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Summary

Summary

This thesis addresses the issues regarding CO, injection in chalk reservoirs by performing
experimental work and modelling study. The experimental work focuses on improving the current
methods for determination of in situ phase saturation during CO, flooding in low permeable chalk at
reservoir conditions. A number of trial flooding experiments and two successful tertiary CO, flooding
experiments have been completed. The modelling study focuses on coupling geochemical reactions
with multiphase flow in CO, enhanced oil recovery (EOR) process. The thesis consists of five chapters.

The content of each chapter is summarized below:

Chapter 1 introduces the background of CO, EOR process and its importance in CO, sequestration. It

contains motivation and the objective of the Ph.D. project.

Chapter 2 presents the principles of X-ray CT scanning, important factors that influence the image
quality and its recent applications in core analysis. The history and the generations of CT scanners
and the principles of X-ray imaging are introduced first. Then, determination of quantitative
information, such as porosity, saturation and density, from CT scanning is addressed in terms of
mathematical formulations. After that, the factors influencing the image quality and principles of
using dopants are summarized. Finally, a thorough literature review about the applications of CT
scanning in core analysis is given, where many earlier studies and some of the most recent
researches are grouped into several application categories, such as core description, fundamental
mechanisms, improved oil recovery, formation damage, dual energy scanning and geochemical

reactions.

Chapter 3 presents the experimental work on carbon dioxide flooding with the application of CT
scanning. The focus of the study is to determine in situ phase saturation during CO, flooding in low
permeable chalk at the reservoir conditions. Firstly, the chapter describes a newly established core
flooding rig for X-ray CT scanning and the X-ray CT scanner used in the study. Since there is no open
literature available on reporting in situ phase saturation in CO, flooding in low permeable chalk, trial
experiments have been performed first to examine the feasibility of the current available methods
and the necessarily of applying dopants to enhance the contrast between various fluids. In the trial
experiments, the adsorption of dopants and the upper limit of CT scanner have been found to have
negative effects on image quality while applying dual energy scanning. The results from the trial
experiments also suggest that the dual energy scanning is not suitable for low permeable chalk

sample under experimental conditions in this study, even with application of K4 dopants.
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Based on the experience from the trial experiments, a new experimental method was proposed and
applied in the experiments of tertiary CO, flooding on low permeable chalk at reservoir conditions to
determine in situ saturations, especially gas saturations at three-phase conditions, by use of X-ray CT.
The detailed data analysis has confirmed that CO, flooding is a highly effective approach to enhance
oil recovery on our selected samples and the saturations obtained from CT images agree well with
those from mass balance, indicating that our proposed method is successful in saturation
determination. Finally, the factors which may result in the deviations between gas saturations

obtained from CT scanning and those from mass balance are discussed.

Chapter 4 first presents a literature study on geochemical transport in porous media for CO,
injection into aquifers and CO, EOR process, and mathematical modelling on coupling miscible flow
and geochemistry for CO, EOR process. The literature study shows the importance of evaluating
geochemical impacts during CO, storage in aquifers and oil reservoir. A classification of geochemical
and solute transport models has been given. In particular, the necessity of introducing geochemical
reaction into modelling on CO, EOR process is discussed and illustrated by evidences from the

existing literatures.

The numerical modelling is based on the finite element simulation software, COMSOL Multiphysics.
To investigate whether COMSOL is suitable to model miscible flow and transport-reactive flow, two
cases with known analytical solutions, gas flooding and polymer flooding, have been used to validate
the results from COMSOL. Then, the model, aiming at the integration of geochemical reactions into
multiphase flow during CO, EOR process, has been proposed. The system of general equations for
three-phase flow and geochemical reaction between dissolved CO,, water and calcite are formulated.
A series of assumptions to simplify the general equations to a particular model used in the study are
discussed. The solution method, sequential iterative approach, is used in our model to solve those
coupled equations. Further, the developed model has been validated by comparison to the results
from a one dimension simulator written in FORTRAN code in simulating CO, flooding without
geochemical reactions. Finally, the results of one-dimension simulations on CO, flooding with
geochemical reactions has been discussed on two different spatial scales, reservoir scale flooding
and lab scale flooding, indicating that the CO, solubility in water could retard the movement of gas
front on both scales, while the geochemical reaction could slow the process in reservoir scale with
changing porosity and permeability. The importance of reactive surfaces has been addressed, which

could significantly affect the molar concentration of calcium during the flow transport at the lab
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scale. The reaction of carbonate dissolution could be treated as equilibrium reaction in the flooding

at reservoir scale, while it is still under kinetic control at the lab scale.

