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Abstract

Understanding the physics of three-phase (gas, oil and water) displacements in porous
rocks is crucial for predicting petroleum recovery and the migration of non-aqueous phase
liquids contaminated in soils. Topological properties of porous rocks and interactions of
fluids within these rocks control how three fluid phases flow together in pore space. The
effort made in the 1990s using 2D glass micro models of simplistic porous system helped
significantly understand the physics and mechanisms of three-phase fluid interactions in
porous media. However, no study has been reported so far to examine the effect of the
three-dimensional topological properties of a porous rock on characteristics of three-phase

fluids.

This thesis presents a study that combines the 3D imaging and 3D computational
analysis to characterise qualitatively and quantitatively the three-phase fluids (oil, water and
gas) at different spreading conditions in a porous rock. It attempts to answer whether or
not the intermediate oil phase in a gas-oil-water system is spatially connected within an
actual porous rock through oil films. An innovative experimental approach was used to
visualise 3D distributions of three-phase (gas, oil and water) using a high resolution micro-
CT. A methodology used to align and subtract two sets of tomograms of the same rock
being dry and partially saturated is presented. This methodology allows extracting and
delineating 3D information of oil, water and gas in a porous rock which provides a
qualitative description of the configurations and distributions of three phases regardless of

the uncertainty associated to pores topology.

A sophisticated segmentation algorithm was used to perform a quantitative analysis
of the gas-oil-water distributions obtained from the micro-CT images. The spatial
connectivity of each of the phases at the end of the tertiary gas flooding was analysed and
discussed using quantitative measures obtained from the Euler characteristics method.
This study provides a confirmation of the presence and continuity of oil spreading films
for positive spreading systems in real porous media and the absence of spreading films for

negative spreading systems.
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Introduction

Chapter 1

Introduction

The distribution of fluids in porous media during three-phase displacements is important
to the development of an improved understanding of oil recovery in a number of gas
flooding processes including tertiary gas flooding to recover waterflood residual oil
(Chatzis et al., 1988, Kantzas et al, 1988a). A considerable body of work, both
experimental and theoretical, has shown that the recovery of oil in the presence of water
and gas under strongly water-wet conditions depends on the spreading characteristics of
the oil phase (Qren and Pinczewski, 1994). Observations in simple glass micromodels
(Oren and Pinczewski, 1995) clearly show that, for positive spreading systems, oil phase is
distributed as a continuous film spreading between the water and gas phases. Qren and
Pinczewski (1995) showed that the recovery of waterflood residual oil through tertiary gas
flooding was considerably higher for positive spreading systems than for negative
spreading systems where the oil was distributed as isolated lenses. These observations have
prompted the development of a number of two- and three-dimensional three-phase
network models which are now used to estimate three-phase relative permeabilities,
residual saturations and the pore-scale distribution of fluids (Pereira et al., 1996, Lerdahl et

al., 2000, Piri and Blunt, 2005).

Although continuous oil spreading films are readily observed in simple glass
micromodel experiments, it has not been possible to confirm the presence of these films in

actual porous media. Hence, visualisation of three fluids in actual porous media has long



Introduction

stayed one of the existing obstacles in assessing the capability of three-phase network
models derived from simple micromodel observations to predict three-phase flow
behaviour. For this purpose, Vizika et al. (1998) used Cryo-SEM to observe the pore-scale
distribution of oil, water and gas in Fontainebleau sandstone for spreading and non-
spreading conditions. Their observations were consistent with the earlier glass micromodel
observations. However, the two-dimensional nature of their observations and the limited
field of view made it impossible to comment on the spatial connectivity and continuity of
the oil phase for positive spreading systems and to compare this with the corresponding

behaviour for negative spreading systems.

Recent advances in imaging technologies and image analysis techniques have
provided the opportunity to observe directly the distribution of the fluids at pore-scale in
actual porous rocks with greater clarity than previous studies (Alvarado et al., 2004,
Schnaar and Brusseau, 2005, Culligan et al., 2006, Kumar et al., 2009a, Karpyn et al., 2010,
Youssef et al., 2010, Landry et al., 2011). However, majority of these studies attempted to
visualise two phases in porous media. There are only two studies reported in the literature
that employed micro computed tomography (Micro-CT) to visualise three immiscible
fluids in unconsolidated porous media(Alvarado et al., 2004, Schnaar and Brusseau, 2000).
Both studies reported positive spreading coefficient which suggests the existence of
spreading films. Note that Alvarado et al. (2004) used three immiscible liquids whereas
Schnaar and Brusseau (2000) used oil, water and air. Although the fluids used in the studies
were doped to improve contrast between the phases and the image resolution was
approximately 10 microns, it was only possible to resolve the thickest films and no attempt

was made to determine their spatial distribution or continuity.



Introduction

The objectives of this thesis are to:
1. Image, using high-resolution micro-CT, the distribution of oil, water and air
in Bentheimer sandstone for positive and negative spreading systems under

strongly water-wet conditions.

2. Confirm the presence and continuity of oil spreading films for positive
spreading systems in real porous media and the absence of spreading films

for negative spreading systems.

The thesis is organised as follows:

Chapter 2 — Background and Literature Review

This chapter provides a review of the current understanding of the pore-scale fluid
distribution and displacement mechanisms for three-phase flow in porous media and the
role of oil spreading films in the recovery of waterflood residual oil. This is followed by a
critical discussion of previous studies and attempts to visualise the distribution of

immiscible fluids in real porous media.

Chapter 3 — Experimental Methodology

This chapter presents in three subsections the methodology followed to qualify and
quantify accurately three-phase fluids in Bentheimer sandstone. The first section describes
how the fluids were selected. The X-ray tomography facility is then described. In the
second section, the experimental methods for sample preparation and plasma treatment,
experimental setup and flooding procedure are given. In the third section, the image

processing techniques used to enhance the quality and analysis of X-ray images are
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ocumented. Basically, it includes the registration and segmentation methods, three-phase
d ted. B lly, it includes the registrat d segmentat thods, three-ph

segmentation workflow, the generation of pore network models, and the assessment of
phases’ spatial connectivity using the Euler-Characteristics method and a 3D quantification

technique.

Chapter 4 — Results and Discussions

This chapter presents the 3D visualisation images of three phases in Bentheimer sandstone
and compares three-phase fluid distributions in the rock sample for both positive and
negative spreading systems. The presence of oil films and their continuity within the rock
sample are discussed for positive and negative spreading systems using the differential
imaging technique. The fluid saturations determined from segmented images and
implications are discussed for systems that exhibit various spreading conditions.
Quantitative maps of three-dimensional occupancy of each phase in the segmented images
were generated and compared for positive and negative spreading systems. The spatial
connectivity of each of the phases at the end of the tertiary gas flooding is analysed and

discussed using quantitative measures obtained from the Euler Characteristics method.

Chapter 5 — Conclusions and Recommendations

This chapter presents thesis conclusions and future recommendations.
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Chapter 2

Literature Review

An understanding of three-phase flow in porous media is important in the engineering
design and operation of many significant industrial processes. Particularly important
examples in the present context are improved oil recovery processes where a gas phase is
injected into reservoirs containing oil and water. Gas injection is thought to increase
ultimate oil recovery because the oil phase, in the presence of water and gas, remains
connected down to lower saturations than in the presence of water alone(Dumore and
Schols, 1974, Chatzis et al., 1988, Kantzas et al., 1988a, Vizika, 1993). The higher oil
recoveries from gas injection projects are attributed to the presence of continuous oil films
between the non-wetting gas and wetting water phases, a process which is commonly
referred to as ‘film drainage’. The presence of oil films between gas and water has been
confirmed by direct observation in two-dimensional glass micromodels (Kantzas et al.,

1988b, Kalaydjian, 1992, Oren et al., 1992, Oren and Pinczewski, 1992, Soll et al., 1993).

Although continuous oil spreading films are clearly present in simple two-
dimensional glass micromodel experiments, the existence of oil films in actual porous
media is yet to be confirmed. Vizika et al. (1998) used Cryo-SEM to observe the pore-scale
distribution of oil, water and gas in Fontainebleau sandstone. They reported observations
consistent with the earlier observations in glass micro models, however, the two-
dimensional nature of the observations and the limited field of view made it impossible to

comment on the connectivity and continuity of the films. Alvarado et al. (2004) and
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Schnaar and Brusseau (2000) used X-ray micro computed tomography to image the
distribution of three immiscible fluids in sand packs. Although the fluids used in the
studies were doped to improve contrast between the phases and the image resolution was
approximately 10 microns, it was only possible to resolve the thickest films and no attempt

was made to determine their spatial distribution or continuity.

This chapter presents a detailed review of previous visualisation studies of oil films
in three phase systems under strongly wetting conditions. The review includes studies in
model systems and in actual porous media together with theoretical studies of capillary

stabilised films in three fluid phase systems.

2.1. Three-Phase Flow in Porous Media

Dumore and Schols (1974) reported measurements of residual oil saturations for gas
displacements in the presence of connate water. The displacements for Bentheimer cores
used the porous plate method and glass bead packs were used for vertical gravity drainage
tests. They observed very low residual oil saturations for both experiments and suggested
that this was due to oil spreading on the surface of the connate water in the presence of
gas. They performed experiments with spreading and non-spreading oils and observed
similarly low residual oil saturations. They suggested that the low residual oil saturations
were due to film flow and that the low saturations were independent of whether oil was

spreading or non-spreading.

Kantzas et al. (1988a, 1988b) conducted vertical gravity drainage displacement
experiments in water-wet systems where gas was injected to displace waterflood residual
oil. The experiments were carried out in glass bead packs, Berea sandstone and two-

dimensional glass micromodels using soltrol, water and air as the fluids. Like previous
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studies (Dumore and Schols, 1974, Hagoort, 1980), they attributed the high oilrecoveries
for the bead packs and Berea cores to gravity drainage of oil through continuous oil films,
which spread between the water and gas phases, observed in their micromodel
experiments. They described the displacement of oil and water by gas as a sequence of two
drainage processes in which gas displaces oil which in turn displaces water. Further,
Kantzas et al. (1988b) showed that the presence of oil films in water-wet glass

micromodels was dependent on pore geometry and capillary pressure (fluid curvatures).

Kalaydjian (1992), Oren et al. (1992), Oren and Pinczewski (1992), Vizika (1993)
and Soll et al. (1993) used strongly water-wet glass micromodels with regular networks to
investigate the mechanisms by which waterflood residual oil is recovered during tertiary gas
flooding. Oren et al. (1992) and Oren and Pinczewski (1992) performed their
displacements in horizontal micromodels using fluid systems with positive and negative

spreading coefficients. The spreading coefficient for an oil-water-gas system is defined as:

Cs = Sgw - (80w + 6go) Eq Ql

where 6, , 8,, and 8, are the two-phase gas-water, gas-oil and oil-water interfacial
tensions, respectively. The spreading coefficient defined by the above equation is #he initial
spreading coefficient and is a measure of the tendency of oil to form spreading films on
water in the presence of gas (Adamson, 1990). Oren and Pinczewski (1992)observed the
presence of oil spreading films for the positive spreading system and the absence of oil
films for the negative spreading system. Reproductions of their observations are shown in
Fig. 2-1. They also reported considerably higher tertiary gasflood oil recoveries for the

positive spreading than for the negative spreading system. They also attributed this higher

recovery to flow through continuous oil films. Consistent with the earlier observations of
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Kantzas et al. (1988a, 1988b), they showed that the gas-oil displacements occurred by a
‘double drainage’ mechanism in which gas preferentially displaces oil and the displaced oil
in turn displaces water. They noted that oil displaced in the first drainage process could
flow through films to displace water at a site remote from the site of the first displacement.
Pereira et al. (1996) developed a dynamic network model based on these observations
which accounted for flow through oil spreading films and water wetting films. The
computed displacement behaviour and oil recoveries were in good agreement with the

observations and measurements reported by Oren et al. (1992) andOren and Pinczewski

(1994).

Vizika and Lombard (1996)reported the results of gravity assisted inert gas
injection experiments in water-wet, oil-wet and fractionally-wet unconsolidated sand-packs
with positive and negative spreading fluid systems. Their results show that the highest oil
recoveries were obtained with water-wet systems and fluids with positive spreading
coefficients. The lowest oil recoveries were obtained with oil-wet systems and negative
spreading coefficients. They suggest that the higher oil recoveries were due to the existence
of continuous oil spreading films in water-wet and partially-wet media and the absence of
such films for negative spreading fluid systems. They conclude that spreading coefficient is

a crucial parameter in determining oil recovery in three-phase oil-water-gas systems.
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(a)

(b)

Fig. 2-1, Three-phase fluid distributions in a strongly water-wet glass micromodel (a)
Positive spreading coefficient, C,= +17.7 mNm' (b) Negative spreading coefficient, C, = -

8.1 mNm', (1-gas, 2-0il and 3-water), acquired from @Qren and Pinczewski (1995).
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2.2. Spreading Behaviour in Porous Media

The studies discussed above clearly establish the importance of flow through continuous
oil films in the recovery of oil by gas injection in the presence of water. However, the
conditions for the existence of oil films are not clear. Kalaydjian (1992), Oren et al. (1992),
Oren and Pinczewski (1992) and Vizika (1993) amongst others observed spreading films in
glass micromodels when the initial spreading coefficient was positive. No spreading films
were observed when the spreading coefficient was negative. Blunt et al. (1994) pointed out
that this simple criterion was not consistent with the experimental findings of Dumore and
Schols (1974) who observed similarly high oil recoveries in gravity assisted tertiary gas
floods for both positive and negative spreading systems. This suggests that oil films are

present for both positive and negative initial spreading coefficients.

The above apparent inconsistency was resolved by Dong et al. (1995) who, using a
free energy analysis, showed that oil films can form between water and gas in corners of
the pore-space for both positive and negative spreading systems. Kantzas et al. (1988b)
suggested a similar result by considering the curvatures of oil-water and gas-oil interfaces in
corners of capillaries. Keller et al. (1997) and Fenwick and Blunt (1998) considered gas-oil
and oil-water interfaces in a corner with half angle of crevice (f) shown inFig. 2-2.
Following Kantzas et al. (1988b), they argued that a stable oil layer will exist between
wetting water film in the corner and the non-wetting gas in the pore if the ratio of the oil-

water radius, 7, to the gas-oil radius, 7,, is smaller than a critical radius, R, which is given

> Do

by:

R o Tow _ Sow Pego _ Cos(8y0 + B) EqR2.2
¢ T90 5go Pcow COS(QOW + .B)

3
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The oil layer would become unstable and disappear when the oil-water-solid and gas-oil
three-phase-solid contact lines meet which is shown in Fig. 2-2. For a completely water-

wet medium 0, = ,, =0 and we can write (Kalaydjian, 1992):

ce Eq.2.3
Costy, =1+ 5—5

go

where 0, and §gyarethe contact angle and interfacial tension between water and gas,

respectively. The spreading coefficient C in Eq. 2.3 is referred to as the equilibrium
spreading coefficient defined as:

Eq.2.4
(5 = 65w — (85w + 859)
C occurs when three phases are in thermodynamic equilibrium and gas-oil and oil-water
interfacial tensions are modified by mass transfer across the interfaces(Adamson, 1990,
Hirasaki, 1993). Eq. 2.4 shows that the presence of oil films between water and gas in
corners depends on the individual equilibrium interfacial tensions or the equilibrium
spreading coefficient, the contact angles, the corner half-angles and capillary pressures.
Keller et al. (1997) showed that their criterion for the presence of oil films in corners is
consistent with the glass micromodel observations of Oren et al. (1992) where the
equilibrium spreading coefficient for the positive spreading oil system with initial spreading
coefficient C, = +17.7mMm" was C* = OmMm' and for the negative spreading system

with initial spreading coefficient C,=-8.1mMm" was C* =-8.1mMm".

