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Abstract

Carbonate rocks are of global importance as they contain about 50% of the world’s
remaining hydrocarbon reserves and are also a major host to the world’s groundwater
resources. Therefore, understanding and modelling the fluid flow processes in
carbonates are of great importance. A critical problem is that, unlike homogenous
media (such as sandstones), carbonates often show features, including porosity, that
span across a wide spatial range, from sub-micron porosity to fractures of meters

length-scale.

In this study X-ray computed micro-tomography (UCT) has been utilised as a tool to
monitor two phase (oil-brine) flow in porous carbonate (dolomite) plugs at ambient
temperature and pressures smaller than 690 kPa. A simple, low-cost and highly X-
ray transparent core-holder was utilised for which the design is introduced. Capillary
end effects were recognised and avoided in data analysis. Displacement processes
that occur in the dolomite under water-wet, oil-wet, and partially mixed-wet states
were investigated. The experiments consisted of a series of drainage and imbibition
processes occurring under capillary and viscous dominated flow regimes. Pore-scale
mechanisms of piston-like displacement and snap-off (or at least clear results of
them), that were previously observed in sandstones and 2D micro-models, were
observed in the dolomite under study. In addition, a new pore-scale mechanism was
identified which occurred at high capillary numbers, referred to as droplet-
fragmentation. This new pore-scale mechanism may provide an explanation to the

capillary-desaturation process for heterogeneous media.

In the experiments performed on the oil-wet plug formation of a stable water in oil
emulsion was observed which appears to be the first 3D observation of in situ

emulsion formation made using uCT.

Direct visualisation of the oil-brine-rock configurations and measurement of the
contact angles are presented. A comparison was made for the contact angle
distributions measured for the water-wet and oil-wet conditions. Observation of fluid
displacement processes as well as oil-brine-rock contact angle distributions

demonstrate that pore-scale imaging provides a promising tool for wettability



characterisation on both pore and core scales. Such detailed wettability data can also

be used in pore-scale flow models.

For the dolomite under study multiple-scale pore network models were constructed
by integrating single-scale networks extracted from uCT images acquired at different
length-scales. Mercury injection capillary pressure laboratory measurements were
used to evaluate the capillary pressure (vs. saturation) curves calculated using single,
two-scale, and three-scale network models of this dolomite. The integrated networks
displayed an improved match to the laboratory measurements in comparison with the
single-scale network model. The three-scale network provided the closest simulated
curve, this result confirms that a more representative model displays closer
properties. While simulated capillary pressure curves are close (converging) for the
integrated networks the calculated relative permeability curves show variability for
different multiple-scale networks.

The present work demonstrates that the pore-scale fluid displacement processes
occurring in heterogeneous porous media are more complex than those occurring in
homogeneous media. In addition, successful fluid flow simulations require
construction of multiple-scale models as well as consideration of the pore-scale
processes (such as droplet-fragmentation) that are specific to such complex pore

systems.
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Chapter 1

Introduction



Saturation Tracking and Identification of Residual Oil Saturation

1. Research Questions

1.1. Study of the Pore-scale Fluid Displacement Processes in Complex
Carbonates

Multiphase fluid displacement processes in porous media are important for a broad
range of natural and engineering applications such as transport of non-aqueous phase
liquid contaminants in aquifers, oil and gas production from hydrocarbon reservoirs,

subsurface CO: storage, or gas transport in fuel cells.

Surface wettability (see chapter 2, section 6 for wettability definition) is one major
parameter that controls the fluid distributions in porous materials. In addition to
viscous and gravity forces, wettability causes the capillary forces to come into play in
a multiphase fluid displacement process. In many industrial applications the objective
is to remove (or recover) a non-wetting phase from the porous media by means of
injecting the wetting phase. An example is the removal of a trapped non-aqueous liquid
contaminant (NAPL) from aquifers or oil and gas from hydrocarbon reservoirs.
Herein, capillary trapping is a fundamental mechanism that causes immobilization of
a portion of the resident non-wetting phase when it is displaced by an invading wetting
phase. As a result, production of the non-wetting phase is always less than 100%.
Understanding the amount and structure of this remaining fluid phase is essential for

designing and modelling effective and improved recovery processes.