Chapter 5 presents the conclusions from the thesis and the suggestions for further developing the

experimental and modelling work.
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Resumé

Denne afhandling varetager og omhandler problemstillinger angdende CO, injektion i kalk reservoirs.
Der er udfgrt eksperimentelt arbejde, samt modellering. De innovative eksperimentelle metoder til
bestemmelse af in situ fase maetning for CO, flooding i lav permeabelt kalk ved reservoir betingelser
er praesenteret og et modelleringsstudie, af de sammenhangende geokemiske reaktioner i multifase
flow i CO,-forbedret olieudvindingsprocesser, (EOR), er ogsa udfgrt. Afhandlingen er inddelt i 5

kapitler. Det overordnede indhold af hvert kapitel er introduceret i det fglgende.

Kapitel 1 Introducerer baggrunden for CO,-EOR-processen og dens betydning i CO,-sekvestrering.

Indeholder endvidere motivation og formalet med dette Ph.D.-projekt.

Kapitel 2 Praesenterer overordnet X-ray CT scanning, vigtige faktorer, der pavirker billedkvaliteten og
de seneste anvendelsesmuligheder i core-analyse. Anvendelsen af CT scanneren og principperne om
X-ray billeder blev indfgrt i etaper. De kvantitative informationer, sasom porgsitet, maetning,
densitet, heterogenitet osv., opndet fra anvendelsen af CT scanning i core-analyse er blevet
behandlet sammen med egnede matematiske formuleringer. | fglge af dette blev faktorerne, der
pavirker billedkvaliteten og principper for at brug dopants opsummerede. Endelig er der et grundigt
litteraturstudie om anvendelse af CT-scanner i core-analyse. Dette indbefatter flere tidligere studier,
samt det seneste forskning indenfor reservoir kategorien. Herunder core-beskrivelse,
grundleeggende mekanismer, forbedret olieudvinding, skader der forekommer ved dannelse,

energiscanning og geokemiske reaktioner mv.

Kapitel 3 Praesenterer det essentielle eksperimentelle arbejde med CO,-flooding, hvor CT scanning
er anvendt. Omfanget af dette studie er at bestemme in situ fasemaetningen i CO,-flooding pa lav
permeabelt kalk ved reservoirbetingelser. Fgrst blev, core-flooding udstyret med X-ray scanner,
designet og bygget af forfatteren, diskuteret og sammeholdt med den X-ray CT scanner der er
anvendt i dette studium. Dette setup inkluderer state-of-the art udstyr, som carbonfiber-indpakket
core-indehaver, som kan simulere hgjt tryk og temperatur, svarende til de betingelser der optraeder i
et reservoir. Der er givet et overblik over flooding eksperimenterne med diskussion om de fysiske
egenskaber for cores, vaesker og eksperimentelle betingelser. Da der ikke eksisterer noget
tilgeengeligt litteratur om indberetning af in situ fasemaetning for CO,-flooding pa lav permeabelt
kalk, er der udfgrt eksperimenter for at udforske mulighederne for de nuveerende tilgaengelige
metoder, samt den behovet for at tilfgre dopants for at forsteerke kontrasten mellem forskellige

vaesker.| de udfgrte eksperimenter er adsorption af dopants blevet observeret, hvor dens
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indflydelse pa billedkvaliteten, samt den beregnede maetning er diskuteret. Samtidig blev fundet, at
den gvre graense for CT scanneren har en negativ indvirkning pa billedkvalitet under anvendelsen
dual energy scanning og derfor en korrektionsmetode baseret pa den ikke-linesere Huber estimering
blevet foreslaet. Ud fra resultaterne fra disse eksperimenter er den nuvaerende eksperimentelle
metode ikke egnet for lav permeable kalk-prgver ved de eksperimentelle betingelser der har veeret

geldende i dette studie. Dette er endda pa trods af at Keqee dopant har vaeret anvendt.