11
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(b)

Fig.2-2, Three phases in a corner with half angle 8 (a) A stable oil layer between gas and water (b)
An unstable oil layer when oil-water and gas-oil interface intersect at point B. 6, is the gas-oil

contact angle and 0, is the water-oil contact angle (Fenwick and Blunt, 1998).

12
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Eq. 2.4 shows that oil films can be present in corners for non-spreading systems when the
initial spreading coefficient is only slightly negative, when the porous medium is not
completely water-wet and when the corner half-angle is small. These conditions are likely

to be met in laboratory sand pack floods and in real porous media.

The above analysis for capillaries with angular cross-sections has been extended to
a wide range of wettabilities, interfacial tensions, contact angles, capillary pressures and
saturation histories. Using geometric and free energy arguments Piri and Blunt (2002, 2003,
2004)and Helland and Skjeveland (2006) have shown that oil films may exist for a wide
range of conditions and pore occupancies.Fig. 2-3, reproduced from Helland and
Skjaeveland (2000), shows a range of possible pore occupancies and fluid configurations
with systems displaying mixed wettability. Configurations E, F, G and O show oil films
between water and water. E and G show oil films between water in corners and water in
the bulk of the pore while F shows an oil film between water in corners and water in films
in the bulk of the pore with the pore primarily occupied by oil. O shows a similar
configuration to F with the pore primarily occupied by gas. Configurations M, N and P
show oil films between water and gas. M and N show oil films between water in corners
and gas in the bulk of the pore and P shows oil films between water in corners and gas in
films in the the bulk of the pore with the pore occupied primarily by water. It is interesting
to note that the only configurations commonly observed in the previously discussed glass
micromodel and angular capillary studies are similar to M and N; oil films between water

in corners and gas in the bulk of the pore.

Piri and Blunt (2005) and Valvatne et al. (2005) developed quasi-static network
models incorporating the above three-phase fluid configurations and used the model to

predict oil relative permeabilities in the presence of water and gas.

13
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Fig. 2-3, Three-phase configuration for a single corner, acquired from Helland and Skjeveland (2000).

14
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Valvatne et al. (2005) found that the network models overpredicted oil relative
permeabilities and suggested that this may be due to the models over etimating the
conductivity and/or the thickness of the films. In an eatlier study, Pereira et al.(1996)
developed a dynamic two-dimensional network model for strongly water-wet conditions
where oil films were only present between water in corners and gas in the bulk of the pore
as shown in Fig. 2-2. They compared their model for tertiary oil recoveries with the
experimentally measured recoveries from glass micromodel reported by Oren et al. (1992)

and found a good agreement.

2.3. Oil Films in Real Porous Media

The vast body of experimental and theoretical work discussed above suggests that the
recovery of oil in the presence of water and gas depends on the presence of continuous oil
films and that this is related to the spreading characteristics of the oil phase (three-phase
interfacial tensions), the geometry of the pore-space, the wettability of the solid and
capillary pressure. Although continuous oil spreading films are readily observed in simple
glass micromodel and angular capillary tube experiments, it has not yet been possible to

confirm the presence and continuity of these films in actual porous media.

Vizika et al. (1998) used Cryo-SEM to observe the pore-scale distribution of oil,
water and gas in small 6 mm diameter plugs of Fontainebleau sandstone under strongly
water-wet conditions. They used two water-oil-gas systems with positive and negative
initial spreading coefficients of +11 mNm™ and -1.5 mNm™. They reported the presence of
oil films for the positive spreading system and the absence of oil films for the negative
spreading system. The oil formed disconnected droplets or rivulets resulting in larger

residual oil saturations for the non-spreading system than for the spreading system. These

15
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observations are consistent with the earlier glass micromodel observations. However, the
two-dimensional nature of the observations and the limited field of view (order of
microns) made it impossible to comment on the connectivity and continuity of oil films for

the positive spreading system.

Alvarado et al. (2004) reported the use of X-ray micro computed tomography
(micro-CT) to image the distribution of three immiscible fluids in loosely packed quartz
sand-packs at the pore scale level. Fig. 2-4(a) shows a cross section of three-phase
distributions in the loose sand pack and Fig. 2-4(b) shows the phases X-ray intensity values
obtained by Alvarado et al. (2004). The imaging was done at a single incident energy level
and the image resolution was reported to be 9 microns. The sand-packs were 7 mm in
diameter with an average grain size of 1 mm. The fluids used were water, benzyl alcohol
and decane. The water was doped with sodium iodide and the decane with iodododecane
to increase the contrast between the phases. The sand-pack was imaged both in the dry
state and with the fluids in the pore-space (wet state). The dry image was partitioned using
simple thresholding and subtracted from the wet image to reduce the problem of
identifying the three fluid phases to partitioning of the doped high attanuating water and
low attenuating benzyl alcohol phases. Although the authors suggested that the three-fluids
used produced a spreading system, it was not possible to identify intermediate phase

spreading films or water wetting films.

Schnaar and Brusseau (2000) also used synchrotron micro-CT to image the
distribution of three immiscible fluids in coarse sand and sandy soil packs. The sand packs
were approximately 5 mm in diameter and the fluids used were water, air and
tetrachloroethane. The water was doped with caesium iodide and the tetrochloroethane
with iodobenzene to enhance image contrast. To further improve contrast images were

obtained at three different incident energies to take advantage of the different X-ray

16
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adsorption characteristics of the doping compounds used. Image resolution was estimated
to be approximately 9 microns. Image subtraction was used to produce images wherein
only voxels comprising the fluid of interest displayed an attenuation level above
background. Fig. 2-5 shows a 2D section of the wet tomogram displaying three-phase
fluids and its corresponding segmented image.Although the authors suggested that a
significant portion of the organic liquid existed as lenses and films in contact with air, these
could not be fully resolved because of image signal noise. The image smoothing required
to reduce noise to acceptable levels effectively removed small features at phase boundaries

and interfaces such as films.

Iglauer et al. (2013) reported the use of synchroton radiation to image sandstone
core (Clashach sandstone) at residual gas saturation ina core containing initial water and oil
followed by a waterflood (gw) and a waterflooded core followed by another waterflood
(wgw). They used brine doped with potasium iodide (KI) as water phase, Bromododecane
as oil phase and N2 as the gas phase. The fluid system produced a spreading coefficient
value of -11.05 mNm". Image resolution was estimated to be approximately 9
microns.Although three-phase fluids used produced a negative spreading system, the
authors reported the existence of oil films with a thickness ranging from 1 to 2 pm only in
the gw system. They however did not comment on two- or three-dimentional connectivity
and continuity of the oil films in the sandstone. It was not also possible to fully
differentiate between oil films and phase contrast artifact in reported images due to high

level of noise to signal and low quality of images.

More advances in micro-CT imaging techniques and image analysis technologies
now make it possible to image fluids in the pore-space of actual porous rocks with greater
clarity than in previous studies (Kumar et al., 20092, Kumar et al., 2009b).Kumar (2009)

used high resolution micro-CT together with a three-dimensional image registration
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technique (Latham et al,, 2008)that produces a voxel to voxel alignment of dry and
partially saturated images of the same rock to visualise the distribution of water and air in
Fontainebleau sandstone and carbonate rocks at a number of well-defined wettability
states. The image registration technique used by Kumar et al. (2009b) reduces uncertainties
in phase separation at interfaces when subtracting images at different saturations - dry
images from the partially saturated images. This reduces the effective signal to noise ratio
at the solid-fluid boundary making it possible to identify smaller features at the boundary,

possibly films.

The aim of the present study is to extend the two-phase visualisation to three
phases and, for the first time, show the three-dimensional distribution and connectivity of
the intermediate oil phase in a three-phase water, oil and gas system in an actual porous

rock under strongly water-wet conditions for positive and negative spreading conditions.
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(b)

Fig. 2-4, Cross section from wet tomogram showing water in white, benzyl alcohol in
black, decane in light grey and grain in dark grey (b) X-ray intensity value of the phases
(Acquired from Alvarado et al., 2004)
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(a)

(b)

Fig. 2-5, (a) Cross section from wet tomogram showing air in black, water in dark grey,
immiscible organic liquid in white and solid in dark grey. (b) Corresponding partitioned
image where organic liquid is denoted by red, water in blue, air in black and solid in light

grey. Acquired from Schnaar and Brusseau (2000).
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Chapter 3
Experimental and Computational

Methodologies

This chapter provides a detailed description of:

e the three-phase fluid systems and porous media used in the experiments,

e the micro-CT facility and data acquisition and reconstruction process used to
acquire images,

e the procedures followed for sample preparation, flooding experiments and X-
ray imaging, and

e the image analysis and statistical method used to examine the spatial

distribution and connectivity of the phases.
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3.1. Workflow

Fig. B-1 illustrates briefly the workflow adapted in this thesis. There are basically three
parts: the experimental, image analysis and characterisation of spatial distribution and
connectivity of three immiscible phases (oil-water-gas) in a porous medium which was a

rock sample from Bentheimer sandstone.

The experimental part includes porous rock sample preparation, establishment of
the strong water-wetness of the rock sample (plasma treatment), mercury intrusion
capillary pressure (MICP), fluid selection for better contrast between the phases in X-ray
imaging, core flooding to obtain spatial distribution of three phases in the rock sample and

X-ray micro-CT imaging.

First, dry rock sample was imaged. Then the same rock sample was saturated with
the wetting phase (doped water) completely and flooded first by injecting doped oil
followed by air injection. Two sets of oil-water-gas systems were used in this thesis: one
with a positive spreading coefficient and the other with a negative spreading coefficient.
The air-flooded rock sample was then imaged which completes the experimental part. The
image analysis part started with filtering the image followed by registering the dry and wet
images. Then renormalisation and subtraction were applied to the registered dry and wet
images. This part ends with the segmentation of the images to quantify the phase

distributions.

Phase distributions and connectivity within rock sample werethen investigated in
the last part of the workflow. Three methods were applied. The Euler Characteristics

method was used to analyse the spatial connectivity of each of the phases at the end of the
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air flooding. The pore-network analysis was used to quantify the phase distribution while

3D visualisation helped to visualise the phase distributions.

1 1
I Part1:Experiments |

Rock Sample Preparation MICP Test Fluid Selection
# Three Immiscible Oil, Gas
* Cutting, Cleaning and drying |— * On Sister Plugs - and Water
* Plasma Treatment s Doping 0Oil, Water For
* Coating by Torr Seal Better Contrast in X-Ray
Imaging
Y * Saturatethe Core
Diev Core * Floodthe Core for 3-phase
X—ray I.lllﬂg'.i.llg Distribution
I i
I Part 2: Image Analysis 1
I i
I * Filtering :
: * Registration { 3D dry-to-Wet) [
| * Renormalisation and Subtraction 1
: * Segmentation :
IF------------- --------------1
I Part 3: Spatial Characterisation of Distribution and Connectivity |
I I
: * Pore Network Analysis |
| * Euler Characteristics Calculation :
| * 3D Visualisation |
----------------------------l

Fig. B3-1, A workflow diagram showing the procedural steps taken from experiments to image

analysis and quantitative computations.
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3.2. Experimental Methodology

3.2.1. Porous Medium

Bentheimer sandstone was used in this thesis. In order to avoid any effect of doped fluids
of positive and negative spreading on porous medium, it was decided to use two sister
plugs in the experiments. Fig. B-2shows two small cylindrical core plugs, named B1 and
B2, each with 5mm in diameter and about 50mm in length. These plugs were cut from a
large Bentheimer block. The core plugs (B1 and B2) were cleaned in a Soxhlet extractor
using a mixture of distilled water and Iso-propanol for 12hrs. They were then dried in an

oven at 60°C for 24hrs.

Before proceeding with the experiments and undertaking micro-CT imaging, it was
decided to run MICP tests on B1 and B2. The aim was to ensure that the cores (B1 and
B2) follow the same trend of pore throat size distribution which would potentially avoid
unexpected dissimilarities between the two porous rocks. The MICP data offers a wide
range of information, e.g., the pore size distribution, the total pore volume or porosity, the
skeletal and apparent density and the specific surface area of the sample (Chatzis and
Dullien, 1985). In an MICP test, mercury as the non-wetting phase is injected into a porous
rock and, in incremental pressure steps, both pressure and injected volume of mercury are
measured. The modified Young-Laplace equation (Eq. B.1), also referred to as the
Washburn model, is used to relate the pressure difference across the curved mercury

interface to the corresponding pore size.

_ 2ycosf Eq.B.1

Toore

AP
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where P is the pressure, Yis the interfacial tension, Ois the contact angle and . is the pore

pore
radius.Two MICP tests were carried out on the 10-mm sister plugs of the cores (see
marked red parts in Fig. 3-2).The MICP curves shown in Fig. 3-3indicate the similarity of
the pore throat size distributions of both core plugs. The micro-CT imaging acquired in
this thesis can give images with a resolution of about 3um. The MICP curves reveal that
about 95% of the pores are in the range of 3 to 20um, suggesting that majority of the pore

space can be resolved. The experimental porosities of the samples based on the MICP

experiments are 21.3% for plug B1 and 21.0% for plug B2.

3.2.1.1. Preparation of Core Plugs

Once the core plugs had been dried and cleaned, the plugs were coated and cured using a
very viscous insensitive seal, Torr Seal (See Fig. 3-4). Torr Seal is a resin seal vacuum leak
that can be bond to a variety of materials such as rock, metal and glass. The objective of
this coating was to prevent the fluids from bypassing through the rock walls during core

flooding. Note that Torr Seal is transparent in the micro-CT imaging.

3.2.1.2. Making Core Plugs Strongly Water-Wet Using Plasma Cleaning

Once the core plugs coated, they were treated by the plasma cleaning for strong and
uniform water wettability (Kumar and Fogden, 2009). The treatment subjects the core plug
to the cold electric plasma of water vapour. This process removes monolayers and creates
a strong hydrophilic surface and improves water-wetness (Kumar, 2009). The core plug is
subjected to plasma treating over three 5-min sessions, with a 1-min cooling period in
between to avoid any heat build-up on the core plug. The plasma cleaning device is shown

in Fig. B-5. It essentially consists of a vacuum chamber with a radio frequency (RF)
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transmitter wrapped around the exterior. Typical operation involves placing a sample
within the chamber and evacuating the interior to a pressure of 0.7 Torr. Next, water
vapour is admitted into the chamber where the pressure reaches about 0.15 Torr. At this
stage, the R generator is energized; it typically transmits 125 kHz at about 1 kV into the

evacuated space (Kumar, 2009).