Direct visualisation of multiphase fluid displacement in porous media has been
possible using transparent micro-models (in 2D) and more recently using X-ray
computed micro-tomography (UCT) technique (in 3D). Most micro-models are made
of pores with idealised geometries. Likewise, the focus of most of the previous pCT
studies has been mainly on homogeneous pore structures such as those of the bead
packs, sand packs or sandstones. Whereas, little attention has paid to more complex
porous material such as carbonate rocks. However, the ability to correctly understand
and reliably model the fluid displacement processes in carbonate rocks is of particular
economic and environmental importance. Carbonates host more than 50% of
worldwide oil and gas reserves (Burchette, 2012). Moreover, carbonate aquifers
supply water wholly or partially to one quarter of the global population (Hartmann et
al., 2014).
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This study is aimed at establishing a better understanding of the pore-scale processes
responsible for bulk oil and brine redistribution in porous carbonate rocks. To achieve
this two-phase core-flood experiments are combined with uCT visualisation of oil-
brine distributions. More specifically this research is focused on characterising the
residual oil saturation (Sor) distribution in carbonate media during water flooding for
different wetting systems. In a two phase (water-oil) system the residual oil saturation
is defined as the amount of oil (fraction of the pore volume) that remains in the swept
zone of a water-flooded reservoir when the produced ratio of water to oil has reached
its economic limit (Morrow, 1985). The residual oil (non-wetting) saturation So- ranges

from 5% to 60% (Morrow ( 1985).

Sor _ remaining oil volume % 100% (1.1)

pore volume

The amount and structure of residual non-wetting phase in a porous material is
controlled by the multiphase petrophysical properties of the porous medium such as
capillary pressure, relative permeability and wettability. These properties are highly
influenced by pore geometry, pore-size distribution, pore connectivity, and the

mineralogy of the porous media.

1.2. Porous Media Wettability Characterisation
Surface wettability of the rock is considered as an essential piece of data in all
hydrocarbon field development studies. Traditional wettability characterisation
methods such as USBM and Amott can only measure an average wetting index for a
core plug. In addition, these conventional measurements methods are lengthy and
costly. A faster and less expensive approach for wettability characterisation is
desirable. Pore-scale imaging allows in-situ observation of fluid phases that saturate a
porous sample and provides a means to directly visualise the fluid-fluid-rock
configurations. Hence, pore-scale imaging can indicate not only the surface wetting
preference, but any spatial variation in wettability across the sample. Wettability
characterisation using puCT imaging are addressed in many recent studies (Turner et
al., 2004, Iglauer et al., 2011, Wildenschild et al., 2011, Andrew et al., 2014). These
studies look at analysing the wetting and non-wetting fluid phase structures (their

shape and connectivity) in porous samples. However, to the author’s knowledge, there
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has been no report on the fluid-fluid-rock configurations in a porous medium under
different wetting conditions that can demonstrate the capacity of pore-scale imaging
as a wettability analysis alternative approach. This research looks into compares the
in-situ contact angles that the oil-water interface makes with the carbonate surface
under water-wet and oil-wet conditions. The wetting preference of a carbonate plug
before and after wettability alteration is investigated.
1.3. Informing Pore Network Models of the Pore-scale Fluid Displacement
Physics for Heterogeneous Media

Another objective of this research is to inform pore-scale network models of the
displacement processes that occur in complex carbonate pore systems. Simulation of
fluid displacement processes using pore networks has received much attention in the
previous decades (Fatt, 1956, Wilkinson and Willemsen, 1983, Reeves and Celia,
1996, Valvatne and Blunt, 2004, Joekar-Niasar and Hassanizadeh, 2012, Ryazanov et
al., 2009). Pore-scale flow simulations have proven to be a successful approach in
modelling a wide range of processes including: (a) prediction of macro-scale
properties of the porous media, e.g. absolute and relative permeability, (b) study of the
effectiveness of different improved oil recovery (IOR) methods such as water flooding,
as well as enhanced oil recovery (EOR) methods such as chemical flooding, and
miscible gas injection, and (c) study of the non-wetting phase fluid trapping and

structure.