Det unikke ved dette arbejde er ikke grundet det anvendte core materiale, men snarere de
innovative eksperimentelle metoder. Baseret pa erfaringerne fra eksperimenterne er nye
eksperimentelle metoder blevet foresldet og anvendt pa Nordsg kalk, hvor der er anvendt levende
olie.De generelle procedurer og egenskaber for vaesker og nye fremgangsmader til at tilpasse
dopantkoncentrationen i forskellige vaesker blev behandlet fgrst. Derefter er eksperimenterne med
tertieere CO,-flooding pa lav permeabelt kalk ved reservoirbetingelser, til at bestemme in situ
maetninger, iseer gas maetninger, med anvendelse af X-ray CT, diskuteret for at validere vores nye
metoder og evaluere effektiviteten og udbyttet af CO, EOR. Den detaljerede dataanalyse bekrzeftede,
at CO,-flooding er en betydeligt effektiv tilgang til at gge olieindvindingen pa vores udvalgte prgver
og matningerne fra CT billederne stemmer overens med massebalancen, hvilket indikerer at den
nye fremgangsmade er vellykket gennemfgrt. Endelig blev de faktorer og de ngdvendige
preeferentielle parametre for en vellykket gennemfgrelse af den foresldede metode, med at bruge X-

ray CT til multifase stremme i kalksten ogsa drgftet.

Kapitel 4 Indeholder litteraturstudie af geokemiske transport i porgse medier for CO,-injektion i
grundvandsmagasiner og CO, EOR processer, samt matematisk modellering af koblingen af blandbar
flow og geokemi for CO, EOR proces. | litteraturstudiet blev betydningen af at evaluere geokemiske
konsekvenser i Igbet af CO,-lagring i grundvandsmagasiner og olie reservoir fgrst behandlet ved at
introducere de vigtigste mekanismer i CO,-bindinger og fremhaever pavirkningen af de geokemiske
reaktioner. Derefter er klassificeringen af geokemiske og oplgsligheds stoftransport modeller
introduceret i raekkefglge, herunder reaktionraekke model, hydrodynamisk model og reaktiv
transport model. Endelig blev anvendelse af ovennaevnte modeller diskuteret i detaljer, som kan
opdeles i fem omrader; eksperiment, integritet, naer god injectivitet, kortsigtet CO,-lagring og
langsigtet CO,-lagring. Iseer ngdvendigheden af at introducere geokemiske reaktioner i

modelleringen af CO, EOR processer blev drgftet og illustreret af beviser fra eksisterende litteratur.

\
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I modelleringsdelen bliver de analytiske og numeriske metoder til modellering gennemgaet. Den
numeriske test af det endelige element-simulerings-software, COMSOL Multiphysics, blev
gennemfgrt fgrst til at evaluere sin tilpasningsegnethed til modellering af blandbar flow og
transport-reaktivt flow, med to tilfeelde; gas flooding og polymer flooding. Resultaterne blev
sammenlignet med analytiske Igsninger fra litteraturen. Derefter blev system af ligninger for trefase
flow og geokemiske reaktioner mellem oplgst CO,, vand og kalciumkarbonat formuleret. De var
sammensat af transport ligninger og Darcy's love for tre faser, ligninger for kinetisk kontrolleret
reaktioner og ligninger for porgsitet og permeabilitet, som kunne andres ved geokemiske reaktioner
i Ipbet af CO, flooding. En raekke antagelser for at forenkle de generelle ligninger til en saerlig model,
der anvendes i studiet og Igsningsmetoden, sekventiel iterative tilgang, blev drgftet i detaljer. Den
udviklede model blev valideret ved sammenligning med resultaterne fra en dimension simulator
skrevet i FORTRAN kode til simulering af CO, flooding uden geokemiske reaktioner. Endelig blev
resultaterne af en dimension simuleringer af CO, flooding med geokemiske reaktioner drgftet i to
forskellige rumlige skalaer, reservoir skalering flooding og lab skala flooding. | begge tilfeelde er
maetningsprofilen og ion koncentrationen genereret. Virkningerne af geokemiske reaktioner og
faseligeveegtsammensaetning ved maetning blev undersggt. Isaer i laboratorie skala var indflydelsen

