It is thus desirable to gain knowledge about this
parameter, and how it fluctuates with pressure, temperature and fluid composition.
We thus measured CO2-water interfacial tensions for various scenarios to provide
input for modelling and predictions. Specifically, the well-established pendant drop method
(Adamson and Gast 1997, Georgiadis 2011) was used for measuring CO2-water interfacial
tensions (γ) as a function of pressure and temperature conditions.

6.1 Theory - Pendant drop method
For a detailed theoretical background of this technique we refer to the excellent overview
provided by Georgiadis (2011).
In a nutshell, equation 6.1 is a force balance between interfacial and gravitational forces with
which the interfacial tension γ can be computed.

g=

∆ρ g
( Bkapex ) 2

(6.1)

The acceleration due to gravity g and the density difference between the fluids ∆ρ are
typically known, and the drop shape parameter B and the curvature of the apex point of the
drop kapex are determined from the drop profile measured (Georgiadis 2011).

6.2

Experimental methodology

A pressure cell was heated to a preset value, flooded with CO2 for at least 10min, and then
filled with CO2 at a set pressure with a high precision syringe pump. Subsequently a drop of
water was introduced into the cell through a needle with a second high precision syringe
pump set to a constant flow rate. The water formed a drop at the bottom of the injection
needle, and if a sufficient amount of water was added to the pendant drop, the drop separated
215

from the needle and fell down. Two additional drops were produced in this way and the
whole process was recorded with a video camera. From the drop images extracted from the
movie files, the shape of the drop was measured and γ was computed (Georgiadis 2011,
Sarmadivaleh et al. 2015). Fluid densities were taken from Georgiadis et al. (2010).

6.3

Results

Results for the measured interfacial tensions between CO2 and water are shown in Figure 6.1.
Our results are consistent with literature data (e.g. Georgiadis et al. 2010, Chun and
Wilkinson 1995).

Figure 6.1 CO2-H2O interfacial tensions for different pressures and temperatures.
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6.4

Interfacial tension measurements with MRI

This has been described in section 3.5.

6.5

Interfacial tensions - conclusions

It is clear that γ drops with increasing pressure (Sarmadivaleh et al. 2015), consistent with
literature data (Georgiadis et al. 2010, Chun and Wilkinson 1995). In addition, we found that
increased temperature increases γ, which is again consistent with literature data (Chalbaud et
al. 2009). We conclude that the structural and residual trapping mechanisms are detrimentally
influenced by higher pressures and lower temperature, because of reduced γ, although this
effect is probably minor with respect to residual trapping as very low γ would be required to
mobilise a residual non-wetting phase (e.g. Lake 1990, Iglauer 2004,2009b,2010b,2011c).
Furthermore, at pressures above the critical CO2 pressure, γ does not vary much with
pressure; temperature changes have still a significant impact, though.
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7

Contact angle measurements

Contact angle measurements are a rapid way to assess the wettability of geological samples.
Such contact angle measurements are comparatively simpler and less costly to perform than
equivalent coreflood experiments (cp. section 2: volume balance and medicalCT scanning;
section 3: NMR scanning; section 4: μCT imaging). We thus conducted a substantial number
of contact angle measurements in order to evaluate how informative they are and whether
they can give results consistent with the corefloods. In case of water-CO2-mineral surface
contact angles, Iglauer et al. (2015) distinguished seven degrees of wettability (Table 7.1),
from completely water-wet (0° water contact angle) to completely CO2-wet (180° water
contact angle).

Table 7.1: Wettability states categorized based on water contact angles (CO2-brinemineral systems, Iglauer et al. (2015).
Wettability state
complete wetting or spreading of water
strongly water-wet
weakly water-wet
intermediate-wet
weakly CO2-wet
strongly CO2-wet
complete non-wetting of water

Water contact angle θ
0°
0-50°
50-70°
70-110°
110-130°
130-180°
180°

Experimentally, a drop of fluid (water in our case) is dispensed onto the solid surface
surrounded by the second fluid (here: CO2). The drop can then be observed with a video
camera and the angle is measured on the image (Figure 7.1). In case of a flat surface, a sessile
drop contact angle is measured, which for an ideal (= mathematically flat and chemically
100% homogeneous) surface is the Young’s contact angle, a uniquely defined
thermodynamic parameter. It is important to understand that the contact angle is a result of
acting intermolecular forces, and these forces can macroscopically be expressed by a force
balance of the three interfacial tensions present between the three materials (equation 7.1,
Young 1805).
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𝒄𝒄𝒄𝒄 =

𝜸𝒎𝒎𝒎𝒎𝒎𝒎𝒎/𝑪𝑪𝑪 −𝜸𝒎𝒎𝒎𝒎𝒎𝒎𝒎/𝒘𝒘𝒘𝒘𝒘

(7.1)

𝜸𝒘𝒘𝒘𝒘𝒘/𝑪𝑶𝑶

where γ is the interfacial tension for the water-CO2, mineral-CO2 or mineral-water interfaces,
respectively. γ is a function of the molecular interactions between the molecules and thus
depends on fluid (and mineral) composition, temperature and pressure.

Figure 7.1: Image of water drop on quartz surface in CO2 atmosphere with the
advancing contact angle (θa) and the receding contact angle (θr) indicated.

Ideal surfaces, however, do not exist. Instead, real surfaces show contact angle hysteresis:
advancing and receding contact angles can reach significantly different values (typically
advancing contact angles are 5-20° higher than the corresponding receding contact angles,
Butt et al. 2006). This is mainly caused by surface roughness and chemical heterogeneity.
Additional factors (e.g. adsorption/desorption or line tension) may also play a role.
Experimentally, advancing and receding contact angles can principally be measured by two
methods:
1. Static angle (adding or removing volume from the dispensed drop)
2. Dynamic angle (the drop is placed on a tilted substrate, Figure 7.1)

In this project we used both methods and discuss their differences and implications.
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7.1.

Uncertainty associated with contact angles in the literature

More than 10 groups have by now measured CO2 contact angles on rock and mineral surfaces
at storage conditions, but the overall uncertainty is dramatic: water contact angles between 0160° have been measured. One of the main reason is the surface chemistry of the substrate:
oil-wet substrates showed a much higher contact angle, and indeed mixed-wet or CO2-wet
behaviour, while pure mineral surfaces showed water-wet conditions (Figure 7.2). For a
detailed discussion we refer to the recent review paper by Iglauer et al. (2015).
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Figure 7.2: Water contact angles on oil-wet surfaces (left) and quartz (right). A large
uncertainty exists (adopted from Iglauer et al. (2015)). For a more detailed discussion go
to Iglauer et al. (2015).