Kumar (2009) found experimentally that a plasma treated chalk piece becamehighly
water-wet and saturated spontaneous water imbibition to a degree of ~ 250% higher than
before treatment.. Note that the impact of plasma cleaning diminishes in several hours', so,
for this reason, the coated core plugs were treated just before the actual flooding

experiments.

Personal Communication with Dr. Michael Turner, Australian National University.
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Fig.3-2, Bentheimer sandstone cote plugs used.
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Fig. 3-3, Mercury injection capillary pressure showing the pore throat radius distributions of B1
and B2.
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Fig.3-4, A photo of coated core plug, the post and lid used to hold on the rotation stage of micro-

CT facility and seal the sample.

Fig. -5, Plasma cleaning equipment at Australian National University, Canberra.
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3.2.2. Three-phase Fluids

Air, distilled water and dodecane were used in this study for an immiscible three-phase
system. These three-fluid systems were required to provide sufficient X-ray intensity
contrast for the phases to be resolved at the limits of image resolution and display positive
and negative spreading behaviour. Past work suggests that doping water or oil or both
helps to improve X-ray intensity contrast. So, a preliminary study was conducted in order
to find out the most appropriate doping chemicals and their optimised ratios for water and

oil.

3.2.2.1. X-ray Intensity and Contrast

Caesium Iodide (Csl) and Iodododecane (IDD) were used to increase the contrast between
the water and oil phases. The water phase was doped with 0.1 and 0.5M Csl and the oil
was doped with 10%, 40%, 50% and 100% by weight of IDD and their attenuation values
were measured and compared. The X-ray attenuation coefficient of a pure component

(component 7) is given by:

0
(%)i = X‘llni!éif) Eq.3.2

where p is the attenuation coefficient, Io is the mono-energetic photon density of the

incident beam, x is the mass thickness (mass per unit area), o is the component density, [ is

. u . .
the photon density of the attenuated beam. 5 (mass attenuation coefficient) values for

numerous components have been measured and tabulated by Creagh and Hubbell (1990).

The X-ray attenuation values of the doped water and oil phases were calculated using:
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w; (g) (E) Eq.B.3

i

N
i=1

() @

where wis the fraction by weight of the i component , N is the number of components in

. . . . KN . .
the mixture, E is the energy in polychromic X-ray and (=), is the mass attenuation of the
p

compound. Fig. B-6 shows measured X-ray attenuations as a function of X-ray soutce
energies. Pure Iodododecane exhibits the greatest attenuation values over the range of
energy while 10% IDD doped oil IDD-10) displays the lowest value. The CsI doped water
mixtures display intermediate attenuation values. The largest contrast in attenuation values

between the phases is provided by pure IDD and water doped with 0.1M of CslL.

In order to demonstrate the intensity of each doped fluid, different mixtures of oil
and water in small plastic sample tubes were imaged. The results shown in Fig. 3-7
confirm that IDD and water doped with 0.1M CsI provide the strongest contrast between
the phases. The X-ray attenuation values of each mixture obtained from the radiograph are
given in Table B-1. The linear attenuation coefficient is an absorption measurement and it
is dependent on the thickness and density of a material, atomic number and photon energy.
A change in fluid density results in a change of a linear attenuation coefficient even if the
same structure is being imaged. From the table, it can be seen that the highest contrast (the

highest difference between linear attenuation coefficients) can be achieved using the IDD

and 0.1M CslI water.

To determine the best combination of fluids considering the study aim, in a
preliminary experiment, a Bentheimer sandstone core plug saturated with pure IDD, 0.1M
Csl water and air was imaged. Using pure IDD (the oil phase) caused a beam-hardening
artifact in X-ray images due to its high density (see Fig. 3-8), although IDD provided the

highest contrast. Beam-hardening artifacts occur when the low energy photons are
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absorbed leaving the high-energy photons to strike the detectors. When X-ray strikes a
high density material such as very high-dense doped oil, lower energy photons are
absorbed which results in further hardening of the beam. As the beam becomes harder, the
rate at which it is attenuated decreases, so the beam becomes more intense when it reaches
the detectors than would be expected if it had not been hardened. Therefore, the resultant
attenuation profile differs from the ideal profile that would be obtained without beam
hardening. As seen in Fig. 3-8, it is very difficult to distinguish between the fluids (oil-

water-gas) in the image.

Conducting a number of imaging of Bentheimer with different fluids revealed that
the best set of three-phase fluids, suitable for the study aims, was 0.1 M Csl water, oil
doped with 40% (Dodecane-IDD-40) by weight IDD and air.The Csl in the water phase
and Iodododecane in the oil phase improved remarkably the contrast between the fluid
phases. In all remaining experimental descriptions, the “water phase” refers to the distilled
water doped with 0.1M Csl and the “oil phase” refers to n-Dodecane doped with 40% by

weight Iodododecane.

3.2.2.2. Interfacial Tensions and Spreading Coefficient

A pendant drop cell model IFT-10 (Temco Inc., USA) was used to measure the interfacial
tensions (IFT) between the three phases. Fig. B-9 shows the pendant drop expetimental
set-up. The cell is a stainless steel cylindrical chamber with two injection orifices (one at the
top and another at the bottom of the chamber) where a stainless steel needle is placed for
generating a fluid drop or gas bubble. The cell is filled with the heavier fluid of each pair
(oil-air, oil-water or water-air) and a droplet of the lighter fluid is dispensed using the

needle located in the chamber. The chamber is equipped with sealed borosilicate glass
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windows which allow visualisation of the inner space during operation. The camera model
G5 (Cannon Corp., Japan) is connected to a microscope (model M420, 1.25 x, Switzerland)
located at one side of the visualisation cell and also to a personal notebook to record the
inner side of the visual cell using a Cannon remote capture software. Using the camera the

image of the hanging drop is captured and then analysed.

The temperature and pressure of the cell were held constant at room conditions
(~22 °C and atmospheric pressure). A pycnometer, a glass vessel of known volume at a
given temperature, was used to measure the density of water (0.1M CsI) and oil phases (n-
dodecane-IDD-40). The procedure includes measuring the weight of the dry empty
pycnometer, filling the pycnometer with the water-oil phase and measuring its weigh again.
The weight difference and the given volume are then used to determine the density. The
error incurred to density measurements was calculated to be 4.2X10° using the precision of

the weight measurement of 0.0001g (see Table 3-2).
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Fig. 3-6, X-ray intensity attenuation value for a range of energy per length scale of 100um.

AF A8 N N 4 §
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Fig. 3-7, X-ray images of water doped with 0.1 and 0.5 mole of Caesium Iodide (CsI) and n-
Dodecane doped with 10%, 40%,50% and 100% by weight of lodododecane (IDD).
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Table 3-1, X-ray attenuation value

Mixture Attenuation Coefficient Value
Water-0.1 M Csl 0.8
Water-0.25 M Csl 1
Water-0.5 M Csl 1.4
IDD-10 0.4
IDD-40 1.7
IDD-50 1.9
IDD 2.6
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Table B-2 shows the measured interfacial tensions, densities, experimental errors and the
corresponding spreading coefficient of each three-phase system. The higher the density
difference between each pair of fluids, the higher experimental error was obtained. The
initial spreading coefficient was measured to be +5.9mNm". An addition of 10% by
volume of n-Butanol to the water phase produced a negative spreading system with a
measured spreading coefficient of -8.7mNm”. Note that the effect of adding this n-
Butanol to the doped water phase on the attenuation intensity contrast was not
investigated. However, the images of the rocks with negative spreading coefficient

presented in Fig. 3-27 demonstrate that the effect, if any, was negligible.

3.2.2.3. Confirming the Spreading Characteristic of the Fluids using a

Glass Micromodel

Two three-phase fluid systems selected before, were used to perform displacement
experiments in strongly water-wet two-dimensional glass micro-models similar to those
described by Oren and Pinczewski (1995). The aim was to confirm that the positive
spreading system produces oil spreading films and that the negative spreading system does
not. The experiments were performed at the ambient pressure and temperature. The
experimental procedure for both positive and negative spreading fluid systems was as
follows:

The micromodel was first flushed by chromic acid and then rinsed by water to
achieve a strong water-wet condition. Strong water-wettability was verified by the
visualisation of water and oil interface in the micromodel. The micromodel was flushed
with CO, to displace the air from the pores and then fully saturated with water. Next, the

oil phase was injected into the micromodel at 0.3 cm’/min until residual water saturation
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was established. Finally, air was introduced into the model until the air breakthrough. A
stereo-microscope was used to visualise the three-phase (oil-water-air) distribution in the
micromodel. Images shown in Fig. 3-10 demonstrate cleatly the presence of oil spreading
films for the positive spreading system and the absence of spreading films for the negative

spreading system.

36



Experimental and Computational Methodologies

Fig. B-8, An example of 2D slice from wet tomogram saturated with Iodododecane, 0.1M CsI and
air. High density of Iodododecane caused beam-hardening artifact and resulted in a low quality

image.

Fig.3-9, Pendant drop experimental setup.
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Table 3-2, Physicochemical propetrties of the fluids used in the experiment

pu(g/em’) Gyg(mNm'™")
Fluid system Po Gog N r(r?lgn
Pa Gow
Water (0.1MCsI) 1.03+4.2E-6 72.8213.26
Dodecane-IDD-40 0.87£4.2E-6 31.78%2.64 +5.9
Air 0.00121 35.16%1.29

Water (0.1MCsI,10% Vol

0.98+4.2E-6 29.41 +2.70
n-Butanol
Dodecane-IDD-40 0.87+4.2E-6 31.78 + 2.66 -8.7
Air 0.0012! 6.34 £ 0.45
1: http://en.wikipedia.org/wiki/Density_of_air
(@) (b)

Fig. 3-10, Three-phase fluids distributions in a strongly water-wet glass micromodel for (a) the

positive spreading system (C;=+5.9 mNm) and (b) the negative spreading system (C;=-8.7 mNm-

n,
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3.2.3. Core Flooding

The core flood experiments were performed using the apparatus shown schematically in
Fig.3-11. The apparatus is composed of two syringe pumps, pressure transducers and a
precise scale. The experiments were carried out at ambient pressure and temperature. As
explained before, the core plugs were cleaned in the Soxhlet and dried in an oven. Then
they were imaged. Just before saturating the cores, the core plugs were plasma treated for
strong water-wetness. The saturation of the cores with the water solution (0.1MCsI) was
conducted in a desiccator under vacuum. Afterwards, the core was mounted in the
flooding system and the water solution was injected at a constant rate of 1 cm’/min into
the core to ensure that the core was fully saturated. Next, 1 pore volume (PV) of the oil
phase and 0.5 PV of the gas phase at a velocity of 28 cmh™(Corresponding to a capillary
number of 10°) were injected. The weight of produced fluids was measured at the end of
each flood to estimate the average saturation in the core plugs. After a few hours that took
during the preparation of the imaging facility for the scanning, the core plug was scanned

under the X-ray micro-CT facility.
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Fig.3-11, Schematic of Flooding Set-up in Lab (T=22° C, Atmosphetic pressure)
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3.2.4. X-ray Micro-CT Computed Tomography

3.2.4.1. Helical X-ray Imaging Description

The X-ray source, rotation stage and X-ray detector are three main parts of the X-ray
instrument. Fig. B-12showsphotos of the X-ray instrument setup (at two different angles)
used for this study. The X-ray source (GE-Phoenix-Xs160t) generates polychromatic X-
rays with an energy ranges from 30 to 225 kV. The stage can rotate and move vertically in
front of the source with an angular accuracy of one-thous degree. The detector records X-
ray radiographs. The detector is a 400 X 300mm amorphous silicon flat panel with
2048%1536 pixels of size 194um and a detective quantum efficiency (DQE) in excess of
060% (Varslot et al., 2011b). The rotation stage and the X-ray detector are mounted on a
linear rail allowing them to move back and forth independently from the sample and
source. This enables one to adjust the magnification and the X-ray image resolution. The
instrument can image cylindrical specimens ranging from less than 1mm up to over

100mm in length and diameter.

The geometry of the acquisition of a cone-beam X-ray micro-CT with helical
trajectory is depicted in Fig. 3-13, where the object is placed on the stage with rotational
and vertical translation capabilities. Precision translation, rotation stages and material
matching give sufficient mechanical accuracy and thermal stability for sub-micron control
of the sample position. Detailed methodology of helical X-ray micro-CT and image
processing has been presented elsewhere(Varslot et al., 2010, Varslot et al., 2011a, Varslot
et al.,, 2011b). Four sets of imaging including two dry and 2 wet (saturated with fluids) were
performed for two Bentheimer sister plugs (B1 and B2). Some of the main parameters of

this X-ray imaging are given in Table 3-3.

41



Experimental and Computational Methodologies

Fig. 3-12, Helical micro-CT system at the Australian National University (ANU). Both detector
and sample stage can be positioned independently. The X-ray source is fitted with external cooling

to avoid differential heating of the sample during very short sample-distance experiments.

Fig. 3-13, Acquisition geometry for helical cone-beam micro-CT, L is camera length and P is pitch.
H and W represent the height and width dimensions of the detector. The diagram taken from

(Varslot et al., 2011b).
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These parameters and methods were carefully selected after 12 X-ray imaging studies of
the samples in order to find a compromise between the filter thickness and X-ray energy to
satisfy the study aims (further details will be presented later in section B.3.1.1). The
objective for this exercise was to obtain the highest resolution and the best quality for each
imaging which is inherently constrained by the equipment configurations and time
restrictions. Imaging of dry B1 was taken with the X-ray source adjusted to 80Kev and
100pA. The image was composed of 2048 voxels with a resolution of 3.46um. Wet B1 was
then scanned under a voltage of 100Kev and a current of 120uA. B1’s wet tomogram was
composed of 2048’ voxels with a resolution of 3.97um. The X-ray energy of 100Kev and
current of 120pA were set with an Aluminum (Al) filter of 1.5mm thickness to image B2 at
wet state while it was imaged dry under X-ray energy of 80Kev and current of 100pnA with
Al filter of 1.2mm thickness. Both dry and wet images were composed of 2048’ voxels

with resolutions of 3.96 um and 4.20 um, respectively.
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3.2.4.2. Data Acquisition and Reconstruction

To generate dry and wet tomograms of 2048’ voxels, the core plug was placed on the
rotation stage and imaged through 360° in steps of 0.15° (360°/2,400) and two revolution
cycles. The acquisition time is dependent on many factors such as type and size of the filter
used to reduce beam-hardening (Sakellariou et al., 2004a). The acquisition geometry is

adjusted to obtain the maximum possible image resolution.