Reservoir simulation studies cannot take pore-scale processes into consideration. It is
computationally impossible to simulate the micro-scale fluid-fluid-rock configurations
in reservoir scale calculations. However, developing pore-scale models with correct
implementation of fluid displacement physics provides a means to calculate the
macroscopic flow properties of rocks, such as relative permeability, capillary pressure,
residual oil saturation and structure, etc., which are in turn used in reservoir-scale
models. (Blunt and Scher, 1995, Blunt and King, 1991, Blunt, 2001, Valvatne and
Blunt, 2004, Patzek, 2000, S. R. McDougall 1997, Meakin and Tartakovsky, 2009,
Ryazanov et al., 2009, Joekar-Niasar et al., 2008). Pore-scale imaging using uCT has
enabled 3D validation of the a number of displacement processes (such as piston-like
displacement and snap-off, see chapter 2, section 5) that were previously observed

only in 2D, using micro-models. So far, investigations have been confined to pore-
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scale mechanisms that happen in homogeneous samples, leaving the question of the

possibility of having other naturally occurring processes in more heterogeneous pore

systems unanswered. This research investigates the existence of other possible pore-

scale mechanisms that can be imposed by complex structures of heterogeneous porous

media.

2. Overall Work-flow of This Study

Figure 1.1 illustrates the overall work-flow of this study which is composed of

experimental and modelling approaches.

Experimental Programme

Modelling Programme

Experimental Setup Design and
Construction

v

Two-phase Core Flooding Experiments

Input:
*3D uCT Images of the Dry Carbonate
Sample Captured at Multiple Scales
* Mercury Injection Capillary Pressure
Data for the Same Rock

Image Segmentation, Fluid Saturation
Visualisation and Quantitative Analysis

Monitored by pCT Technique v
L2 Image Segmentation and Pore Network
Image Reconstruction and Post-processing: Extraction
Noise reduction v
Artifact Cirrectlon Fluid Flow Simulations on Pore Networks
v

v

Evaluation of Model Predictions with
Experimental Data

* Visualisation of fluid displacement
mechanisms in heterogeneous media

* Informing pore network simulations of
the governing pore scale mechanisms
responsible for fluid saturation
redistributions

* Investigation of the effect of wettability
on fluid saturation distribution

Figure 1.1: Overall work-flow used in this study. The study is composed of two parallel

experimental and modelling approaches.

3. Tools Available to This Study

In the experimentation phase the following facilities were used:

e ECOSSE X-ray puCT instrument, University of Edinburgh (chapter 3, section

1)
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A simple X-ray transparent, low pressure core flooding system that was

developed during this project (chapter 3, section 1)

e Scanning Electron Microscope (SEM) facilities at Heriot-Watt University and
the University of Edinburgh.

e Optical microscopy laboratory, University of Edinburgh

e Petrobras Research Centre (CENPES) for the mercury injection capillary

pressure tests

To process the uCT data sets three software packages were utilised:

e Octopus (v.8.5-8.7): used for image reconstruction from raw pCT outputs
(described in chapter 2 section 3)

e Avizo (v.6-8): used for image quantification and analysis.
e Matlab (Image processing toolbox) and ImagelJ software.
On the modelling side of this project the following pore network modelling packages

developed at Heriot-Watt University were utilised:

e Pore analysis tools (PATs), (Jiang, 2008)

e Pore-scale fluid flow simulation code, (Ryazanov, 2012)
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1. Carbonate rocks

1.1. Introduction
Significant amounts of water, oil and gas are contained and recovered from carbonate
rocks (see chapter 1). It is, therefore, economically important to develop an
understanding of carbonate mineralogy, formation, petrology and digenesis. This
assists understanding of the fluid flow related characteristics of carbonates, such as
porosity and pore connectivity. Carbonate rocks have complex 3D pore structure
since they are composed of features of widely differing scale (from nm to cm),
including lime muds, crystals, ooids and fossil fragments. Therefore, generating a
model for their pore structure that is capable of simulating multiphase fluid flow

reliably is not necessarily a straightforward task.