After closer inspection of the data it is clear that distinguishing receding and advancing
contact angles significantly reduces uncertainty (Iglauer et al. 2014). A further factor, which
creates a lot of uncertainty is surface contamination (see section 7.2 below). Furthermore, we
found that temperature, pressure, surface roughness and salinity and salt type all influence the
contact angles. This is discussed further below.
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7.2

Surface contamination

As a first step we measured contact angles on alpha-quartz for three different aqueous phases
(1. Deionized water, 2. 20000ppm NaCl brine, 3. 1M NaHCO3 brine) at 323K as a function
of pressure. For this a droplet of water was dispensed onto the quartz surface in a heated high
pressure vessel in CO2 atmosphere, and the whole process was recorded as a movie. On the
image files extracted from the movie, the sessile water contact angle θ was measured.
θ was always above zero and sometimes θ > 90° was observed, Figure 7.3. Theoretically,
however, θ at 0.1 MPa (ambient pressure) should be 0° (Grate et al. 2012). This discrepancy
led us to a “reality check”, where we cleaned a quartz crystal with Piranha solution (5vol:1vol
H2SO4:H2O2), which is a prescribed surface cleaning method in surface chemistry (Love et al.
2005). On the clean surface contact angles of approximately 0° were measured at ambient
conditions in CO2 atmosphere. We note that after wiping the crystal with a “clean” paper
towel, a θ ∼25° was measured; and on a quartz crystal, which was exposed to laboratory air
for several weeks, θ = 70° was measured. We conclude that the substrate surface needs to be
cleaned using prescribed methods to get reliable results. More details about this aspect are
discussed by Mahadevan et al. (2012), Bikkina (2012) and Iglauer et al. (2014).
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Figure 7.3: Water contact angles measured in CO2 atmosphere at 323K on
contaminated quartz surfaces. The red points indicate the “reality check” points – i.e
surfaces cleaned with Piranha solution. The blue and open red symbols indicate contact
angles measured on clean quartz. Adopted from Iglauer et al. (2014).

7.3

Contact angle measurements – static method (Sarmadivaleh et al. 2015)

We subsequently procured a plasma reactor (Yocto from Diemer in Germany) to clean each
substrate with air plasma (for 45 min), and measured the advancing θ using the static method.
The substrate was placed into a high pressure cell, and the system was flooded for at least
10min with CO2. Subsequently the cell was filled with CO2 (purity >99.9mol%, BOC) until a
preset pressure value was reached with an ISCO syringe pump. A deionized (DI) water
droplet was then dispensed onto the substrates’ surface, followed by a second and a third
drop, while a video camera recorded the dispensing process as a movie. The water contact
angles θ were then measured on the images extracted from the movie files. The temperature
was constant at prescribed values: 296K (±1.5K), 323K (±1K) or 343K (±1K), and the effect
of pressure on each θ isotherm was measured. The standard deviation of these measurements
is estimated to be approximately ±3° based on replicate measurements. Surface roughness of
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the quartz substrate was measured with an Atomic Force Microscope (AFM, instrument
model Bruker Dimension AFM 3100 system). To test the influence of roughness, one surface
was left as received (note that this was a geologically grown rock crystal, while the other side
was polished).
The AFM images (7.4-7.6) show the topography of each side of the sample and the deflection
signal, which gives a detailed view of the topographical characteristics. As it turned out the
polished side had a much larger surface roughness (RMS surface roughness ∼1.5μm), while
the original surface was very smooth (∼40nm RMS surface roughness). Thus polishing
created roughness.

Topography

Deflection

3-d Topography

RMS roughness: 1.52 μm
z-range: 7.64 μm
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Figure 7.4: Quartz with a rough surface: AFM results.

Topography

Deflection signal
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3-d Topography

RMS roughness: 27.0 nm
z-range: 137 nm

Figure 7.5: Quartz with a smooth surface: AFM results.
Topography

Deflection signal
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3-d Topography

RMS roughness: 46.8 nm
z-range: 447 nm

Figure 7.6: Quartz with a smooth surface: AFM results. The substrate was rinsed with
ethanol and MilliQ water, and then dried with N2.

7.3.1 Dry versus wet quartz surface
One possibility of differences in contact angles and wettability is adsorption of molecular
species onto the substrate surface (Adamson and Gast 1997). We thus tested an initially dry
quartz surface in a way that the water contact angle of the first droplet sitting on a dry surface
was measured. It is known that the surface chemistry, specifically the concentration of silanol
groups on amorphous silica, depends on the pre-conditioning of the sample: the silanol
surface group concentration decreases with increasing dryness (water molecules are removed
from the surface), e.g. induced by heating (Zhuravlev 2000; but note that typically high
temperatures are used for drying, >200°C). We then compared θ measured instantaneously
on the first drop directly after dispensation with θ measured just before the second drop was
added (15-60 seconds later). These results are summarized in Figure 7.7; considering that the
standard deviation of our measurements is similar to the difference between dry and prewetted angles, we conclude that there is no significant difference between a dry and a prewetted quartz surface in terms of CO2-wetting behaviour. However, this effect should be
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investigated further applying longer aging times; furthermore three-phase line pinning (Butt
et al. 2006) may play a role.

Figure 7.7: Change in θ with time for the first water drop dispensed: earliest drop
(initial dry surface) versus aged surface (before second drop) for different pressures and
temperatures.

7.3.2 Influence of surface roughness
We could not identify a significant influence of surface roughness on θ for a rough (1.52μm
RMS surface roughness) versus a smooth (∼40nm RMS surface roughness) quartz surface,
Figure 7.8.
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Figure 7.8: Advancing water contact angle on a rough (1.52μm RMS surface
roughness) versus a smooth (∼40nm RMS surface roughness) quartz surface.

7.3.3 Influence of pressure
For all cases θ increased with increasing pressure, Figure 7.9.
7.3.4 Influence of temperature
An increase in temperature increased θ significantly (Sarmadivaleh et al. 2015). Our data are
consistent with Saraji et al. (2013), Figure 7.9.
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Figure 7.9:

Advancing water contact angle on a smooth (∼40nm RMS surface

roughness) quartz surface as a function of pressure and temperature. Literature data is
shown in black [Saraji 2013,2014, blue [Wang et al. 2013] and green [Farokhpoor et al.
2013].