Table B-4presents the acquisition data used to acquire the images of the dry and
wet samples. The central section (approximately 9 mm) of the sample was imaged using
2,400 projections per revolution. Imaging of the dry sample was taken with the X-ray
source adjusted to 80Kev and 100uA while those for the wet sample were adjusted to
100Kev and 120pA. To filter and reduce beam hardening artifact, a 1.2mm Aluminium (Al)

rod for dry sample and a 1.5mm Al for wet sample was used.

A pre-processing step is normally carried out to filter cosmic rays, camera pixel
defects, which may create ring artifacts, and camera distortions. The projections are then
normalised by a clear field projection, different for each experimental run, which gives a
projected X-ray absorbance through the material at each point on the detector. This
removes malfunction of the detector and creates images of high quality. The projection
data are then reconstructed using locally written software by Varslot et al. (2011b) based on
the Katsevich technique (Katsevich, 2002a). The Katsevich algorithm can in principal
enable reconstruction from data acquired with arbitrarily large cone angle (Varslot et al.,
2010) which is the restriction in the Feldkamp-Davis-Kress (FDK) algorithm (Feldkamp et
al., 1984) due to the limited cone angle to about ~ +5° The Katsevich method is the first
workable reconstruction method for helical cone-beam tomography (Wildenschild and

Sheppard, 2013)that uses the theoretically exact inversion formula which is truly of the
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filtered back projection type , in which “the data are first convolved with a filter and each
view is successively superimposed over a square grid at an angle corresponding to its
acquisition angle”(Ketcham and Carlson, 2001). This means that the formula can be
numerically implemented in two steps including shift variant filtering of a derivative of the
cone beam projections and then the result is back projected in order to form an image. The
detail of reconstruction is outside the scope of this thesis and more detail can be found in
references (Katsevich, 2002a, Katsevich, 2002b). All the data were processed at the
Australian Partnership for Advanced Computing (APAC) national facility. It took 200-300

minutes on 128 CPUs to generate a 2048’ voxel tomogram using 60 GB RAM.
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Table 3-3, X-ray imaging parameters used for dry and wet B1 and B2 samples

Sample / State  E, (Kev) E. (nA)  Filter/ Thickness  Resolution(um)  Time(hrs)
B1-Dry 80 100 Al 1.2mm 3.46 21
B1-Wet 100 120 Al 1.5mm 3.97 17
B2-Dry 80 100 Al 1.2mm 3.96 21
B2-Wet 100 120 Al 1.5mm 4.20 17

Table B-4, Acquisition data for dry and wet X-ray imaging
Energy Current .
Sample CL (mm SD(mm Filter (mm
p (mm) (mm) o ) (mm)
Dry 500 9 80 100 1.2 Al
Wet 400 8 100 120 1.5 Al
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The resultant tomographic image is a cubic array of volumetric pixels termed voxels. Each
voxel has a linear attenuation value in a 16-bit grey-scale. The reconstruction process
reverses the relationship between grey-scale and X-ray absorption. This means that the
higher the X-ray absorption, the brighter the components will appear. In other words, the
reconstructed tomograms represent the density map of the sample. Therefore, the grey-

scale values correspond to the density and composition of the imaged material.

3.3. Micro-CT Image Analysis

To investigate the three-phase (oil-water-gas) distribution and spreading films of oil and
water using X-ray images, it is required to develop and optimise a specialised X-ray
scanning procedure. The objective is to maximise the contrast between the phases (oil-
water-air) to ensure the oil and water small features are detectable and resolvable while
minimising or eliminating artifacts that can interfere with qualitative and quantitative
analysis. The optimisation of X-ray imaging parameters according to the study aim is
described. These is in turn helps to enhance the qualification and quantification analysis of

three-phase fluids using the X-ray images.

3.3.1. Image Enhancement and Optimisation

There are several characteristics that affect the quality of X-ray images. These are spatial
resolution, contrast resolution, linearity, noise and artifacts. Enhancing or suppressing any
of these characteristics depends upon the X-ray imaging aim and interest (Reddinger,
1998). Referring to the aim of study, there has to be a balance between these characteristics

and parameters to produce the best possible X-ray image. There is, however, always a
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trade-off when CT parameters are manipulated and there must be a goal-oriented approach

to obtain the best X-ray image quality.

In this section, some of the important parameters affecting the quality of the X-ray
images and how they control artifacts are discussed. The precautions taken to eliminate or
mitigate those possible sources of error are presented. The enhancement step, after X-ray

imaging, is also described.

3.3.1.1. Contrast Effects, Artifacts and Films

X-ray computed tomography uses the difference in X-ray attenuation to provide
information about the component and structure of a material in a non-destructive way.
The amount of attenuation (absorption contrast) depends on elemental composition of
material, density and thickness of material. In an absorption contrast tomogram, the value
associated with each voxel is proportional to its X-ray attenuation (Wildenschild and
Sheppard, 2013). As described previously, the oil and water phases were doped with 40%
by weight IDD and 0.1 M Csl that provided sufficient discrimination of X-ray intensity
value. This strong absorption contrast is the reason behind the visualisation of oil and
water features (films) at the length scale less than the resolution of the images (voxel-size).
Although this effect can make X-ray images more problematic to interpret quantitatively
due to subsequent artifacts, this also offers an opportunity to extract fine-scale features in
the image. The water or oil films around the gas phase below the image resolution (voxel
size) blur the sharp edge (“fuzzy”) at the interfaces of the air-rock or air-water and appear
with contrast bright bands. This is the key to indicate the presence of spreading water and
oil films in the images. Nevertheless, film signal-to-noise ratio (SNR) must be high enough

so the films can be distinguishable.
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Substances’ properties including density, atomic number and the energy of the incident X-
rays not only change the intensity attenuation of X-ray, but also alter the phase of the X-
ray passing through the object, similar to a lens for visible light, (De Witte et al., 2009),
leading to X-ray refraction. When going to high resolution, the contribution of this phase
signal to projection image is no longer negligible and appears as bright (when X-ray
converging) or dark (when X-ray diverging) fringes on the edge of features (Mayo et al.,
2003, Wildenschild and Sheppard, 2013). This is termed “phase contrast”. This artifact
(bright fringes or contrast band) could be important here as it might affect the
interpretation of films in the images as oil or water. In addition, it can make quantitative

analysis (segmentation) of the image challenging.

To supress or reduce this artifact which can be the source of error for image
analysis, the parameters being imposed on the intensity of this artifact are manipulated.
The propagation distance, X-ray energy and amount of filtering are three factors that affect

the phase contrast fringes’(Arhatari et al., 2004, Arhatari et al., 2005):

1. The primary reason for the strong fringing artefacts is because the propagation
speed (i.e. the phase speed) is lower in the doped-fluid than in the grain, yet there is
more attenuation in the doped-fluid. So the speed causes the X-ray beam to move
towards the doped-fluid, causes dark fringes near the edge of what is otherwise a

bright region in the reconstructed tomogram.

2. Effective propagation distance (given in Eq. [3.4): Longer propagation distance

results in more pronounced phase contrast fringes.

Personal Communication with Dr. Andrew Kingston and Dr. Adrian Sheppard, from Australian National
University.
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pp — CL=SD Eq.B.4
==

where CL is the camera length (the distance between camera and X-ray source), SD

is the specimen distance between the specimen and X-ray source and M is the

magnification(M= CL/SD).

3. Energy or wave number: Increasing the energy reduces the diffusion of the fringing
effects perpendicular to the propagation direction and hence reduces their visibility

for a given propagation distance.

4. Filter: Filtering can be effective in causing the broad polychromatic spectrum to
approach a high energy monochromatic wavelength. So, in this case, the less

polychromatic the radiation the less phase contrast fringing.

In this study, to obtain the finest image voxel size, the highest possible magnification was
set which, in turn, the highest propagation distance was required. Increasing the energy
reduces fringing effect and its visibility. The amount of filtering can increase the effective
beam energy by removing low-energy. For example, higher X-ray energy and thicker
filtering leads to reduced fringes (contrast band) at the edges on the X-ray images.
However, this might result in losing the image resolution by reduction of amount of signal-
to-noise ratio. Fig. B-14shows a comparison of the effect of the X-ray energy and filtering
on the image of Bentheimer core plug saturated with IDD-40. Fig. B-14(a) shows a section
of the wet image taken with the X-ray source adjusted to 80Kev and a 1.2mm Al filter
while the image in Fig. B-14(b) adjusted to 100Kev and a 1.5mm Al filter. As it is visually
evident, the fringes reduced significantly when the energy and filtering increases from

80KeV to 100KeV and 1.2mm Al to 1.5mm in thickness, respectively.
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(a) (b)

Fig. 3-14, Compatison of phase contrast fringes (a) Imaging at 80Kev and filtering with 1.2mm Al
(b) Imaging at 100Kev and filtering with 1.5mm Al The halos are reduced significantly using
higher energy and thicker filter.

51



Experimental and Computational Methodologies

3.3.1.2. Anisotropic Diffusion Filter

There are always random signals that do not contain information superposed on actual
data known as noises, created from different factors such as fluctuation in beam intensity,
fluctuation in power and also insufficient photon flux from the X-ray source (Reddinger,
1998). Image noises degrade the image quality which consequently affects the resolution of
the sense of the ability to observe separate features in an image. This concern makes it

essential to reduce noise and enhance the image quality.

The anisotropic diffusion (AD) filter, an iterative edge-preserving noise reduction,
has shown to improve the signal-to-noise ratio of tomographic images in a variety of
contexts (Sheppard et al., 2004). Wavelet transform altering (Mallat, 1989) and nonlinear
anisotropic diffusion (Perona and Malik, 1990) have emerged as the two most effective
alternatives. Wavelet transforms are a very powerful tool for one-dimensional (1D) signal
processing, but do not extend naturally to higher dimensions. Invariant wavelets (Coifman
and Donoho, 1995)and curvelets (or ridgelets)(Candes and Donoho, 1999) have been
proposed as extensions to 3D problems, but they have been found to be less effective than
coherence-enhanced anisotropic diffusion (Weickert, 1999)for images where signal
frequencies lie below half the Nyquist limit (Frangakis et al., 2001). The Nyquist limit isa
theoretical limit showing at what rate a signal containing data is to be sampled with a
certain maximum frequency. A signal sampled higher than the Nyquist limit results in a

wave of lower frequency, which creates an aliasing artifact.

Using the AD filter is advantageous because it conserves the integrated image
intensity and preserves the image’s significant features and edges while removing most of
the image noise (Sheppard et al, 2004). This technique smooths uniform regions

representing homogeneous materials and enhances the boundaries with efficient noise
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reduction while “persevering” signal. Fig. B-15 shows the same sections from the wet
tomogram of Bentheimer sandstone before and after application of AD filter. The filter
was carefully applied to remove image noise without changing the pore-solid boundaries.
It is clear that the filter has significantly reduced the noise while having preserved the

integrity amongst the phases.

3.3.2. Image Registration

The image registration technique allows aligning the geometry of the sample images before
and after the invasion of fluids taken at different times. This enables to observe and discuss
the fluids configuration in porous rock before and after flooding. It also prevents the
overestimation which might be ended to an imperfect segmentation due to ambiguity at
the boundaries of grain-fluids. The image registration technique also decreases the
difficulty of the segmentation of a wet image containing oil, water and gas phases by

reducing the ambiguity associated with the solid phase.

In this study, to describe qualitatively the fluid distributions and films and also to
analyse quantitatively their spatial occupancy and connectivity, it was essential to
differentiate amongst the fluids and solid. However, in the wet image, the fluids-solid
boundaries were blurred due to the contrast reduction of high opaque fluids. This became
more complicated when extra filtering was applied to avoid the phase contrast fringes and
to reduce the beam hardening where the sample was saturated with high opaque fluids.
This impediment could be overcome by a 3D voxel-to-voxel alignment of the dry and wet
tomograms (partially-saturated tomogram) and then masking the flooded image with the

solid phase obtained from the dry image (Latham et al., 2008).

53



Experimental and Computational Methodologies

(b)

Fig. 3-15, Sections from a wet tomogram of Bentheimer sandstone (a) without the AD filter (b)
with the AD filter.
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The 3D dry-to-wet registration technique developed by Latham et al. (2008) was used and
this assisted to align the spatial dry and wet images together so that corresponding features
could overlap. This technique solves an optimisation problem with respect to several
similar parameters including three translational, three rotational and one isotropic scaling
(Latham et al., 2008). Fig. B-16shows registered sections of dry and wet tomograms. As
shown, from comparison of the registered dry and wet images, the fluids occupancy is
distinguishable and therefore quantifiable. A comparison of dry and wet images
demonstrates that the use of the 3D dry-to-wet registration technique allows pore-solid
boundaries to be defined precisely. This technique (1) enables the porous system of the dry
image to be used in place of the porous system of the wet image as well as (2) helps to

clarify subtle changes in the porous system.

An extreme care was paid during the imaging of the core plugs in order to avoid
any movement of the plug. This was important because even a slight voxel movement
could cause serious issues with the quality of the reconstructed images and subsequent
registration of the dry and wet images. A setup was built which holds the core plug rigidly

throughout the X-ray scanning experiments without any detectable movement.

The top of the post was screwed into the bottom of the core plug and the bottom
of the post was screwed into the centre of the rotation stage. The lid was also screwed into
the top of the sample. This allowed for the free rotation of the entire setup preventing any
shifting. The duration of the X-ray acquisitions was approximately 17-21hrs for both wet
and dry images. It was essential to ensure a perfect sealing of the wet sample to avoid any

evaporation. This requirement was met using the setup shown in Fig. 3-4.
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Fig. 3-16, Examples of registered 2D slices of Bentheimer sandstone (a) dry image (b) wet image
containing water, oil and air (c) — (d) magnified view of registered dry and wet images. The oil is

shown in bright, water in dark grey and gas in black.
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Although extreme care was taken to scan the same location of the dry and wet core
sample, there was always an inevitable slight vertical difference between the scanned areas.

Uncommon slides in the images could not be registered and therefore masked out.

Given the voxel size or less voxel size of films (oil-water), registered images
must be perfectly overlayed voxel-to-voxel. This means that even a voxel difference
between the dry and wet sections can be interpreted as films, leading to a wrong
interpretation and quantification error. To prevent this, registered sections that had such a
slight difference (a voxel size difference) were masked out of the images. It was therefore
not possible to use the global registration of the images and only small part of the overall
images was registered and used for further analysis. This however did not cause any

problem in the results considering aim of the study.