1.2. Carbonate Pore System Classification
The pore systems of sedimentary carbonate rocks are generally complex in terms of
geometry and genesis, and commonly differ markedly from those of sandstones
(Choquette and Pray, 1970). The most noticeable characteristic of carbonate
reservoirs is their heterogeneity in pore structure which can result in complex fluid
flow behaviour as well as uncertainty in reservoir performance predictions. Thus,
classification of carbonate rocks based on petrophysical properties such as porosity
and permeability is a practical approach used in reservoir characterization. To date,
attempts to classify carbonate rocks have been based either on their lithological
texture and composition or their pore types. Since the petrology of carbonate rocks is
not the major concern of this study, carbonate classification based on lithological
texture will be summarized only briefly. Carbonate classifications based on pore

types are discussed in greater detail.

1.2.1. Origin of Carbonate Rocks
Carbonates differ from clastics in their origin, their formation process and their
depositional area. A large proportion of carbonate materials can be produced either
by inorganic (e.g. lime muds, ooids, sparry cements) or by biological processes (e.g.

shells, corals, pellets). Both biological and inorganic materials can be mixed, often
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reflecting different stages of development of the rock. They can be produced locally
or transported into the depositional environment. Diagenetic processes are
responsible for considerable alteration of carbonates, sometimes completely

obliterating the primary texture of the rock.

Clastic rocks, by their nature, contain less biological material. They are mainly
produced by physical processes, particularly the transport and deposition of materials
eroded from older rocks and sediments. Clastic materials are usually sourced from

beyond the local deposition environment.

1.2.2. Mineralogy

There are three main minerals in carbonate rocks: calcite, aragonite and dolomite.
Calcite (rhombohedral system) and aragonite (orthorhombic system) are naturally
occurring crystalline forms of calcium carbonate, CaCOs. The third mineral,

dolomite CaMg(COs3)2 also has rhombohedral symmetry.

1.2.3. Carbonate Classification based on Lithological Texture
Two of the most widely used classifications in this area have been proposed by Folk
(1959) and Dunham (1962). As illustrated in Figure 2.1 Folk (1962) recognized four
diagenetic materials: the allochems (particles), microcrystalline ooze, called micrite;
crystalline calcite, called spar or sparite; and inter-grown fossiliferous reef rock,
called biolithite. His scheme consists of five classes of carbonate rocks which were
designated in geologic shorthand by the Roman numerals I, II, III, IV, V. Rocks
with meso-crystalline spar between the allochems belong to class 1. The Class II
rocks have micrite filling the space between the allochems. Class III rocks have less
than 10% by volume carbonate allochems. Class IV rocks are all "undisturbed
bioherm rocks" which are almost synonymous with boundstone rocks defined by

Dunham (1962).
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Figure 2.1: Classification of carbonate rocks and carbonate textures by Folk (1959), image from
(http://www.sepmstrata.org/page.aspx?pageid=89).
Dunham (1962) used the relative amount of mud (equivalent to the term micrite used
by Folk (1959)) to carbonate grains to define his four major allochemical limestone

types of: mudstone, wackestone, packstone, and grainstone (Figure 2.2).
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Figure 2.2: Classification of carbonate rocks and carbonate textures by Dunham (1962), image

from (http://www.sepmstrata.org/page.aspx?pageid==89).