7.3.5 Influence of equilibration time
We tested whether CO2-brine equilibration influences the water advancing contact angle. We
thus conducted experiments at 333K and 13 MPa with a 5000ppm NaCl brine on a smooth
quartz substrate (RMS surface roughness 56nm). We found that θ does not change with time
for equilibrated fluids; however, for non-equilibrated “fresh” fluids θ significantly decreased
with time (by ∼20% in 5 hours, Figure 7.10).
We explain this effect with a mass transfer effect: water evaporates into the undersaturated
CO2 phase, thus the volume of the water droplets shrinks. The three-phase line, however,
remained pinned; consequently θ decreased. This is thus not caused by a shift in
intermolecular forces, but an experimental “artefact”.
This is consistent with Wang et al.’s (2013) and Kaveh et al.’s (2014) results. We note that
gravity was also suggested as a reason for this change, however, as we always operate below
the capillary length (see the more detailed discussion below), gravity should be negligible
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(DeGennes et al. 2004). Moreover, we note that un-equilibrated fluids are encountered at the
leading edge of the CO2 plume in the reservoir (Pentland et al. 2010).

Figure 7.10: Water advancing contact angles at 13MPa and 333K for equilibrated and
non-equilibrated CO2-brine systems on quartz.

7.4

Contact angle measurements on quartz using the dynamic method

7.4.1 Experimental methodology
An alternative to the sessile drop method is the tilting-plate technique (McDougall and
Ockrent, 1942, Lorraine et al., 1993; Extrand and Kumagi, 1995). The tilting plate method
delivers statistically more reliable data (Lorraine et al. 1993), and it can measure receding and
advancing contact angles simultaneously, a preferable situation. We thus placed our
substrates onto a metal platform housed in the pressure cell (inclination angle of α=12o), cp.
Figure 7.1. Once a drop was dispensed onto the substrate it moved slowly from the upper side
to the lower side. The advancing water contact angle θa and the receding water contact angle
θr were then measured just before the drop started to move. The droplet had a radius (≈
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1.7mm±0.2mm); gravity is thus negligible as this is smaller than the capillary length, this is
discussed further below.
We tested several parameters: surface roughness (56nm, 210nm, 560nm, 1300nm, cp. Figure
7.11), temperature (296, 323, 343K), pressure (0.1, 5, 10, 15, 20 MPa), salinity and salt type
(3wt%, 6wt%, 10wt%, 20wt% and 35wt% NaCl, CaCl2, and MgCl2 in deionized water), and
material (quartz, mica, caprock samples). We note that the fluids were not
thermodynamically equilibrated, however, θ is not influenced by equilibration (for the CO2water-mineral system), if the θ measurement is rapid (<1 min), see discussion above and cp.
Sarmadivaleh et al. (2015), Al-Yaseri et al. (2015).

RMS=56nm, Z=700nm

RMS=210nm, Z=1800nm
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RMS=560nm, Z=6000nm

RMS=1300nm, Z=7000nm

Figure 7.11: Atomic Force Microscopy images of the quartz surfaces investigated;
different heights are coloured differently (black is 0nm, white the highest value).

7.4.2 Influence of pressure on contact angles
Results are plotted in Figures 7.12 and 7.13.
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Figure 7.12: Advancing water contact angles for CO2/DI water/quartz as a function of
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Figure 7.13: Receding water contact angles for CO2/DI water/quartz as a function of
pressure and temperature.

It is again clear that θa and θr significantly increased with pressure, consistent with the sessile
drop measurements (see above) and literature data (Wesch et al., 1997, Chiquet et al., 2007,
Sutjiadi-Sia et al., 2008, Broseta et al., 2012, Jung and Wan, 2012, Saraji et al., 2013,
Farokhpoor et al., 2013, Iglauer et al., 2014, Sarmadivaleh et al., 2015, Al-Yaseri et al.
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2015a), and molecular dynamics (MD) predicitions (Liu et al., 2010, Iglauer et al., 2012b,
McCaughan et al., 2013). Theoretical predictions suggest that this behaviour is caused by
rapid increase in CO2 density with pressure; the higher density results in stronger
intermolecular interactions between CO2 and quartz, and thus a shift in the interfacial force
balance (Iglauer et al. 2012b).

7.4.3 Influence of temperature on contact angles
Results are plotted in Figures 7.12 and 7.13. Higher temperatures led to higher θa and θr,
consistent with most literature results (Farokhpoor et al. (2013); Saraji et al. (2013);
Sarmadivaleh et al. (2015)).

7.4.4 Influence of salinity on contact angles
Results are shown in Figure 7.14 and 7.15. It is clear that increased salinity led to higher θa
and θr , consistent with literature data (Broseta et al., 2012, Chiquet et al., 2007, Espinoza and
Santamarina, 2010; Farokhpoor, 2013; Jung and Wan, 2012; Wang et al., 2013a, 2013b,
Saraji et al., 2014). Furthermore, divalent cations had a stronger de-wetting effect, which we
explain with stronger electrostatic shielding of the negative surface charge (Bourikas 2003,
Wu et al. 2011) by the cations with the higher charge-to-volume ratio (Mg2+ > Ca2+ > Na+).
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Figure 7.14: Effects of brine salinity (NaCl, CaCl2, and MgCl2) on advancing and
receding contact angles at 323K, 10MPa, and 560nm surface roughness (quartz).
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Figure 7.15: Effects of brine salinity (NaCl, CaCl2, and MgCl2) on advancing and
receding contact angles at 343K, 10MPa, and 560nm surface roughness (quartz).

7.4.5

Influence of surface roughness on contact angles

Results are plotted in Figure 7.16; θ decreased with surface roughness as expected (Wenzel
1936, Marmur A., 2006, Swain et al., 1998, Butt et al., 2006, Wang et al., 2013b).
We note that Wenzel (1936) suggested the below equation to predict the influence of surface
roughness:

cos θrough = r cos θsmooth

(7.2)
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, where r is the ratio between real surface area and geometric surface area, θrough is the contact
angle measured on the rough surface, and θsmooth is the contact angle on the smooth (ideal)
surface. Using equation 7.2, we calculated the corresponding θsmooth (r was measured from the
AFM profiles: twelve different profile lines (La) were measured for each surface, and divided
by the projected length of the profile line (Li), Figure 7.17). As expected higher contact
angles were predicted for the smooth surface, Table 7.2.
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Figure 7.16: Surface roughness effect on advancing and receding contact angles at
296K, 343K and 10MPa (on quartz).
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Table 7.2: Advancing and receding contact angles for roughness ratio of 1.03.
*Predicted with the Wenzel equation (7.2).
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Figure 7.17. (a) Atomic Force Microscopy image of the 56nm quartz surface, (b) profile
line for the blue dotted line shown in (a). Li is the length of the image (63μm; →
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projected length of the profile line), and La is the actual length of the z profile line
plotted against substrate length.