3.3.3. Image Subtraction and Renormalisation

To obtain the local pore occupancy of the oil and water phases and to determine whether
or not the oil phase is presented and connected throughout the tomogram regardless to
fringes artifact in the images, a technique of subtraction map of the dry and wet
tomograms was developed and used. This was followed by the registration technique
where one can visualise the difference of two tomograms before and after an invasion of
fluids. A dry tomogram is composed of voxels which belong to pore, solid and clay. After
the invasion of water, oil and air in the dry sample, the X-ray intensity value of voxels
which belong to the solid area should remain constant because solids are insensitive to
opaque fluids. But, the voxels which belong to the pores should now be composed of
three different intensity values; water, oil and air. The subtraction map was achieved by

subtracting the intensity value of the voxels of the dry tomogram from the intensity value
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of the voxels of the wet tomogram. This should not fail since the experimental setup for
imaging was designed to prevent even negligible movement of the sample. Further to this,
the alignment related issues were adjusted during the reconstruction process. As a result,
two tomograms shate the same alignment parameters. Fig. 3-17 shows a schematic of the
intensity values for dry, wet and difference tomograms. In the dry tomogram, the yellow
region represents only the intensity distribution of the pore. Having the dry sample
saturated with three phases the same area represents the intensity distribution of the three
phases; oil, water and air. As shown in the difference tomogram (Fig. B-17), the region
marked with a striped pattern indicates the intensity value of zero. Note that the solid and
air remain unaffected by saturation. The regions with red and blue colours, after
subtraction, change to orange and sky blue which illustrate the intensity variation in the

difference tomogram.

The key point here is the relationship between the intensity value of the dry and
wet tomograms which should be linear and relatively consistent. This failed due to various
conditions of the experiments for dry and wet imaging or after the reconstruction process.
As described in section [3.3.1.1, in order to reduce the phase contrast fringes, a higher
range of X-ray energy was required to scan the wet sample which caused it to have a lower
range of intensity distribution. This became more complicated when extra filtering was
applied to avoid beam hardening and reduce fringes where the sample was saturated with
highly doped-oil (see Fig. 3-18). To illustrate this, when the wet sample was imaged, X-ray
energy of 100Kev and current of 120pA were set with an Aluminium (Al) filter of 1.5mm
thickness. By contrast, when the dry sample was imaged, X-ray energy of 80Kev and
current of 100pA were set with Al filter of 1.2mm thickness. The two configurations
produced different intensity values for dry and wet images. Another possible explanation

for this discrepancy is the result of the reconstruction process. Given the various materials
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present in the tomogram, normalisation is achieved by the reconstruction process
(Sakellariou et al, 2004a, Sakellariou et al, 2004b). This implies that the range of
attenuation coefficient values assigned to a low density material would be suppressed when
imaged in the presence of very high density material such as high doped-oil as opposed to
when imaged alone. This is demonstrated in Fig. B-18(a) by a grey-scale slice through a 3D
dry tomogram and its corresponding intensity histogram Fig. B-18(b). The same grey-scale
slice, shown in Fig. B-18(c), is from a saturated tomogram containing oil, water and gas and
its corresponding intensity histogram Fig. B-18(d). The intensity distribution of air and
solid in the wet tomogram shifted to the right when compared to the intensity distribution
of air and solid in the dry tomogram. Under ideal circumstances, the solid and air intensity

values should have been similar before and after the invasion of fluids.

The difference between the intensity distributions of dry and wet images for solid
and air were observed for all experiments carried out in this study. The simple illustrative
procedure shown in Fig. 3-17 suffers from the fact that the relationship between the
intensity coefficient values of the dry and wet images are inconsistent and non-linear which
results in a non-zero intensity value of solid and air in the difference tomogram. This,
however, contradicts the objectives of the subtraction method in which mutual phases
(solid and air) in the dry and wet tomograms are eliminated with oil and water remaining.
This problem was solved using a rescaling technique where the intensity values of both
pore and solid in the dry tomogram renormalised based on the values of air and solid in
the wet tomogram. In this method, given the intensity histogram, the peak intensity values
of the pore and solid in the dry tomogram are determined and labelled as I{,i and I¢ |
respectively and the peak intensity values of air and solid in wet tomogram are also
determined and labelled as I} and I’ , respectively. Rescaling is performed using the
following formula:
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where NF is the normalisation factor and C is a constant obtained using the intensity
values of the original data set. Then, these factors are applied to the original intensity

values of the dry tomogram according to the formula below:

Iy =1 X NF+C Eq.B.7

where I and I, are the intensity distributions of the rescaled and original tomograms,
respectively. This was done usinga processing software developed at Australian National
University, called as Qmango, which is capable of parallel processing on a super computer.
The 2D slices of the dry and saturated data sets are shown in Fig. 3-19; (a) dry image (b)
and saturated image. Using the above methodology, the difference slice achieved is shown
in (c). As can be seen evidently, the solid, pore and air are removed in the difference slice
as they shared similar intensity values. The intensity distributions of the original dry and
wet images as well as the normalised dry image is shown in Fig. B-19(d). The method
provided a good match between the intensity values of the pore and solid from dry image
with the intensity values of air and solid from the wet image. Fig. B-19 confirms this
methodology where oil (bright) and water (grey) in the subtraction slice correspond to the
oil and water phases in the wet slice. This technique was used to provide qualitative

descriptions of the data sets representing 3D tomograms of samples B1 and B2.
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Fig. B-17, A schematic of the coefficient value of dry and wet tomograms and the subtraction
result. In the difference tomogram, the solid and air regions (marked with a striped pattern)
represent a zero intensity value. The intensity value of the oil and water regions (matked in red and
blue) remains constant as shown in the subtracted tomogram. The clay in the wet tomogram is
saturated with water. After subtraction, the water value remains unchanged, while the clay value

becomes zero.
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Fig. 3-18, (a) An example of registered grey-scale slice of dry tomogram containing pore (black) and grey (solid)
and (b) Corresponding intensity histogram (c) Registered grey-scale slice of wet tomogram containing air (dark),

solid (grey), water (dark grey) and oil (bright) and (d) Corresponding intensity distribution.
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(a) (b)

() (d)

(e)

Fig. 3-19, (a) An example of dry slice showing pore(black) and solid (grey) (b) Wet slice containing
water (dark grey), oil (bright), solid (grey) and air (black) (c) Subtraction containing water (dark grey)
and oil (bright). (d) Intensity distribution of original dry (red), wet (blue) and normalised dry (green)
images. The entire intensity histogram of dry image is shifted to right according to NF and C factors.

(e) Subtraction without renormalisation of dry image.
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Fig. B-19 (e) shows the difference slice achieved without any implication of renormalisation
on dry image. As can be seen, the solid is not removed and caused significant noise
particularly at solid-pore boundaries which may be considered as films. Thus, in this case
the amount of uncertainty has increased due to the presence of solid and air phases. This is
not the case in a renormalised difference slide and the solid and air are no longer the
problem and, as a consequence, the amount of the uncertainty in image analysis has

significantly reduced.

3.3.4. Image Segmentation

A tomographic image is reconstructed from cubic array (voxels) of X-ray attenuation
values of each component. Note that, here, different components in an image are termed
as the phase. In general, segmentation means to divide an image into several regions
according to some a number of consistent principal. This principal is voxels classification
on the basis of three-dimensional attenuation profile of dissimilar objects in the images
such as pore, grain and etc. As segmentation is a subjective process, it includes more likely
uncertainty rather than other steps of image analysis. Thus, it is indispensable to have a
well-defined and consistent method to segment an image. There can be, however, different
segmentation strategies for different sets of image data. In this study, the CAC-Sheppard,
which is a hybrid method developed by Sheppard et al. (2004) for 3D grey-scale images,
was used to perform segmentation. This method utilise a combination of image
enhancement, thresholding and converging active contour (Vincent and Soille, 1991,

Caselles et al., 1997).

A special software, developed at Australian National University and called as

Mango, was used for parallel segmentation, pre-processing, post-processing and analysis of
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associated data (See Middleton et al., Mango User Guide for applied mathematics,

Department of Applied Mathematics, available at http://xct.anu.edu.au/mango/)

3.3.4.1. Dry Image

The CAC-Sheppard method, the initial approach involves the choice of two low and high
thresholds and this divides the regions into two classified and one unclassified regions.
All voxels with values less than the low threshold are labelled as “pores” and all voxels
with values above the high threshold are labelled as “solids”. Those with values in between
these thresholds were classified as undecided voxels. After initial thresholding, converging
active contour algorithm expands the decided regions within the undecided region towards
one another. The final region boundary is automatically placed at the points where two

contours touch (Iassonov et al., 2009).

There is often a good chance of overstating the pore-solid boundaries by the fact
that the pore-solid edges appear with a higher intensity value, when compared to the rest
of the pore and solid itself. To reduce this possible error in edges partitioning, the pore and
solid gradient threshold were obtained from Sobel filter, an edge detector operator
(Sheppard et al.,, 2004). This function reassigned entire voxels with intensity higher than
the gradient value at the phases’ boundaries. The output of the segmentation algorithm for
dry sample is phaseO (pore) and phasel (solid). The clay intensity distribution lies between
pore and solid which is part of pore at this step. In order to separate the clays, an

additional segmentation algorithm needed to be applied with a similar procedure.
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3.3.4.2. Wet Image

Segmentation of partially-saturated or wet tomographic images containing three-phase
fluids is more complex and somewhat more arbitrary than the segmentation of dry images.
Here, in order to visualise oil spreading films, a high level of doped-oil was used which
provides a strong phase contrast. This, however, caused a fuzzy interface, particularly in
the positive spreading tomogram due to the diffusion of strong oil signal into the grain and
partial volume effect (see section 3.3.1.1). The presence of high level doped-oil below the
image resolution causes the intensity histogram of the image to spread out rather than to
form distinct peaks and ,hence, phase separation in the image becomes difficult.
Considerable precaution and effort was taken to eliminate or to reduce the artifacts (phase
contrast fringes) on the images, but not completely avoided. Hence, segmentation of solid
regions from wet tomogram might have the risk of overestimation. The segmented solid
region from dry image, therefore, was used as the solid region in the wet image through
employing the 3D dry-to-wet registration technique. The problems were resolved using the
registered, segmented dry image as a mask onto the saturated tomogram in this fashion. In
the dry image the contrast amongst pore-solids was sufficient enough to be resolved
accurately. In the saturated image the phase contrast fringes could no longer be a problem

as the accurate solid map was resolved and used instead of the wet solid map.

In this work, before the segmentation of dry and wet images, a 3D wet-to-dry
registration technique (Latham et al., 2008) was applied. The technique involves holding
the dry tomogram as a fixed-image and then aligning and resampling the wet tomogram
with the fixed-image (see 3.3.2). This generates a pair of images with identical dimensions
and enables one to directly compare two sets of data. Thus, the registered dry image is

segmented and then the segmented image is used to mask the saturated tomogram to
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extract the fluid regions. In the wet images, the solid-pore and solid-liquid regions are
precisely segmented and the changes within the pores are determined. The process is
further explained through the employment of this method on samples B1 and B2. Note
that, core plug Bl was saturated with positive spreading fluids and core plug B2 was

saturated with negative spreading fluid system.

Fig. 3-20 shows the optimal workflow used to segment the wet image in this study.
The segmentation procedure basically consists of the following steps:
1. The dry image is registered with wet image and the anisotropic filtering is applied

to remove noise and to enhance the quality of the images.

2. 'The registered dry image is segmented to pore, grain and clay.

3. The segmented dry image is used as a mask for segmenting the wet image.

4. 'The gas phase in the wet image is segmented. Higher contrast between the gas and

other phases makes this a relatively simple segmentation.

5. The registered, segmented dry image and the segmented gas phase are used as

masks to segment the wet image into oil and water voxels.
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Fig. B-20, Optimal workflow for segmentation of partially saturated Bentheimer sandstone

containing three-phase fluids (water, oil and gas).
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3.3.4.3. Segmentation of Sample B1

Followed by the registration of dry and wet images, a subset of 1,452x1,454X840 voxels’
was taken from each of the registered dry and wet tomograms. Fig.3-21 shows a 2D slice
from the same location of the dry and wet tomograms. To segment the dry image, values
of 4,700 for pores and 5,650 for solids are selected as initial low and high threshold by
user. The choice of appropriate thresholds for segmentation is made according to a visual
inspection of the grey-scale histogram and the corresponding tomogram by use of ncviewer’
software. This software allowed us to observe the features in the wet and dry images while
different thresholds are used. The results are further validated by comparison of the
segmented tomogram with the grey-scale one. All voxels with values less than the low
threshold were labeled as pores and all voxels with values above the high threshold were
labeled as solids. The undecided voxels with values between these two thresholds are
assigned to pore or grain phases by the CAC algorithm. The segmentation of the pore-
solid boundaries was improved by applying the edge gradient threshold chosen using the
Sobel filter, an edge detector filter. A grain gradient of 500 was chosen in order to replace

the voxels allocated to solid with the voxels allocated to pores.

A visual inspection of dry images shows the presence of some minerals with a
range of intensity values between solid and pore. The material is clay and some examples
of them can be seen in the red circles shown in Fig3-21(a). The voxels in place of clays
were separated by the submission of an additional segmentation process (the CAC
segmentation) where a low threshold of 5,770 and a high threshold of 5,870 were selected.
These thresholds again were chosen according to a visual inspection of the grey-scale

histogram and corresponding tomogram. Fig. B-22shows the same section from the

3 A softwate to visualise X-ray images slice-by-slice
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segmented dry tomogram where black, green and khaki represent pore, clay and solid,
respectively. Fig. 3-22(b) shows the intensity histograms of the dry tomogram. The peak on
the left represents the pore and the peak on the right represents the solid. The information
obtained from this histogram was utilised for image segmentation. Gaussian fit of intensity
values of pores in yellow, clay in green and solid in red are shown in Fig. 3-22(b). These
individual histograms were obtained after the segmentation of the dry tomogram. As seen,
there is a good match between the intensity variation of original and segmented

tomograms.
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(a) (b)

Fig.3-21, (a) a 2D registered slice of dry with resolution of 3.46um and (b) a 2D registered slice of
wet with resolution of 3.97um from 3D tomograms. The wet image contains three-phase fluids under
positive spreading conditions (Cs= +5.9mNm-!). Grey, dark grey, bright, and black are solid, water,

oil and gas, respectively.
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Fig. 3-22, (a) An example of a 2D slice from the segmented dry tomogram (sample B1) where pore is black,
solid is khaki and clay is green. (b) An intensity histogram of the dry tomogram shown with a thick solid
black line; Intensity distributions of pore (yellow), clay (green) and solid (black) after segmentation of dry

tomogram.
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Fig. 3-23 shows a comparison between the (MICP) and a numerical simulation on the
segmented image using the capillary drainage transform described by Hilpert and Miller
(2001). The only significant differences between the experimental measurements and the
corresponding image based computations occur for pore sizes below the resolution of the
image (~ 3.4 microns). The comparison shows the high quality of the image resolved pore

space.

It is worth restating that the oil phase was doped with a large amount of doping
chemical (IDD) to ensure its visibility at or below the image resolution. However, this
caused fringes at the boundaries of the solid and pores filled by oil. From a visual
comparison of the wet and dry images, one can tell that, in the dry image, the phase
contrast fringes are either negligible or non-existent and the grain-pore borders are sharp
enough to be segmented precisely (see Fig. B-22). Thus, the problems were resolved using
the registered segmented dry image as a mask onto the wet image resulting in eliminating

any possible uncertainty due to phase contrast effect artifacts.