1.2.4. Carbonate Rock Classification based on Pore Types
Before 1952 porosity was not included in carbonate classifications, therefore these
classifications are of limited application for reservoir engineers. At this time Archie
(1952) pioneered the inclusion of porosity information in carbonate classification
according to his observations of carbonate rocks under the microscope. He classified
the pore space into matrix and visible porosity. Moreover, he introduced three matrix
texture types (compact crystalline, chalky and granular) based on visible pore space
between constituent’s crystals. He also classified visible pores in four groups of A to
D based on their size. Archie’s classification was the first attempt to include
petrophysical properties in rock typing and it forms the basis of later more advanced

carbonate classifications.

Choquette and Pray (1970) proposed another pore system classification in which they
divided the porosity types into two main classes of fabric selective and non-fabric
selective, as shown in Figure 2.3. This model is widely used by geologists in

geological modelling studies.
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Figure 2.3: Classification of carbonate rocks and carbonate textures by Choquette and Pray
(1970), image from Akbar et al. (1995).

However, since this model is more focused on the genesis of pore space and not
petrophysical properties of pore system it is of limited application for dynamic

studies.

Lucia (1983) made an attempt to develop Archie’s pore system classification based
on the idea of classifying carbonate rocks in terms of both rock fabrics and
petrophysical properties. In order to link the pore classification to fluid flow
properties more directly Lucia focused on correlating the porosity and permeability
of carbonate rocks. He showed that, unlike sandstones, there is no particular
correlation between porosity and permeability of carbonate rocks unless the pore-size
distribution is taken into account. He used Dunham’s carbonate texture classes in his
proposed pore system and similar to Archie, Lucia (1995) divided the carbonate pore
space into inter-particle and vuggy porosity groups. As shown in Figures 2.4 and 2.5
the inter-particle pore space is sub-sectioned into three classes based on particle size

and sorting.

Chapter 2: Literature Review 14



Saturation Tracking and Identification of Residual Oil Saturation

INTERPARTICLE PORE SPACE

Particle size and sorting
(Matrix interconnection)

GRAIN-DOMINATED FABRIC | MUD-DOMINATED FABRIC
GRAINSTONE PACKSTONE PACKSTONE WACKESTONE MUDSTONE
Grain size controls ~ Grain/mud size
pore size controls pore size Mud size controls connecting pore size

Limestone

0
o
ﬂ‘\\

Intergrain pore Intergrain pore
space or cement space or cement

Dolomite
Crystal
size
< 20pm

Z Intergrain pore

PERCENT INTERPARTICLE POROSITY

Intergrain pore Crystal
space or cement space or cement size
Crystal size controls pore size 20-100um
<> o
Crystal
size
> 100pm J B, 7
o= PA B J. =
L Intercrystal L Intercrystal
pore space pore space

Note: baris 100 microns Note: bar is 100 microns

Figure 4: Inter-particle pore space sub-classification, image from Lucia (1995).
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Figure 2.5: Vuggy pore space sub-classification, image from Lucia (1995).

Longy (2006) realized that Lucia’s pore classification has some weaknesses while
trying to apply Lucia’s classification system to a Norsk Hydro database. Lonoy
found that there is a significant difference in permeability trends between

interparticle and intercrystalline porosity, the two pore types that are grouped
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together in Lucia’s classification. Lenegy argued that Lucia had neglected the effect
of cement and grain sorting on pore-size. To improve Lucia’s classification, Longy
proposed a new pore classification system including 20 pore type classes based on

pore type, pore-size and pore distribution (Figure 2.6).

In this pore classification system, porosity distribution was a new element that had
not been previously considered by Lucia. Lengy classified pores either as uniform or
patchy porosity and reported that for similar porosities the samples with patchy
porosity distributions have more permeability compared with uniformly distributed
porosity rocks. This is because of the concentration of pores in a smaller volumes
and thereby better connectivity of the patchy distributed porosity rocks.
Consequently Longy presented 20 different permeability-porosity cross plots based
on his classification. The trend line coefficients of determination (R?) assigned to

each pore class were significantly improved compared to other classifications.
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Figure 2.6: Longy (2006) pore system classification associated with thin section images of some

classes, image from Loney (2006).
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Among the presented carbonate classification systems the pore based systems of
classification (i.e. Archie, Lucia and Leney classifications) are more relevant for

studies of fluid flow in pore space of carbonates.