Overall the Wenzel equation should remove the effect of surface roughness. This was indeed
the case at 296K, where a θsmooth of ∼20° was predicted; however, other variations were still
significant. We conclude that either the Wenzel equation does not perfectly work for the
given data, or additional effects could be significant (e.g. high line tension, energy
dissipation, surface shape adsorption/desorption, etc., Butt et al. 2006).

7.4.6 Influence of gravity on contact angles
DeGennes et al. (2004) suggest that gravitation has only a minor influence for systems
smaller than the capillary length κ−1 (equation 7.3).

κ−1: = �

𝛾

(7.3)

∆𝜌𝜌

, where ∆ρ is the density difference between the fluids, g is the gravitational constant, and γ is
the interfacial tension between the fluids.
We assessed all drop sizes in terms of capillary length (Table 7.3); all systems were smaller
than κ−1 , thus gravity does not play a significant role. This is consistent with Drelich’s
(1997) and Pierre et al.’s (2004) work.
p
[MPa]
0.1
5
10

T
[K]
296
296
296

∆ρ
[kg/m3]*
995.78
864.82
167.01
240

γ
[mN/m]**
75.86
42.48
18.07

κ−1
[mm]
2.78
2.23
3.32

15
296 115.69
17.31
3.90
20
296 80.05
13
4.07
0.1
323 986.45
73.1
2.74
5
323 885.28
52.08
2.45
10
323 605.61
42.79
2.68
15
323 293.42
33.38
3.40
20
323 211.44
25.63
3.51
0.1
343 976.302 58.67
2.47
5
343 887.06
52.18
2.44
10
343 733.92
39.07
2.33
15
343 477.07
37.33
2.82
20
343 326.39
16.24
2.25
Table 7.3: Capillary lengths at different pressures and temperatures for the investigated
contact angle systems. (*from Georgiadis et al., 2010, ** Sarmadivaleh et al., 2015)

7.5

Contact angles on mica

We have measured CO2-brine contact angles on mica (muscovite, chemcial
formula KAl2(AlSi3O10)(F,OH)2) substrates at pressures and temperatures relevant to geosequestration projects. Mica was suggested earlier as a proxy for caprock material (Chiquet et
al. 2007, Broseta et al. 2012).
has similar chemical structure. It is represented by, or (KF)2(Al2O3)3(SiO2)6(H2O).

7.5.1 Experimental Methodology
The contact angle measurements were conducted as described above using the tilted plate
technique.

7.5.2 Results and Discussion
The influence of pressure, temperature and salinity on θ was investigated, and results are
discussed and compared with literature data.
241

7.5.2.1

Effect of pressure on contact angle

Results are shown in Figures 7.18 and 7.19. Both advancing and receding contact angles
increased with pressure, and mixed-wet conditions were observed for pressures above 15
MPa. Note that at a pressure of 20 MPa and temperature of 35oC, θ increased to >90o, which
implies that an upwards suction force for CO2 is present in an analogue reservoir.
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Figure 7.18: Advancing contact angles for CO2-brine-mica systems as function of
pressure and temperatures (20wt% NaCl brine).
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Figure 7.19: Receding contact angles for CO2-brine-mica systems as function of
pressure and temperatures (20wt% NaCl brine).

7.5.2.2

Effect of temperature on contact angle

Both advancing and receding contact angles decreased with temperature as shown in Figures
7.18 and 7.19. This trend is opposite to the trend observed for quartz; we propose that this
effect is further investigated.

7.5.2.3

Effect of salinity on contact angle

Results are shown in Figure 7.20. Both advancing and receding contact angles increased with
an increase in brine salinity, consistent with most studies (Bikkina et al., 2012; Chiquet et al.,
2007; Espinoza et al., 2010; Jung et al., 2012; Farokhpoor et al., 2013)
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Figure 7.20: Advancing and receding water contact angles as a function of brine salinity
(wt%) at 15 MPa and temperatures of 50oC and 70oC.

7.5.3 Comparison with published data
Advancing contact angles have been compared with various published literature data, Figure
7.21. In general, our measured contact angle values lie approximately in the average of most
of the published data at low pressure range (from 0.1 to 10 MPa). However, at high pressures
(from 10 MPa to 20 MPa), significant difference from other published literature exits. The
difference could be because of different surface roughness and salinities. Moreover, the
surface cleaning methods adopted in different studies can also be potential source of
ambiguities in contact angle measurements (Iglauer et al. 2014 and section 7.2).
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Figure 7.21: Comparison of our results versus the published literature data of contact
angle on mica substrates at various operating conditions.

7.6

Contact angles on caprock – caprock wettability

In order to assess the CO2-wettability of caprock, we selected 8 samples from a proposed
storage site in New South Wales/Australia. The samples were thoroughly characterized prior
to the contact angle measurements. This included quantitative x-ray diffraction (XRD)
measurements, Total organic content (TOC) measurements (Table 7.4), scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS) analysis (Figure 7.22), thin section
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analysis (Figure 7.23), surface roughness measurements (Figure 7.24), and mercury intrusion
measurements (Figure 7.25).

Most samples consisted mainly of quartz (∼50-60wt%), substantial amounts of clay (∼20wt%
illite and chlorite), significant amounts of feldspar and a few other minerals in low to medium
concentrations, Table 7.4. An exception was sample SWC-2.12, which had a high calcite
content (47wt%) and sample SWC-2.5., which contained high amounts of illite (33wt%).

Sample

Depth
[m]

TOC
[mg/kg]

SWC-1.3a.

1979.00

510

Chemical composition* [wt%]

54

Quartz

Capillary
threshold
pressure
[MPa]**

CO2
column
height
[m]***

0.82

241.3

n/a

n/a

17

Illite
Plagioclase feldspar
(albite)

11
9

Chlorite

7

K-feldspar (microcline)

2

Hematite
SWC-1.4.

1746.50

2600

56

Quartz
Ankerite
Calcite

12
9
7

Illite
Plagioclase feldspar
(albite) Chlorite
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6
6

SWC-2.5.

1547.00

810

Anhydrite

4

Illite

33

Quartz

31

Analcite

15

Plagioclase feldspar
(albite)

9

Chlorite

0.40

116.6

1.35

392.8

3.58

1043.5

8
4

Hematite
SWC-2.8.