Through the application of three subsequent CAC segmentations, the gas, water
and oil phases were then partitioned using the original saturated tomogram along with the
segmented dry tomogram. A low threshold value of 8,200 and a high threshold value of
8,250 were chosen using the intensity histogram of the wet tomogram and by use of the
neviewer software. For the gas phase, the thresholds were easily chosen due to the high
contrast amongst gas and the other phases. For the water phase, a threshold range of 8,700

to 8,750 was chosen.
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Fig. B-23, Compatison between measured mercury injecton (MICP) and cortesponding
computations on the dry segmented image. The comparison shows the high quality of the dry

image resolved pore space.
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Afterwards, a final additional partitioning was carried out using a low threshold of 9,000
and high threshold of 9,050 through which the ‘intermediate phase’ was separated. This
phase was finally merged to the oil phase. Since the segmented data was the basis of any
further 3D quantitative analyses, the quality of the segmentation was cross-checked visually
(slice-by-slice) with caution. All threshold values were chosen based on an extensive
comparison of many data values over the process of segmentation. The decisions were also
made by the experience level of the user. Fig. 3-24 demonstrates examples of 2D slices
over successive steps of the segmentation process of the saturated tomogram (B1) in the
order described above. It is visually evident that the submitted segmentation workflow

produced high quality and accurate results.
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(@) (b)
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(e)

Fig. 3-24, (a) 2D slice of segmented dry image from Bl tomogram where pore is black, clay is
green and solid is khaki, (b) 2D slice of wet image where oil, water, gas and solid are bright, dark
grey, black and grey, respectively. (c) Solid (khaki) and gas (black) are separated but oil and water
are undecided (blue) yet, (d) Final segmented 2D slice showing gas with black, oil with red, water
with blue and clay with green. (¢) Intensity histogram of original wet tomogram shown with thick
black solid and Gaussian fit of intensity values of pore (yellow), water(blue), oil(red) ,clay(orange)
and solid (green) after finalising segmentation of wet tomogram. Spreading coefficient is Cs=
+5.9mNm-1.
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3.3.4.4. Segmentation of Sample B2

For the quantitative analysis of sample B2 for the negative spreading system, a similar
segmentation workflow described in section 0 was followed to obtain the segmented dry
and wet tomograms. A subset of 1,353%1,345X800 was taken from the registered dry and
wet images. The intensity histogram of the dry tomogram is shown in Fig. 3-25 along with
the Gaussian distribution curves for each phase obtained after segmentation. The well
match of intensity distribution of the pore and solid with resultant histograms of pore
(marked in yellow) and solid (marked in red) shows evidently a good segmentation. The
accuracy obtained from acquiring the dry image at the highest possible resolution (~
3.9um) allowed the pore-solid regions to be segmented clearly. The dry image after the
segmentation of pore, clay and solid is shown in Fig. 3-26(a) where pores are shown in

black, solid in khaki and clay in green.

The experimental MICP on the sister plug and capillary drainage simulation on the
segmented data were compared to ensure the segmentation quality of the 3D dry image.
Fig. B-26(b) shows a good match between two approaches. The only significant difference
between the experimental MICP and numerical CDT occurs for throat sizes approaching,

at, or below the resolution limit (voxel-size) of the image.

Fig. 3-27 shows 2D registered sections through the dry and wet tomograms of
sample B2. The segmented dry image was taken away from the porous system of the wet
image using the registration technique. This is an accurate approach for two reasons;
extreme care was taken to prevent any movement of the sample during the imaging of the
wet and dry images, the registration and resampling techniques adjusted the alignments of
both dry and wet image to a similar one. After masking the solid phase out of the wet

image using the segmented dry image, an additional CAC process was applied with a low
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threshold of 5,800 and a high threshold of 5,850. These threshold endpoints provided the
oil phase data set and the alignment of the segmented dry image with the wet image
prevented any overestimation from occutrring. In Fig. 3-27(c), a section of the segmented
tomogram is shown where the solid and oil phases are represented by khaki and red,
respectively. The water and gas phases are yet to be classified and are denoted by black. To
finalise wet image partitioning, one more step was carried out to segment the gas phase
using the threshold range of 5,070 to 5,200. This was enhanced by adding a gradient

threshold of 200 to label voxels at the interface of water and gas to the gas phase.
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Fig. 3-25, Intensity histogram of dry tomogram (sample B2) displaying with thick solid black line;
Gaussian Intensity fits of pore (yellow), clay (green) and solid (red line) after segmentation of dry

tornogram.

(a) (b)

Fig.3-26, (a) 2D slice of segmented dry tomogram whete the pore, solid and clay are denoted by black,
khaki and green, respectively. (b) Comparison between measured mercury injection (MICP) and

corresponding computations on the dry segmented image.
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(a) (b)

(© (d)

(e)
Fig. B-27, (a) 2D slice of segmented dry image from B2 tomogram where pore is black, clay is
green and solid is khaki, (b) 2D slice of wet image where oil, water, gas and solid are bright, dark
grey, black and grey, respectively. (c) Solid (khaki) and oil (red) are separated but gas and water are
undecided (black) yet, (b) final segmented 2D slice showing gas with black, oil with red, water with
blue and clay with green. (e) Intensity histogram of original wet tomogram shown with thick black
solid and Gaussian fit of intensity values of pore (yellow), water(blue), oil(red) ,clay(orange) and

solid (green) after finalising segmentation of wet tomogram. Spreading coefficient is C;= -8.7mNm-
1
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3.3.5. Porosity, Fluid Saturation and Distribution

Once segmentation was completed, estimations of porosity, fluid saturations and their
distributions were made from the segmented images. Porosity and saturation are estimated
by counting the number of voxels assigned to each phase during segmentation regardless
of the number of phases present in the images. Porosity is computed by counting the
number of voxels assigned to the pore space across the segmented dry image to the total
voxel count of the grain and pore. Saturation is estimated by dividing the voxel count of
the individual fluid across the segmented wet image to the summation of voxel count of all
fluids. The computed saturation reveals the distribution of the individual fluid across the

wet image.

3.4. Spatial Characterisation of Distribution and Connectivity

3.4.1. Generation of Pore-scale Network of Three-phase Fluids

The pore-scale network model of each phase can give quantitative and visual descriptions
of spatial occupancy of each phase. This technique can also be used to see how water, oil

and gas are distributed in the pore space for positive and negative spreading systems.

The 3D pore-scale network model of each fluid was derived using the segmented
image as input data. In order to generate individual network of oil, water and gas from the
segmented image, at first place, the Euclidean Distance Transform (EDT) of individual
fluid was obtained (Saito and Toriwaki, 1994). The Euclidean distance is the distance of
each voxel of a phase from the nearest phase-solid boundary. As the Euclidean distance of

a voxel increases, a higher intensity value is assigned to this voxel. Hence, the voxels with
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highest intensities indicate the centres of pore space (individual fluid space). The EDT map
was used to calculate the maximum covering sphere radius at each point which is the
radius of the largest sphere which lies completely within the pore space and covers that
point (Silin and Patzek, 20006). Pore centres were also used to skeletonise the network of
each phase by applying the Medial Axis (MA) method (Lindquist et al., 1996, Pudney,
1998). A labelling algorithm followed by a region-merging algorithm is then applied to
complete pore partitioning (Jones et al., 2009). This pore partitioning scheme allows one to
construct pore network models from tomographic images. Fig. B-28shows an illustration
of the generation of the medial axis and the resultant pore partitioning on a small 2D and
3D subset presented by Jones et al. (2009). Note that the providing details of algorithms of
each step are beyond the scope of this study and details can be found in references

(Sheppard et al., 2005, Jones et al., 2009).

Pore partitioning allows us to define a number of statistical parameters that
characterize the spatial pore occupancy of the individual fluid (oil, water and gas). The
important descriptors include pore radius distribution and pore volume equivalent radius
distribution. These parameters show the 3D distribution of the individual fluid throughout
the pore space based on its size. Note that, the preferential occupancies of the air, water
and oil are determined according to the pore space wettability condition. As Bentheimer
sandstone is known to be strongly water-wet, the smallest pores are to be occupied by the
wetting phase being the water phase and the largest pores are to be filled by the non-
wetting phase being air. The moderate pores are expected to be occupied by the
intermediate phase which is the oil phase. The statistical parameters obtained from

generated pore network of individual fluids provided the 3D fluid occupancy information.
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Fig. 3-28, Illustration of pore interconnections and partitioning algorithm (a) segmented pore-
throat, pore-white and solid-black (b) calculated Euclidean Distance Map (c) Calculated covering
sphere radius, the centre is calculated from maximum covering radius (d) The medial axis junction

(e-g) Illustration of generation of the medial axis on a small 3D subset of a porous image by Jones

et al. (2009).
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3.4.2. Spatial Connectivity Using the Euler Characteristic Method

Quantitative morphological description of the connectivity of the complex fluids in an
actual porous medium is difficult. This is mainly because of the inherent complexity of 3D
description for any topological structure and anisotropic shapes of the fluids distributed in
intricate 3D pore structures. To overcome these difficulties, the Euler characteristic is used
as an appropriate measure. Euler characteristic (Mecke and Wagner, 1991) of an object is
topological invariant, meaning that it remains unchanged under any continuous
deformation of the object. Topological structure is significant due to its close relation to
physical properties (Wildenschild and Sheppard, 2013). The Euler number () of a
collection of objects is a fundamental mathematical description of the links that occur

between the objects (Roberts et al., 1997).

Topological properties, in a three-dimensional porous medium, are based on three
factors; the number of isolated elements or isolated convex (N), i.e. oil blobs, the number
of enclosed elements or closed concave (C), i.e. trapped oil drop by other fluids and the
number of redundant connection (H) between the oil blobs. Based on these parameters,

the specific Euler number is defined as follows (Vogel, 2002):

N—-C+H Eq.3.8
X=—"~

where V is the volume of the interest. In this study, as the wet image is segmented to

numbers of voxels, the Euler number is defined by (Arns et al., 2001):

x =+ Vertics—+ edges + faces — volumes Eq.B.9
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where # means ‘number of’. The Euler characteristic gives a positive value for pootly
connected structure where the numbers of isolated convex are greater than the number of
redundant connection. In contrast, the Euler number gives a negative value for highly
connected phases where numbers of connected objects are greater than isolated ones. The
Euler characteristic has previously been used to quantify the continuity of porosity in
porous media (Vogel and Roth, 2001, Vogel, 2002), the connectivity of thin films (Jacobs
et al, 2000) and the distribution of fluids in porous media (Mecke and Arns, 2005),
amongst numerous other applications related to the connectivity of objects. An important
advantage of this approach is that it provides an unbiased estimation of connectivity from

local measurements on a digitised image for a 3D cut-out of arbitrary shape and volume.

In this study, in order to compare the connectivity and continuity of the three-
phase fluids at positive and negative spreading conditions, the Euler characteristic of each
of the phases (oil, water and gas) in the digitised segmented image was computed and
compared. The Euler characteristics computational aspects and procedure are described
elsewhere (Arns et al., 2001). The method algorithm has been implemented in-house built
software (Morphi). The further details of the method and examples can be found in(Arns

et al., 2001, Arns et al., 2002, Arns et al., 2004, Arns et al., 2010).

3.5. Three-dimensional Visualisation

Once wet images for both positive and negative spreading systems were segmented, they
were visualised for a qualitative analysis using the built volume rendering software, Drishti
software (Vislab, ANU), developed at ANU. In Drishti software, a transfer function is
determined by choosing coordinates on intensity-gradient diagram to a particular colour

and transparency. Drishti software can create 3D images from raw tomographic images
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and segmented images. In this study, only segmented images were used as input in Drishti
for 3D visualisation. Three-phase fluids spatial distributions at spreading and non-

spreading systems were generated and compared for qualitative analysis.
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Chapter 4

Results and Discussion

This chapter presents results of three-phase flooding experiments and X-ray micro-CT
imaging. Most significant findings obtained from the study are (1) the relationship between
the spreading characteristic of a three-phase system and the fluid distribution and
configuration within a homogeneous sandstone and (2) the evidence for spatial

connectivity and continuity of the oil films after tertiary gas flooding.

Fig. #-1(a) shows a grey scale 2D slice from the dry tomogram of core plug B1.
The corresponding registered 2D image for the wet positive spreading system at the
completion of the gas flooding is shown in Fig. #-1(b). The images demonstrate the
preferential fluid distribution in the strongly water-wet Bentheimer. The solid regions on
the dry and saturated images are grey while the pore and air are black. It can be seen in the
wet images that the water (dark grey) is distributed in the small pores and throats. The gas
(black) occupies the larger pores and the doped-oil (bright) occupies the intermediate pores

and throats.

Fig. #-1(a)—(b) illustrates that large pores have a higher likelihood to be occupied by
gas than oil and water. There are also large pores that are not occupied by gas despite
having a magnitude where gas tends to invade. The reason for this apparent contradiction
is that a large pore radius is not a sufficient condition for a non-wetting phase to reside.
There must be a full neighbourhood to form a non-wetting phase cluster. A visual
inspection of dry and wet images shows that the artifacts including strong fringes and

beam-hardening have been mostly avoided due to the precautions taken before imaging

86



Results and Discussion

(see section 3.3.1.1). As can be seen in Fig. B-1(b), air bulk interfaces with oil-filled
neighbouring pores are bright except two air bulks at the top of the image which are
trapped by water phase. In Fig. B#-1(c)—(d), magnified sections from wet image, blurring
interfaces with thin bright bands can also be visible. These blurring interfaces represent oil
spreading films with thicknesses at or below the resolution (voxel-size) of the images,
hence they are rather weak. Strong absorption phase contrast at the doped-oil interfaces
results in ‘bleeding’ or spreading of the oil signal at the interfaces and this effect is the key
for imaging oil features at the length scales below the image resolution of the imaging
system. While it is not possible to estimate the thickness of the films, the signal for some
of the thicker films, because of excessively-doped level of oil, appears to be sufficient for

their presence to be distinguished.