Diverse materials and origins of carbonate rock creates complexity in their pore
structure. A robust characterization tool is therefore required to study the carbonate’s
porosity in 3D. Computed tomography techniques are a good candidate for such
studies. However, due to their structural complexity compared to idealised systems
(e.g. bead packs) and many clastic rocks, there are relatively few publications that
deal with the characterization of carbonate rocks by means of uCT, and especially

where fluid flow experiments are included.

2. X-ray Computed Tomography as a Characterization Tool

X-ray Computed tomography (CT) was first introduced in medical science as a non-
destructive technique to investigate internal parts of human body in 1971. Sir
Godfrey Newbold Hounsfield, an English electrical engineer, is known for the
invention of the first CT scanning device. He shared the 1979 Nobel Prize for
Physiology or Medicine with Allan McLeod Cormack for his part in developing the
diagnostic technique of X-ray computed tomography. CT then found its way to
industrial sectors. A brief overview of the physics of CT technique and its
applications is presented here, for more details the reader is referred to: (Akin and
Kovscek, 2003, Wildenschild and Sheppard, 2013, Ketcham and Carlson, 2001),
Akin and Kovscek, 2003, Wildenschild and Sheppard, 2013.

2.1. X-ray Physics

2.2.1. X-ray Generation
X-ray photons are generated when accelerated charged particles strike the surface of
a target material. Two types of interactions occur during the electron bombarding
process, first and more applicable is the Bremsstrahlung interaction which takes
place while accelerated electrons are affected by the presence of an electric field near

the nucleus. Attractive forces change the electron path and deceleration occurs. The
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produced Bremsstrahlung radiation energy is equal to the electron’s energy loss.
Second interaction is called K-shell interaction. It happens when an accelerated
electron displaces an electron from an inner shell of a target atom. The displaced
electron will be replaced by an electron from an outer shell level with a higher
energy. The falling electron emits a characteristic photon during the replacement
process (Figure 2.7). The photon energy is equal to the energy difference of the two
shells.

where Ei and Ey are initial and final energy states respectively, 4 is Planck’s constant

and f'is the frequency of emitted radiation.

Incident electron e

L

X-ray Photon

Scattered electron

Displaced electron

Figure 2.7: X-ray generation by electron bombarding a Si atom. Image from (http://1li155-

94.members.linode.com/myscope/analysis/eds/xraygeneration/characteristic/).

2.2.2. Interaction of X-radiation with Matter:
X-rays are attenuated as they pass through an object by interactions of the X-ray
photons with the atoms in the object. As depicted in Figure 2.8, there are two main
interactions between X-ray photons and the electrons of the object’s atoms. First is
the photoelectric interaction which happens whenever the incident photon gives its
entire energy to remove a deep shell electron out of its place. Consequently, an outer

shell electron falls into the inner shell and emits a characteristic photon. Second is
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the Compton interaction which happens when the interacting photon has much more
energy than is required to liberate an electron from its shell level. As a result the
incident photon will experience an energy loss and will be deflected out of the atom.

The deflected X-ray photon is able to further interact with other atoms.

Photoelectric Interaction Al Bl
O

Incident X-ray

) X-ray
Ejected Photoelectron
Compton Interaction A2 y B2 "
O
Incident X-ray
[
Ejected Photoelectron X-ray
Deflected X-ray Photon

Figure 2.8: Main interactions between X-ray photons and object’s electrons.

(A1 and B1) show the photoelectric interaction and (A2 and B2) show Compton interactions.

The Beer-Lambert law (eq. 2.2) provides an exponential relationship between the
incident and transmitted X-ray intensities. This simple relationship is applicable in a
wide range of applications in which light interacts with matter (e.g. colourimetry). In
this correlation it is assumed that the incident photon is monochromatic and the

object is homogeneous.

[=1,e M (2.2)
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where [, is the incident radiation intensity, / is the exit radiation intensity, u is the
attenuation coe