1506.00

2000

Quartz

46

Analcite

20

Chlorite

12

Illite

12

Plagioclase feldspar
(albite)

9
1

K-feldspar (microcline)
SWC-2.12.

1426.50

4400

Calcite

47

Quartz

27

Plagioclase feldspar
(albite)

8

Ankerite
Illite

5
5
3

Analcite
Chlorite

247

3
2

K-feldspar (microcline)
MM1PS3.4.

1859.75

870

Quartz

64

Plagioclase feldspar
(albite)

12

Chlorite
Illite

0.26

74.5

0.24

69.5

0.35

103.0

11
10
2

Hematite

1

Calcite
MM1PS3.6.

1865.06

1100

Quartz

62

Illite

10

Chlorite

10

Calcite

8

Plagioclase feldspar
(albite)

5

Anhydrite

4
1

Hematite
MM1PS3.7.

1872

1600

Quartz

65

Plagioclase feldspar
(albite)

13

Illite

10
10

Chlorite
Hematite
Calcite
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1
1

Table 7.4: Geological and chemical properties of caprock samples tested. *measured
with a Bruker AXS XRD instrument. **Estimate for the conditions at 323K and 15 MPa
pore pressure. ***Estimated from capillary threshold pressures using a capillary force –
buoyancy force balance, equation 7.4.

The SEM images (Figure 7.22) show that clay (illite, illite-smectite, smectite or kaolinite)
filled the pore space and thus covered the surface of the grains. This observation is consistent
with the EDS analysis, which mainly detected clay materials.

sample

SEM image

EDS graph

SWC1.3a.

Upper image: Detrital clays nearly filling Upper image: highlighted square #1; detrital
the pore spaces and obscuring the quartz clay, likely underlain by plagioclase. Lower
matrix. Lower image: Intermixed kaolinite image: highlighted square #2; kaolinite with
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and illite coating grains of quartz and some illite intermixing.
plagioclase.
SWC-1.4.

Upper image: A mixture of detrital clays
overlays quartz and plagioclase, obscuring
the pore spaces. Lower image: illite,with
traces of smectite and possibly detrital
kaolinite, cover a pore space. Plagioclase is
also visible in the right upper section.
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Upper image: highlighted square #1; illitesmectite. Lower image: highlighted square
#2; weathered illite.

SWC-2.5.

Upper image: Large deposits of kaolinite
and illite-smectite almost completely
obscure the rock matrix. Lower image:
Partially weathered kaolinite and illitesmectite overlay quartz, not pictured.

Upper image: highlighted square #1;
kaolinite overlain by illite. Lower image:
highlighted square #2; weathered mixed
clays.

SWC-2.8.
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Upper image: Mixed clays almost
completely obscure quartz matrix. Lower
image: Mixed kaolinite and illite-smectite
overlay quartz. Clays appear to be
moderately weathered.

Upper image: highlighted square #1; illite
and kaolinite. Lower image: highlighted
square #2; a deposit of clay over quartz.

SWC2.12.
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Upper image: Mixed detrital clays fill the
spaces between calcite and quartz. Lower
image: A thin deposit of clay minerals
overlay calcite.

Upper image: highlighted square #1; calcite
with very slight traces of clay. Lower image:
highlighted square #2; calcite overlain by a
very thin deposit of clay.

Upper image: Kaolinite, center, stems from
its host quartz grain. Lower image:
Kaolinite in various stages of formation
from host quartz. Small traces of smectite
are also visible.

Upper image: highlighted square #1;
kaolinite, with large silicon presence. Lower
image: highlighted square #2; kaolinite.

MM1PS3.4.
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MM1PS3.6.

Upper image: Detrital clays partially
obscure underlaying quartz matrix. Lower
image: Kaolinite with some illite overlaying
host quartz grain.
MM1PS3.7.
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Upper image: highlighted square
kaolinite with minor trace of illite.

#1;

Upper image: Mixed clays fill the pore
spaces between the quartz matrix. A large
deposit of kaolinite is visible in the centre.
Lower image: Mixed kaolinite and illitesmectite overlay host quartz.

Upper image: highlighted square #1;
kaolinite with some illite-smectite. Lower
image: highlighted square #2; quartz in
process of chemical alteration to clay.

Figure 7.22: SEM images of the caprock samples and EDS analysis.

7.6.1 Thin section petrology
Thin sections were analysed for each sample at 40x and 100x magnification, Figure 7.23.
Most samples were identified as sandstones or siltstones with one siltstone/shale sample. The
mineralogical thin section assessment reflected the XRD and SEM-EDS measurements: the
samples consisted mainly of quartz grains of varying size and angularity, with significant
amounts of clays present. Several samples also contained calcite and dolomite intergranular
cements. Quartz overgrowth and intergranular clay formation were the dominant diagenetic
features.
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sample

40x magnification

100x magnification

SWC1.3a.

Argillaceous sandstone/siltstone. Quartz grains were angular to sub-rounded and very fine
grained. Compaction resulted in decreased and poor porosity, sutured contacts, minor
elongated grains, and deformation of more ductile grains (i.e. Mica). Grains were cemented
with siliceous clays and argillaceous material (brown). Pyrite replaced argillaceous material
and formed throughout, and Glauconite was present. Much of the sample had red ironstaining, and rare plagioclase was altering to clays.
SWC1.4.

Calcareous sandstone. Quartz (Q) grains were well-rounded, fine to medium sized and
exhibited overgrowth development. Compaction resulted in sutured contacts, decreased and
poor porosity, stylolites, and deformation of ductile grains (Mica). Mosaic dolomite, calcite
(red), and anhydrite formed between quartz grains and throughout the sample. Glauconite
was present, disseminated pyrite was scattered and formed along grain contacts, and
Vermiculitic kaolinite was found within grains. Micaceous and illitic clays (C) formed
between grains.
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SWC2.5.

Siltstone/shale. Quartz grains were very fine grained, angular to sub-rounded and embedded
in an illite/smectite clay/micaceous clay matrix. Intrusions of silt and more solid clay lenses
broke up the main matrix. Much of the sample had red iron-staining. Clay laminations were
mostly parallel with very few sedimentary structures. Compaction resulted in elongated
grains and clay lenses as well as deformation of more ductile grains and poor porosity.
SWC2.8.