In this thesis, the attempt was made to image thin wetting and spreading films by
doping the water and oil phases to increase their attenuation of X-rays. The difference in
attenuations makes it possible to image the network of oil spreading films for the positive
spreading system. However, the thickness of the films cannot be resolved. This is not a
limitation in this thesis whose objective is to confirm the presence and continuity of the
films. The 2D slices of Bentheimer sandstone with localised oil and gas in the presence of
water with negative spreading characteristics are shown in Fig. #-2 where the oil, water
and air are seen in bright, dark grey and black, respectively. The overall distribution of the
phases for the negative spreading system in core plug B2 is similar to the distribution
observed with corresponding positive spreading system. Water as the wetting phase
occupies the smaller pores and throats while oil fills the larger pores as the non-wetting

phase. When gas is present, it occupies the largest pores as the most non-wetting phase.
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Fig. @#-1, Registered 2D slices from (a) dry tomogram of B1 whete pore and solid are black and
grey and (b) wet tomogram of B1 containing positive spreading fluids system(Cs= +5.9mNm-?), (c)
— (d) Magnified sections from wet tomogram where air, oil, water and solid are black, bright, dark

grey and grey.
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As shown in Fig. #-2(b)-(c), the air interfaces are sharp and well defined with no indication
of oil spreading films. In contrast, as shown in Fig. B-1(c)-(d), the air interfaces in the
positive spreading system are fuzzy and diffused by the signal from oil films lying between
the air and grains even though the thickness of these films is below the resolution of the
images. This is a clear indication of the presence of oil spreading films for the positive
spreading system (Feali et al., 2012). Since the core plug is strongly water-wet, water films
are expected to be seen between the oil and the grains, however, these films are too thin
and their attenuations are too low for them to be resolved from the noise and phase
contrast effects at the solid boundary. Kumar et al. (2009a), using the same imaging system,
arrived at a similar conclusion for imaging two-phase gas-water systems in a strongly water-
wet sandstone. A comparison between the wet tomograms for the negative (Fig. B-2(c)-(d))
and positive spreading systems (Fig. B-1(c)-(d)) shows that the bulk oil, water and gas

phases can be clearly resolved at the pore-scale for both spreading systems.

In the negative spreading system, individual oil films that can be observed around
the gas phase (as shown by red circles in Fig. #-2(b)) do not necessarily suggest the
connectivity of the oil bulk through oil films. The stability of the oil films depends on the
geometry of the pore space, the thickness of the oil films and the spreading characteristics.
The oil film here may remain stable based on its thickness. It should collapse as the
thickness falls below a critical thickness (Dong et al., 1995, Keller et al., 1997). Several
individual oil lenses (shown by red arrows) can be also obsetved in Fig. #-2(b), which are
captured between the water and gas phases in the corners of the pores. These oil lenses
should be trapped because of the capillary effects and the geometry of the corners (Blunt

et al.,, 1995, Keller et al., 1997, Fenwick and Blunt, 1998).
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Fig. #-2, Registered 2D slices from (a) dry tomogram of B2 where pore and solid are black and
grey, (b) wet tomogram of B2 containing negative spreading fluids system(Cs= -8.7 mNm), (c) -
(d) Magnified sections from wet tomograms where air, oil, water and solid are black, bright, dark

grey and grey.
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Further indirect evidence of the presence of oil films for the positive spreading system can
be seen in Fig. #-3 where a thin section from the tomogram for the positive spreading
system is shown. The section shows what appears to be an ‘intermediate phase’ between
the air and the oil phases. This phase is frequently observed in the tomograms of positive
spreading system but is never observed in the tomograms of negative spreading system.
Based on the attenuation levels, this ‘intermediate phase’ appears to be the result of gas
continuing to displace oil during the scanning period of approximately 18hrs. Given the
times involved and the relatively low oil saturation it is likely that the redistribution of the
oil involves flow through oil spreading films which is expected to be a slow process. For
the negative spreading system, there are no oil spreading films and a redistribution of oil
and gas occurs relatively fast by flow through fluid filled pores and throats (Feali et al.,

2012).
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Fig. @-3, Section from the positive spreading system tomograph showing gas-oil redistribution

during the scanning period.
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4.1. Analysis of Films for Positive and Negative Systems

In this section the results of analyses of oil and water films and their connectivity at both
positive and negative spreading conditions are presented. Subtraction method (see section
3.3.3) was used to extract information of water and oil distributions and their connectivity
through films irrespective to the possible images artifacts including phase contrast fringes.
This artifact can be interpreted wrongly as the oil films (detailed in section 3.3.1.1). The
advantage of this technique is to eliminate the grain and air phases including the grain
artifact (phase contrast fringes) from the images leaving with the water and oil phases. This
made analysis of the oil and water films possible and simpler with no uncertainty. The

segmented images for both fluids systems are also presented.

4.1.1. Spreading System

Fig. B-4(a) shows a 200x200 slice of a 3D image of core plug Bl in the dry state.
Fig. #-4(b) shows the same slice of the core after a three-phase flooding (positive spreading
condition) was undertaken into the dry sample under strongly water-wet conditions. The
water, oil, solid and air appear as dark grey, bright, grey and black, respectively. A visual
inspection of these slices shows bright blurring bands surrounding the gas bulk phase on
the air-rock interfaces or even on the water-rock interfaces. These bands are reasonably
faint and are likely to be the oil spreading films with a thickness at or below image
resolution. The question is whether those bands merely appear to be image artifacts or

whether these are in fact oil films spreading on the gas interface.

To avoid any sample movement during the X-ray imaging, extreme care was taken
and it can be safely assumed that the solid phase in the dry image is aligned on the solid

phase of the wet image. This helps to eliminate the voxels belonging to the solid phase in
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the wet image and to extract the voxels in place of the water and oil phases. Fig. #-4(c) is
obtained by the subtraction of the dry image from the wet image. The bright and grey
colours indicate the oil and water phases, respectively, while the similar voxels in both dry
and wet images turn black. As seen in the subtracted image (see section 3.3.3), the bulk oil
adjacent to the gas phase is connected through thin layers which appear to be oil films

spreading on the gas and grain interfaces.

Fig. #-4(d) shows the segmented wet image slice for the positive spreading system
where oil, water, gas and solid are denoted by red, blue, black and khaki, respectively. The
segmentation approach involves the masking of segmented dry image onto the wet images.
It is safe to assume that the pore-grain boundaries are well segmented as the dry image has
a very good quality and sharp pore-solid interfaces. The presence of oil films between the
gas and oil phases are clearly visible. It may be that the thickness of the films is to some
extent overstated both as a result of the inability to visualise water wetting films (which
have a length scale well below the resolution of the image) and the contrast introduced at
oil interfaces by the high level of doping required to make the oil films visible. The

segmentation process is detailed in section 3.3.4.

In order to further confirm the previous qualitative description, another example
of a 200%200 slice of dry and wet images through a 3D tomogram was selected and is
shown in Fig. @i-5. The existence of contrast bands around the gas interface can be visually
verified. Oil bulks are located around the neighbouring gas bulks which appear to be
connected through the layers (Fig. #-5(c)). The thickness of the layers seems to vary
depending on the geometry of the corners or the crevices. As the width of the phase
contrast fringes is not associated with the geometry of the pores, the layers are in all
likelihood spreading oil films. As described before, grey bulks between air and oil bulks can

also be seen in Fig. @-5(b) which is called “intermediate phase” with an attenuation

94



Results and Discussion

somewhere between oil and air. This is an oil blob that retreated part way back through
acquisition time. This occurred because of redistribution of the oil involves flow through

oil spreading films which is expected to be a slow process.

The wet image segmentation is shown in Fig. #-5(d) where oil, water, gas and solid
are denoted by red, blue, black and khaki, respectively. From the segmented image it is
noted that the oil film thickness is to some degree overestimated by the same reason
mentioned before. A wide range of oil film thicknesses are observed in the total data set.
The largest films were estimated to be a couple of microns thick while the smallest films

are almost invisible and their thickness is impossible to estimate.
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Fig. -4, Sections from positive spreading tomograms of core plug B1, 200X 200%200 voxels? (a)
dry, (b) wet. Solid, air, water and oil are grey, black, dark grey and bright, respectively. (c) Section
representing subtraction of dry and wet images where oil shown in bright ,water in grey and solid-

air in black , (d) Segmented subset shows water in blue, air in black, oil in red and solid in khaki.
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Fig. #-5, Sections from positive spreading tomograms of core plug B1, 200X 200x200 voxels3 (a)
dry, (b) wet. Solid, air, water and oil are grey, black, dark grey and bright, respectively. (c) Section
representing subtraction of dry and wet images where oil shown in bright ,water in grey and solid-

air in black , (d) Segmented subset shows water in blue, air in black, oil in red and solid in khaki.
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4.1.2. Non-Spreading System

Figf-6(a) shows a 200X200 slice through a 3D image of core plug B2 in the dry state.
Fig#-6(b) shows the same registered slice of the core after the three-phase flooding
experiment was carried out using negative-spreading fluids. From a visual inspection of the
wet image, the absence of the pronounced contrast bands (blurry interfaces) at the gas-rock
interfaces is evident. However, one may question that the very faded and blur interface on
the edges of upper right pore may have been caused by oil films. To answer this question,
the difference map of the dry and wet images was obtained using the procedure described
in section 3.3.2. Figft-6(c) exhibits the subtraction image in which the oil and water phases
have the highest and lowest intensity values, while the other phases have an intensity value
of zero. The oil phase is bright and the water phase is grey. In contrast to the difference
map of core plug B1, the bulk oils here are not connected together through any layers. This
suggests that the oil blobs are captured between water and gas and they are not connected
through the oil films. In addition, the very blur interfaces are to be contrast fringes that
have easily been eliminated using renormalisation and subtraction method. As seen in
difference image Figf-6(c), the water films cannot be seen. Because the core plug was
strongly water-wet, water films are expected to be seen at gas-rock or oil-rock interfaces.
Nonetheless, these films are so thin and their attenuations are not comparable with oil and
rock attenuation which makes it impossible to be resolved. Figfi-6(d) shows the segmented
result of the wet image. The segmentation procedure is described in section 3.3.4. The
segmentation process involves masking the dry segmented image onto the wet sample.
High quality of the dry image and sharp pores-solid interfaces ensure that the pore-grain

boundaries were partitioned with a high level of precision.
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Figf4-6, Sections from negative spreading tomograms of core plug B2, 200X 200%200 voxels? (a)
dry, (b) wet. Solid, air, water and oil are grey, black, dark grey and bright, respectively. (c) Section
representing subtraction of dry and wet images where oil shown in bright ,water in grey and solid-

air in black , (d) Segmented subset shows water in blue, air in black, oil in red and solid in khaki.
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This suggests that, after using the dry image as a mask for the segmentation of the wet
image, the regions in the pore space that underwent a change are relabelled as water and
oil. Conversely, the regions in the pore space that do not undergo a change are relabelled as
air and the remaining regions are relabelled as solid. It is apparent from the image that the
oil phase (red) is trapped between gas (black) and water (blue) phases and there is no visual
evidence of films. Again, the very faded phase contrast fringes were no more problems for
segmentation and in turn image quantification as the segmented solid phase of the dry

image was used as the solid phase of wet image.

A more qualitative analysis of oil connectivity was performed on another 200200
slice through a 3D tomogram of dry and wet cores. Fig. #-7(a) shows a subset of the
density map of the dry image and Fig. B-7(b) shows the corresponding registered density
map of the wet image. A comparison with Fig. #-4 and Fig. #-5 suggests that thetre is no
indication of the presence of continuous oil spreading films. However, a question arises
when looking at the faded and blur interface of the largest pore in the wet image. The

subtraction method had to be repeated again to clarify this doubt.

From the difference map shown in Fig. B-7(c) the disconnected oil (bright) blobs
can be observed and the absence of spreading oil films is seen the final segmentation of the
wet image is presented in Fig. #-7(d) where red, blue, black and khaki colours indicate oil,
water, gas and solid, respectively. In this case, after masking of the segmented dry image
onto the wet image, all possible voxels in lieu of the aliasing artifact around the pore edges
in the wet image were removed. This suggests that, for a negative spreading system, the
chance of oil films on the gas phase may be negligible. A visual inspection of the 3D
segmented wet image shows the absence of resolved oil films. These results are in
agreement with earlier observations in the micro model and are consistent with those of

other studies for the fluids system with negative spreading coefficient (Dren and
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Pinczewski, 1995, Vizika et al., 1998). Oil lenses often appear to be trapped among water
and air phases through many 2D slides. This suggests that the bulk oil volume could not be
hydraulically connected through oil films within the sample. Although few exceptions of
oil films around gas blobs were observed, these films would disappear if the sample was

given further equilibration time.

In contrast to spreading system, the “intermediate phase” was not observed across
the wet tomogram of core plug B2. For non-spreading system there are no connected
spreading oil films. Therefore, equilibration time would be shorter as redistribution of oil
and gas occurred very fast through filled pore and throats. This resulted in not having

interface movement during the image acquisition time.
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Fig.#-7, Sections from negative spreading tomograms of core plug B2, 200X 200x200 voxels? (a)
dry, (b) wet. Solid, air, water and oil are grey, black, dark grey and bright, respectively. (c) Section
representing subtraction of dry and wet images where oil shown in bright ,water in grey and solid-

air in black , (d) Segmented subset shows water in blue, air in black, oil in red and solid in khaki.
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4.2. Characterisation of Three-Phase Fluids

The first purpose of quantitative analysis is to determine the 3D structural and topological
information of the oil-water-gas system at different spreading conditions. The second
purpose is to determine the 3D variations in spatial distribution and arrangement of each
phase at both fluid sets. The third purpose is to visualise the spatial structures of the

phases using the Drishti software. These are described in the subsequent sections.

4.2.1. Quantification of Spreading and Non-Spreading Systems

Table @-1 gives the information of the samples used in this thesis. Core plug Bl has a
measured porosity of 21.3 %, an imaged-based porosity of 24.5 %, and a measured
permeability of 396mD.Core plug B2 has a measured porosity of 21.0 %, an imaged-based
porosity of 24.1 %, and a measured permeability of 367mD (the experimental data is
obtained from the MICP experiment on sister subsamples from original core samples (see

section 3.2.1)).

103



Results and Discussion

Table #-1, Rock Propetties of the Core Plug Used and Imaged Saturation after Three-

Phase Flood.
Porosity(%) Average. Saturation f&cross the
Core Spreading Perm imaged section
Plug Coefficient (md) .
Exp Image Oil (%) | Water (%) | Gas (%)
B1 Positive 21.3 24.5 396 33 39 28
B2 Negative 21.0 241 367 35 26 40
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The individual fluid saturations across the 2.5-mm central section of core plug Bl are
computed by voxel counting. Fig. #-8shows the saturation profiles of oil, water and gas

across the imaged volume. The image analysis shows that average water saturation of

(Slfvmage) 0.4, oil saturation of0.33and gas saturation of(0.28. It can be observed that, while
the variation of the gas saturation across the sample is fairly uniform, the oil and water
saturations fluctuate considerably. This suggests that the gas phase occupied the largest
pores and then broke through rapidly from the sample. The different water saturation
suggests the different displacement mechanisms between oil and gas under different

spreading conditions across the sample.