Siltstone. Quartz grains were angular to sub-rounded, poorly sorted and were embedded in a
clay (combination of illite/smectite/mica) matrix. Compaction resulted in decreased and poor
porosity and elongation and orientation of grains. Pyrite (black) replaced argillaceous
material (brown) and was scattered throughout the sample. Parallel interbeds of high and low
clay concentration layers were present.

257

SWC2.12.

Calcareous siltstone. Quartz grains (white) were angular to sub-rounded and embedded in a
calcareous clay matrix. Calcite (red) replaced much of the previous clay matrix and
laminations of quartz were parallel. Compaction resulted in decreased and poor porosity and
elongation and orientation of grains. Pyrite replaced argillaceous material (brown/arrows)
and was scattered throughout. Mica laths were present.
MM1PS
-3.4.

Silty, argillaceous, very fine grained sandstone. Quartz was mostly angular to sub angular
and exhibited rare overgrowth development. The matrix mostly consisted of clay (C) and
argillaceous material that was iron-stained (red) by hematite. Many quartz grains were
altered to siliceous clays. Pyrite replaced clays and argillaceous material (dark grey), and
Plagioclase was present and altered to sericite. Minor amounts of anhydrite formed between
grains locally, and chlorite and glauconite were present. Compaction resulted in decreased
porosity, sutured grain contacts, and alteration of grains.
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MM1PS
-3.6.

Very fine to fine-grained, slightly calcareous, argillaceous and clay-bearing sandstone.
Quartz (Q) was sub-angular to well-rounded and exhibited minor overgrowth formation. The
clay matrix consisted mostly of illite/smectite. Calcite (red) formed in pore spaces and
replaced some clay (C). Rare hematite staining of clays and grains and rare glauconite was
detected. Compaction resulted in decreased and poor porosity, sutured grain contacts, and
alteration of grains. Pyrite replaced clays and argillaceous material.
MM1PS
-3.7.

Very fine, slightly calcareous, argillaceous and clay-bearing sandstone. Quartz was subangular to well-rounded and well-sorted and exhibited minor overgrowth formation. The clay
matrix mostly consisted of illite/smectite. Calcite formed in pore spaces and replaced some
clay areas. Rare hematite staining of clays and grains and rare glauconite and chlorite were
present. Compaction resulted in decreased and poor porosity, sutured grain contacts, and
alteration of grains. Pyrite replaced clays and argillaceous material.
Figure 7.23: Thin section analysis.
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7.6.2 Surface roughness measurements
For the contact angle analysis small cuboid samples were cut (dimensions ∼0.5cm x 1 cm x 1
cm). It is well established that surface roughness can significantly influence contact angles
(e.g. Wenzel 1936, Marmur 2006, Al-Yaseri et al. 2015); thus is is necessary to quantify the
surface roughness. Here surface topographies were measured with an AFM (instrument
model AFM DSE 95-200); the RMS surface roughness ranged from 1100-1700nm (Figure
7.24), which is fairly rough when compared to pure mineral substrates (cp. sections 7.1 and
7.2), with the exception of sample SWC-1.3a, which was very smooth (28nm), similar to a
geological single crystal mineral surface (see above). This was also reflected in the z-range
(difference between maximum and minimum height of the sample), which ranged from 6-12
μm (exception: SWC-1.3a: 1.6 μm).

sample

3D surface topography

Deflection signal

SWC1.3a.
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z-range
[μm]

RMS
surface
roughness
[μm]

1.6

0.028

SWC1.4.

12

1.7

SWC2.5.

8

1.3

SWC2.8.

7

1.6
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SWC2.12.

10

1.7

MM1P
S-3.4.

6

1.2

MM1P
S-3.6.

6

1.1
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7

MM1P
S-3.7.

1.2

Figure 7.24: AFM images of surface topography, deflection signal and associated RMS
surface roughness and z-range.

7.6.3 Contact angle measurements
Advancing and receding water contact angles were measured using the tilted plate method
(see above) at 15 MPa and 323K using (20wt% NaCl + 1wt% KCl) brine, Table 7.5. All
contact angles were quite similar, always ∼50°, except the SWC-2.12 sample had a higher
contact angle (∼70°). The hysteresis between θa and θr was small and insignificant. The
higher angles measured for the SW-2.12. sample may be caused by its high calcite content
(47wt%). The standard deviation of the measurements was determined as ±3° based on
replicate measurements. Using the Wenzel equation we predicted θsmooth on an idealised
surface (no surface roughness), Tables 7.5-7.7.
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θa [°]

θr [°]

Roughness θsmooth
θsmooth
*
Ratio
(advancing) (receding)*

SWC1.3a

53

47

1.0001

53

47

SWC1.4

53

50

1.0978

56.75

54.161

SWC2.5

52

49

1.0636

54.63

51.91

SWC2.8

46

44

1.1387

52.1

50.82

SWC2.12

70

68

1.0375

70.79

67.87

MM1PS3.4

50

48

1.0404

51.84

49.97

MM1PS3.6

52

50

1.0727

54.97

53.18

MM1PS3.7

50

48

1.1146

54.78

53.106

caprock

image
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Table 7.5: Receding and advancing water contact angles on caprock samples measured
at 323K and 15 MPa in 20wt% NaCl + 1wt% KCl brine.*calculated with the Wenzel
equation.

θsmooth
(advancing)*

θsmooth
(receding)*

pressure

receding

advancing

Roughness
ratio

0.1

0

0

1.0727

0

0

5

23

30

1.0727

36.16

30.89

10

57

60

1.0727

62.21

59.48

15

66

69

1.0727

70.48

67.72

20

73

76

1.0727

76.96

74.18

Table 7.7: water contact angles on MM1PS-3.6 sample at 343K. *predicted with the
Wenzel equation.

θsmooth
(advancing)*

θsmooth
(receding)*

pressure

receding

advancing

Roughness
ratio

0.1

0

0

1.0636

0

0

5

17

29

1.0636

34.68

25.95

10

52

62

1.0636

63.8

54.63

15

55

65

1.0636

66.58

57.38

20

63

73

1.0636

74.04

64.73

Table 7.8: water contact angles on SWC-2.5 sample at 343K. *predicted with the Wenzel
equation.
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Contact angle [o]

For two selected samples the pressure dependence was measured at 343K, cp. Figures 7.25
and 7.26, and Tables 7.6 and 7.7. Both caprock samples showed a similar CO2-wettability
behaviour: θ increased dramatically with pressure and reached ∼70° at 20 MPa. Hysteresis
was small for the MM1PS-3.6 sample, while a ∼10° lower θr was measured for the SWC-2.5
sample, which is probably due to its higher chemical heterogeneity as surface roughness of
both samples were similar (1100nm versus 1300nm, Figure 7.24).