The individual fluid saturations across a 2.5-mm central section of core plug B2
were computed by voxel counting and these are shown in Fig. #-9. The average
saturations over the section for both positive and negative systems are given in Table @-1.
The oil saturations for the positive and negative spreading systems are almost similar, 0.33
and 0.35, respectively. However, the gas saturations are very different, 0.28 and 0.39. The
positive spreading system required significantly less gas to reduce the oil saturation to a
level similar to that of the negative spreading system. The corresponding difference in
water saturations 0.4 and 0.26 for the positive and negative spreading systems suggest that
gas-oil displacements were much more frequent for the positive spreading system. These
observations are all consistent with the presence of spreading films for the positive
spreading system and the absence of such films for the negative spreading
system(Kalaydjian, 1992, Kalaydjian et al., 1993, Oren, 1993, Oren and Pinczewski, 1994,

Blunt, 2000).
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Fig. #-8, A measure is made of the saturation of the oil, water and gas across the imaged section. The

spreading coefficient was +5.9mNm-'.
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Fig. #-9, A measure is made of the saturation of the oil, water and gas across the imaged section.

The spreading coefficient was of -8.7 mNm-!.
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4.2.2. Three-dimensional Visualisation of Three-Phase Fluids

The segmented data was visualised for a qualitative analysis using Drishti (see section 3.5).
Fig. B-10 represents 3D images (200’ voxels) of water, oil and gas at the end of tertiary gas
flooding for the positive spreading system. Fig. #-11 shows 3D images (200’ voxels) of the
same phases at the end of tertiary gas flooding for the negative spreading system. The oil is
in red, water in blue and gas in yellow. A comparison of Fig. #-10 with Fig. #-11, although
thin oil films could not be resolved using Drishti, can visually show that, in the positive
spreading system, the oil phase is spatially and hydraulically more connected than that in
the negative spreading system. It can be seen that the non-wetting phase (air) resides in the
larger pores and the wetting phase (water) in the smaller pores. The intermediate phase
(oil) occupies the medium-size pores. However, this does not always occur without any full
neighbourhood of the phases. Note that the Drishti software works as a transfer function
by choosing the coordinate on intensity diagrams and transferring them to colours. The
coordinates were chosen coarsely and not precise enough for small features such as oil

films to be resolved and coloured.
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(2)

(b)

Fig. #1-10, Three-dimensional visualisation of oil (ted), water (blue) and gas (yellow) for positive
spreading system. The oil film (red) is spatially connected through thin films surrounded the gas

phase (yellow). The oil film did form when the oil and gas phases have contacted to each other.
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Fig. #-11, Three-dimensional visualisation of oil (ted), water (blue) and gas (yellow) for negative
spreading system. The oil phase (red) is not spatially connected through oil film where it contacts
the gas phase (yellow). As the spreading coefficient is negative, the oil phase did not form oil film
around the gas phase which make the oil phase more disconnected compared to the system with

positive spreading coefficient.
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4.2.3. Analysis of Spatial Distribution of Fluids Using Network Model

A further statistical analysis of the spatial pore occupancy of the fluids for positive and
negative spreading conditions was conducted by constructing the fluids network model
and measurement of their characteristics using the segmented data. The procedure of the
generation of the network model is described in section 3.4.1. This allows representing a
set of statistics of each phase including the local pore volume equivalent radius (PVER)
and pore radius (PR) to characterise the structure and topology of the oil, water and gas
phases in the pore network. The PR represents the radius of the maximum Euclidean
distance within the partitioned pore and gives an indication of the pore size based on
spheres. Alternatively, pore size can be measured as the radius of a sphere which is
equivalent to the pore volume and is denoted by the pore volume equivalent radius. The
discrepancy between the sphere based pore radius and the volume based radius indicates

the divergence of pore shape away from sphericity (Ghous, 2010).

Fig. #-12 shows the volume-weighted characteristic plots of PR and PVER for
water, gas and oil distributed within core plug B1. Fig. #-12(a) shows PR of water in a
range of 0.45-96 um with a mean value of 10.5 pm whereas the PVER of water gives a
range of 0.26-99 um with a mean value of 13.0um (Fig. #-12(b)). As expected, the gas
phase occupied the larger pores with a PR distribution ranging between 4.3-118.4 um and a
mean value of 18.4 um. The PVER for the gas distribution ranged between 2.5-148 um
with a mean of 21.8 um. Contrary to expectation that the oil phase should occupy
medium-size pore, the oil phase resided in the pores of the same size as water. The oil
phase occupied the pores of radii varying between 4.3-87.3 um with a mean of 9.6 um. The
PVER mean value for oil was 12.2 um. This may be explained by a higher saturation of

water (~39%) than oil (~ 33%).
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Fig. B#-12, Quantitative characteristics of water, gas and oil spatial distributions across 3D imaged

volume of B1: pore radius and pore volume equivalent radius distributions of (a)-(b): water, (c)-(d):

gas, and (e)-(f): oil. The fluids displayed a positive spreading coefficient (C;= + 5.9 mNm).

112



Results and Discussion

These characteristic plots indicate that the largest pores are most likely occupied by gas as
compared with water and oil. However, the preference of distribution could be affected by

fluid fractions in the sample.

Volume-weighted network properties for the imaged volume of core plug B2 is
shown in Fig. #-13. As shown, according to PR (mean value 11.1 pm) and PVER (mean
value 15.7 um), water distributed in the smallest pores of the 3D pore network. In contrast,
as shown in Fig. #-13(c), the gas phase occupied the largest pores with a PR ranging from
7-162 pm and with a mean of 20.0 um. Although, the range of PVER for the gas phase is
approximately similar to the range of its PR, it has a greater mean of 26.7 um (see Fig.
4-13(d)). The PR plot for oil, Fig. #-13(e), indicates that oil distributed in the pores with a
radius ranging from 4.95um to 68 um with a mean of 14.0 um. The PVER mean value for
the oil phase is 17.8 um. This means that the oil phase occupied the larger pores compared

to watetr.

These measurements of the 3D fluid distribution revealed the tendency of the gas
phase, as the most non-wetting phase, to occupy the largest pores, the tendency of the
water phase, as the most wetting phase, to occupy the smallest pores and the tendency of
the oil phase, as the intermediate phase, to occupy the pores of the intermediate size in 3D.
These are consistent with past work of 2D visualisation of oil, water and gas in glass micro

models (@Dren and Pinczewski, 1995).
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Fig. @#-13, Quantitative characteristics of watet, gas and oil spatial distributions across 3D imaged
volume of B2: pore radius and pore volume equivalent radius distributions of (a)-(b): water, (c)-(d):

gas, and (e)-(f): oil. The fluids displayed a negative spreading coefficient (C;= -8.7 mNm-).
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4.3. Computational Analysis of Connectivity for Three-Phase Fluids

To obtain a quantitative measure of spatial connectivity and continuity of the oil, water
and gas phases in the pore space after the tertiary gas flooding, the Euler characteristic
(decribed in section 3.4.2) was computed for each of the phases on the segmented images
(subset of 700x700x700 voxels’) using the procedure described in section 3.4.2. The
Euler characteristic quantifies the connectivity of elements in a network. It is negative for
highly connected networks and positive for a network of isolated elements. An important
advantage of this approach is that it provides an unbiased estimation of connectivity from

local measurements on a digitised image (Mecke and Wagner, 1991).

Table §-2 presents the computed Euler characteristics for the positive and negative
spreading systems. During the time of imaging (approximately 4 hours after the
completion of the tertiary gas flooding experiments) the only phase to remain connected is
the oil phase for the positive spreading system. Although both systems are strongly water-
wet the computed Euler characteristics for the water phase are positive for both positive
and negative spreading systems because the wetting films which connect the water phase
are too thin to be resolved by the imaging system used. The Euler characteristics for the
gas phase are also positive for both spreading systems indicating that the gas phase is also
disconnected. Since gas is the injected phase it was expected to be continuous throughout
the sample. However, in the time between the removal of the plug from the flooding
apparatus and the commencement of scanning, the fluids relaxed and re-distributed. The
gas phase became disconnected as a result of snap-off at pore throats. This is what is

expected for the non-wetting fluid in a strongly water-wet medium.

The Euler characteristics for the oil phase are negative for the positive spreading

system indicating continuity of the oil phase throughout the imaged volume and positive
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for the negative spreading system indicating a disconnected oil phase. This confirms the
previously discussed image-based observations of the presence of oil spreading films for

the positive spreading system and the absence of films for the negative spreading system.

In order to examine the connectivity of the phases in a smaller imaged volume
(block of 350° voxels), the imaged volumes of 700’ voxels were divided into eight blocks of
350 voxels and their corresponding Euler number was computed for each of the phases.
Table @-3 compares the Euler characteristics for each of the blocks for the gas, oil and
water phases for the positive and negative spreading systems. The Euler characteristic’s
numbers for the oil phase was negative for the spreading system and was positive for the
non-spreading system for all blocks. This indicates the continuity of the oil phase at
different locations when the spreading coefficient was positive and the discontinuity of the
oil phase when the spreading coefficient was negative even in smaller volumes. The
continuity of the oil phase in the spreading system suggests the presence of the oil films
throughout the sample. Table #-3 exhibits that the gas and water phases ate still
disconnected even in a smaller block of the imaged volume. As it has been discussed
above, the gas phase became disconnected during the period of relaxation as a result of
snap-off occurred at pore throats. Although, the water phase is expected to be continuous
in a strongly water-wet medium, the water films which connect the water bulks are too thin

to be resolved using this image system.
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Table #-2, Euler Characteristics (um-3)

Oil Water Gas
Positive Spreading System -6.7x10° 2.0x10° 4.8x10°
Negative Spreading System 1.1x10° 8.9x107 2.2x10°
Table §-3, Euler Characteristics (um-3)

CubeNo.  Spreading Coefficients oil Water Gas
1 S>0 -8.4%10-6 3.2X10¢ 6.1x108
1 S<0 2.3X10°¢ 1.4x10-¢ 7.9x10-7
2 S>0 -6.4X106 7.6X107 9.5x108
2 S<0 2.1x10-6 1.2x10-6 6.1x107
3 S>0 -6.9%X10-6 1.7%x10-6 6.0x108
3 S<0 1.9%x10-6 7.3%107 1.2x107
4 S>0 -7.6X106 1.7Xx10¢ 1.0x10-7
4 S<0 2.5X10-6 6.8X107 1.5%x10-¢
5 S>0 -5.7x10-¢ 2.3%X10-6 9.2X10°
5 S<0 2.4X10¢ 5.6X107 1.3X10¢
6 S>0 -5.0X106 1.6X10¢ 2.1x108
6 S<0 2.6Xx10-¢ 5.7x107 1.3%x10-¢
7 S>0 -6.6X106 2.4X10°¢ 2.3%x108
7 S<0 2.1X10¢ 4.2X107 1.3X10¢
8 S>0 -7.2X10°¢ 2.6X10¢ 1.1X108
8 S<0 1.8%x10-6 3.6X107 1.3x10-6
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Chapter 5

Conclusions and Recommendations

This thesis has demonstrated for the first time that three-phase fluids distributed in an
actual porous medium could be imaged using a high resolution X-ray micro tomography
and detailed three-dimensional distributions of three-phase fluids in the porous system
could be obtained. This is something that has never been done before at a very high

resolution of imaging (~ 3um).

Experimental and numerical results indicated that it is possible to visualise and
characterise the complex three-dimensional morphology of the oil, water and gas
distributions and their connectivity and continuity in the actual rock from X-ray micro-CT
images. Findings from this thesis could contribute to enhance the current three-
dimensional three-phase network models of capillary-driven flow which are now used to
estimate three-phase relative permeabilities, residual saturations and the pore-scale

distribution of fluids in porous systems.

The thesis leads to the following conclusions:

1. Positive spreading oil, water and gas systems which clearly display oil spreading
behaviour in strongly water-wet two-dimensional glass micromodels also display

this behaviour in strongly water-wet actual porous rock (Bentheimer sandstone).
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2. Negative spreading oil, water and gas systems which display no oil spreading
behaviour in strongly water wet two-dimensional glass micromodels also display

this behaviour in strongly water-wet Bentheimer sandstone.

3. The subtraction method of registered normalised dry and wet images proved the
existence of the oil films in Bentheimer sandstone for positive spreading system

and absence of such films for negative spreading system.

4. Topological measures such as the Euler characteristic which are readily computed
from segmented three-dimensional tomographic image data confirm the existence
of continuous oil films in strongly water-wet Bentheimer sandstone for positive
spreading systems. They also confirm the absence of such films for negative

spreading systems.

5. There is a strong correspondence between fluid distribution and geometry and
topology of the porous system. The non-wetting phase tends to occupy the largest
pores, while the wetting phase occupies the smallest pores. The intermediate phase

tends to occupy the pores of the intermediate size where all the phases are present.

6. Although large pores have a higher likelihood to be occupied by the most non-
wetting phase than wetting and intermediate phases, it is likely that the large pores
not to be occupied by the non-wetting phase. The reason is that pore size
magnitude is not a sufficient condition for the non-wetting phase to reside. There

must be a full neighbourhood to form a non-wetting phase cluster.

7. The positive spreading system required significantly less gas to reduce the oil
saturation to a level similar to that of the negative spreading system. The

corresponding difference in water saturations for the positive and negative systems
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suggests that gas-oil displacements were much more frequent for the positive

spreading system.

While methodologies and workflows have been developed, the data collected can only be
considered the start of a large scale study of tertiary gas flooding of reservoir rocks under
various conditions at the pore scale. The following recommendations are made for

potential future research:

1. The role of spreading oil films in ultimate oil recovery should be examined in actual
porous media by the quantification of three-phase fluid distribution over

subsequent gas tertiary injections for both positive and negative spreading systems.

2. The experimental setup and X-ray facility should be integrated so that the rock can
be imaged while flooding takes place. This will prevent the phases from
redistributing and relaxing during X-ray imaging. Imaging of the three-phase fluid
system on these conditions will also help to visualise the spatial displacement

mechanisms in actual porous media.

3. Direct imaging of three-phase fluids in strongly water-wet sandstone porous media

can be extended to weak water-wet and mixed-wet rock samples.

4. TFluid distributions and displacement mechanisms in actual porous media during
water-alternating-gas injection (WAG) can also be investigated using the X-ray

micro-CT technology.

5. The ability to accurately visualise and resolve the oil films with thin thickness and
three-phase fluid distributions through the porous rock at static points after three-
phase immiscible displacement was a great step forward in micro-CT imaging
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analysis. This has provided the ability to extend two-phase relative permeability
measurement using micro-CT imaging to three-phase relative permeability. To
measure two-phase relative permeability, lattice-Boltzmann (Martys, and Chen
(1996); Arns et al (2003, 2004)) method has been used because it is a mesoscopic
approach to computational fluid dynamics and has found much success in fluid-
flow applications of porous media. It is simple in form, can be adapted to complex
flow geometries and can incorporate complex fluid-solid, fluid-gas and fluid-fluid
interfaces. The dicretised microstructure of the oil films defined by a micro-CT
image can also incorporate in the numerical computation (lattice-Boltzmann). The
physical boundary condition at solid-fluid and fluid-fluid interfaces in numerical
computation can be either considered or not. Three-phase relative permeability is
out of scope of this study; however, the findings from this study can be used as
initial materials for further work on computation of three-phase flow permeability

using micro-CT imaging.
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