80
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0
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Receding
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10

15

20

Pressure [MPa]
Figure 7.25: Receding and advancing water contact angles on the MM1PS-3.6 caprock
sample as a function of pressure (measured at 343K in 20wt% NaCl + 1wt% KCl
brine).
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Contact angle [o]
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Figure 7.26: Receding and advancing water contact angles on the SWC-2.5 caprock
sample as a function of pressure (measured at 343K in 20wt% NaCl + 1wt% KCl
brine).

7.6.4 Mercury intrusion capillary pressure drainage curves
Mercury intrusion capillary pressure drainage curves were measured and are plotted in Figure
7.27; these curves can be converted into pore throat distributions (Figure 7.28, using 480
mN/m as the mercury-air interfacial tension and a contact angle of 140° between mercury, air
and rock; Tiab and Donaldson (2004)). The samples had distinctively different pore throat
distributions, and no correlation with depth was identified; however, all pore throat radius
distributions covered a broad range (10nm-100μm).

267

5.E+08
SWC-2.12.

4.E+08

SWC-1.3a.

4.E+08

SWC-1.4
SWC-2.5

Pressure [Pa]

3.E+08

SWC 2.8

3.E+08

MM1PS-3.4

2.E+08

MM1PS-3.6
MM1PS-3.7

2.E+08
1.E+08
5.E+07
0.E+00
0

20

40

60

80

100

air saturation [%]
Figure 7.27a: Mercury intrusion capillary pressure drainage curves for the
caprock samples tested.
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Figure 7.27b: Mercury intrusion capillary pressure drainage curves for the
caprock samples tested (logarithmic scale).
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Figure 7.28a: Pore throat radius distributions of the caprock samples investigated.
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Figure 7.28b: Pore throat size distributions of the caprock samples investigated
(logarithmic scale).

It is obvious that mercury-air interfacial properties are different to those of the scCO2-brinerock system. We thus scaled the data with the J-function (equation 2.2) to extract results
relevant for CCS; we assume a CO2-brine interfacial tension γ of 40 mN/m (Li et al. 2012)
and the θr listed in Table 7.5 (cp. also Al-Yaseri et al. 2015a).
The resulting primary drainage capillary pressure curves for scCO2-brine-caprock are shown
in Figure 7.29. We note that capillary pressure curves obtained by scaling mercury intrusion
data is only a first approximation as the interplay between wettability and pore morphology at
the pore-scale significantly influences the capillary pressure values (Purcell 1950, Iglauer et
al. 2015). From the capillary pressure-saturation curves the threshold pressures – which
correspond to the percolation threshold (Thompson et al. 1987) – can be extracted (Lyons
1996, Table 7.4). The threshold pressures extracted for the tested caprock samples varied
between 0.65-6.2 MPa (Table 7.4). Please note that these are approximate estimates, as the
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extracted values depend on the method used to determine the threshold pressure (we used the
method proposed by Boult et al. (1997).
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Figure 7.29a: scCO2 primary drainage capillary pressure curves – derived from scaled
mercury-air curves.
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Figure 7.29b: scCO2 primary drainage capillary pressure curves – derived from
scaled mercury-air curves (logarithmic scale).

7.6.5 Implications
Assuming that the threshold pressure and the capillary entry pressure are similar, we can
predict the maximum CO2 column heights, which can be stored permanently beneath the
caprocks (Table 7.5) using a capillary force – buoyancy force balance, equation 7.4.

ℎ=

𝑝𝑐,𝑒

(7.4)

∆𝜌𝜌

, where h is the CO2 column height, g is the acceleration due to gravity and ∆ρ is the density
difference between scCO2 and brine (typically between 300-400 kg/m3, Iglauer et al. 2015).
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For the calculations here we assume ∆ρ = 350 kg/m3. We thus predict that the caprocks can
store maximum CO2 column heights between ∼200-1800m.

7.6.6 Conclusions
Water contact angles on the tested caprock samples at realistic reservoir conditions were 50°70° with typically insignificant hysteresis. Contact angles dramatically increased with
pressure, and a further increase has been observed for increasing temperature. This is
somewhat similar to quartz (cp. sections 7.1. and 7.2; and Broseta et al. 2012; Saraji et al.
2013,2014; Sarmadivaleh et al. 2015; Al-Yaseri et al. 2015), although θ on caprock was
generally slightly higher.
Structural trapping capacities are thus significantly reduced (when compared to completely
water-wet caprock) by a factor of cosθ = cos(50°) ≈ 0.64 at ∼1500m storage depth or cos(70°)
≈ 0.34 at ∼2000m storage depth. The samples were thus weakly water-wet or mixed-wet.
However, these results imply that structural trapping is a feasible trapping mechanism,
although the influence of the pore geometry should be evaluated as this can significantly
change the capillary entry pressure (Purcell 1950).

7.7

Contact angles - Conclusions

We conducted contact angle measurements to assess how this (comparatively simple)
technique compares with the more elaborate (and thus more costly) coreflood experiments.
Overall we found good consistency between the results (cp. sections 2, 3, and 4), and we
conclude that contact angle measurements can provide reliable information about rock
wettability (and therefore explain and predict coreflood behaviour). As turnover rate of
contact angles is much higher, the influence of various thermophysical and chemical
parameters can be tested in a reasonable timeframe with a reasonable budget.
Specifically, the contact angle analysis showed that a higher surface roughness
resulted in lower advancing and receding contact angles, consistent with literature data (Butt
et al., 2006, Wang et al., 2013b). θa and θr increased as pressure increased, which is consistent
with most literature data (Wesch et al., 1997, Chiquet et al., 2007, Sutjiadi-Sia et al., 2008,
Broseta et al., 2012, Jung and Wan, 2012, Saraji et al., 2013a, Farokhpoor et al., 2013,
Iglauer et al., 2014, Sarmadivaleh et al., 2015, Al-Yaseri et al. 2015a); furthermore, θ on
quartz and caprock increased with increasing temperature, consistent with Saraji et al.
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(2013a), Farokhpoor et al. (2013), and Sarmadivaleh et al. (2015), but inconsistent with Saraji
et al. (2014) and molecular dynamics predictions (Iglauer et al. 2012b). θ decreased on mica
with increasing temperature. The temperature effect thus needs to be further analysed.
Increasing salinity also significantly increased θ, consistent with literature data (Broseta et al.,
2012, Chiquet et al., 2007, Espinoza and Santamarina, 2010; Farokhpoor, 2013; Jung and
Wan, 2012; Wang et al., 2013a, 2013b, Saraji et al., 2014), while different salts resulted in
different θ changes. The harder cations led to higher θ (MgCl2 > CaCl2 > NaCl). We explain
this effect by cation shielding of the electrical surface charge of quartz (Israelachvili, 2011).
We conclude that quartz and siliciclastic caprock is weakly water-wet at typical storage
conditions (high pressure, high salinity, elevated temperature). However, a significant
increase in θ – up to ∼50° - was measured at storage conditions (when compared to ambient
conditions, Grate et al. 2012, Iglauer et al. 2014). Residual and structural trapping are
therefore expected to work, however, storage capacities are reduced (Iglauer et al. 2011a,
2012b, Chaudhary et al. 2013). Mica and a calcareous caprock were mixed-wet, and
structural and residual trapping are reduced further for these materials.

8.

Conclusions
The wettability of storage and seal rock with respect to CO2 and water is of vital
importance in CO2 geo-storage as it strongly affects residual and structural trapping
(Tokunaga et al. 2013, Iglauer et al. 2015, Chaudhary et al. 2013). However, there is a lack of
data for relevant storage conditions, which leads to significant uncertainty with respect to
storage capacity and containment security predictions. Thus this project was set up to acquire
more knowledge in this area and to reduce uncertainty.

CO2-wettability was measured by several independent techniques to gain confidence:
Contact angles
This included contact angle measurements on clean quartz, mica and caprock substrates.
Results showed that the water contact angle θ (note: low θ - more water-wet rock - has higher
residual and structural trapping capacities) increased with pressure, temperature (exception
mica, where θ decreased), salinity, and charge-to-volume ratio of the cations in the salt
(dissolved in the brine). θ reduced with surface roughness. Overall a significant increase in θ
– up to ∼50° for quartz, ∼70° for caprock, and ∼110° for mica - was measured at storage
conditions (when compared to ambient conditions, Grate et al. 2012, Iglauer et al. 2014).
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Based on the θ measurements, we conclude that quartz and the siliciclastic caprocks
are weakly water-wet at typical storage conditions (high pressure, high salinity, elevated
temperature); however, mica and the calcareous caprock are mixed-wet.

NMR
The NMR measurements showed that scCO2 mainly displaced water out of larger pores, and
remained in the larger pores after spontaneous imbibition of water. This demonstrated that
Berea sandstone at storage conditions is water-wet. We also demonstrated with NMR that
capillary trapped CO2 is rather stable after flooding with undersaturated brine for >3 months
at low flow rates, although a small migration of the CO2 upwards was observed.

X-ray micro computed tomography
The μCT experiments showed that large initial and residual saturations can be achieved in
sandstone, independent of the thermophysical conditions applied. The μCT images indicated
that clean outcrop sandstone always remained water-wet, from low to high pressures and
ambient to elevated temperatures. However, the images also indicated that at higher pressures
the CO2/brine/sandstone system shows a weakly water-wet behaviour. Dissolution trapping
processes were also observed in situ at storage conditions using non-equilibrated fluids.
These results indicate that dissolution trapping (e.g. Riaz et al. 2006, Iglauer 2011) is a viable
CO2 geo-storage mechanism at the pore scale (provided that sufficient under-saturated brine
can be brought into contact with the CO2 phase).

Primary drainage and USBM capillary pressure measurements
The USBM indices (∼ 0.65) measured for clean sandstone (Fonteinebleau and Bentheimer) at
storage conditions indicated weakly water-wet conditions, consistent with the contact angle
data. The primary drainage capillary pressure curves for Berea and Fonteinebleau sandstone
had low capillary entry pressures and relatively high CO2 saturations were achieved at low
positive capillary pressures (∼25% at ∼700 Pa for Berea sandstone), consistent with literature
data. This indicates that the system is not strongly or completely water-wet (Iglauer et al.
2015).
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Summary
In summary, we conclude that clean sandstone and siliciclastic caprock are weakly
water-wet at storage conditions (high pressure, high salinity, elevated temperature).
Residual and structural trapping will thus work, although storage capacities will be
reduced accordingly for a given geological scenario. Muscovite and a calcareous
caprock, however, showed mixed-wet behaviour. It is currently unclear to which extend
residual and structural trapping can be assumed to work under such conditions.
Furthermore, the fact that subsurface rock is unlikely to be clean requires further
analysis; thus reproducing real subsurface conditions (of the core material) is an
important, but big challenge.
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Nomenclature
θ

water contact angle [°]

θr

receding water contact angle [°]

θa

advancing water contact angle [°]

θsmooth

water contact angle on smooth surface [°]

θrough

water contact angle on rough surface [°]

γ

interfacial tension [N/m]

r

pore radius [m]

CGS

carbon geo-sequestration (of carbon dioxide)

CO2

carbon dioxide

USBM

United States Bureau of Mines wettability index

NMR

Nuclear Magnetic Resonance

T2

longitudinal NMR relaxation time (of protons in water)

PTFE

polytetrafluoroethylene

PV

pore volume [m3]

DI water

deionized water

φ

porosity [-]

k

permeability [m2]

ρCO2

CO2 density [kg/m3]
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p

pressure [Pa]

T

temperature [K]

ρ

density [kg/m3]

ρbrine

density of brine [kg/m3]

Δρ

density difference [kg/m3]

g

gravitational constant [m/s2]

Sw

water saturation of the porous rock = volume fraction of water in the pore
space [-]

Swc

connate water saturation of the porous rock = volume fraction of water in the
pore space [-]

SCO2

CO2 saturation of the porous rock = volume fraction of CO2 in the pore space
[-]

SCO2,r

residual CO2 saturation of the porous rock = volume fraction of CO2 in the
pore space [-]

pb

buoyancy pressure [Pa]

pc

capillary pressure = pressure between wetting and non-wetting phase [Pa]

R1, R2

principal radii of curvature (at any point on the surface) [m]

SNR

signal to noise ratio

DP

differential pressure [Pa]

x

core lenght [m]

r

roughness ratio [-]

S

pore surface area [m2]

V

pore body volume [m3]

ρ

surface relaxivity [m/s]
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Nc

capillary number [-]

MRI

Magnetic Resonance Imaging

PD

primary drainage

SI

secondary imbibition

SSI

spontaneous secondary imbibition

FSI

forces spontaneous imbibition

SD

secondary drainage

SSD

secondary spontaneous drainage

FSD

forces secondary drainage

FI

forced imbibition
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