af reaktive specifikke omrader for porgsitet af core-prgven rettet mod.

Kapitel 5 Prasenterer konklusionerne fra Ph.D.-afhandlingen og forslag til fremtidig udvikling for

bade det eksperimentelle arbejde og det numeriske studie.
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1.1 Background and motivation

A range of techniques have been developed and applied to improve oil recovery to meet the
increasing demands on energy resources. According to a survey of the EOR projects in the United
States [1], thermal methods, gas injection and chemical methods are the most widely used methods.
Application of chemical methods has declined significantly from the mid 90s. However, thermal
methods and gas injection remain the most common techniques, as shown in Figure 1. Figure 1 also
shows that CO, is the most common injectant among different gases in more than 60% of the total
gas injection projects, compared with other injectant such as hydrocarbon and nitrogen. One of the
most famous and successful CO, injection projects is the huge CO, project in Permian basin, West
Texas. CO, flooding has been used effectively in mature and in water flooded reservoir in Permian

basin, thanks to the availability of natural CO, source close to the oilfields.

M Thermal
B Chemical & Other
BN Gas
Nitrogen
Hydrocarbon

co2

Figure 1 Trends in enhanced oil recovery in US [2]

At the same time, in the North Sea area, based on the maturity and EOR potential of different
techniques and an evaluation of the importance and complexity of the technology, 0G21 (Oil and
Gas in the 21* century) identified nine technology target areas aiming at obtaining the average
recovery factors of 50% for oil and 75% for gas on the Norwegian Continental Shelf [3]. These nine
techniques have been divided into three groups based on their priorities in practice, and CO,
flooding is viewed as one of the methods in the 1* group, which will be focused by the future

research.

The new dawn of CO, flooding is coming and it is expected to continue to expand in the near future,

which can be attributed to two reasons: (1) the increasing energy costs for thermal projects and the
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increasing natural gas prices for hydrocarbon gas injection improved the migration towards CO,

flooding; (2) climate change requires the reduction of CO, concentration in the atmosphere.

As one of the anthropogenic greenhouse gases, CO, is considered a major contributor to global
warming. To decrease its rising concentration in atmosphere, CO, capture and possible large-scale
storage of CO, in the geological formation, such as aquifers, coal bed and oil reservoirs, are
identified as efficient approaches. Qil reservoirs are one of the prospective geological structures for
CO, storage. CO, storage in oil reservoirs has several clear advantages, especially for quick
implementation. Besides the economic benefit from CO, EOR, the mature technology of CO, flooding
has been developed for more than thirty years, and the abundant data concerning geological
information of reservoir has been accumulated, which are essential for the safety of long-term CO,
storage. In the past, although CO, has advantages as, lower minimum miscibility pressure (MMP)
compared with hydrocarbon gas injection and low energy cost compared with thermal projects, its
application has been limited by the location of CO, source and the network of CO, transporting
pipelines. However, The CO, captured from large power plants serves as an alternative source for

possible large-scale application of CO, flooding, instead of traditional natural CO, sources.

The mechanisms of CO, injection to enhance oil recovery are similar to those of other gas injection.
The development of miscibility between CO, and oil during the displacement processes is essential
to the efficiency of CO, flooding. When the reservoir pressure is near or above the MMP, CO, could
displace oil with high efficiency. The MMP strongly depends on the reservoir temperature and the
composition of oil in reservoir. Therefore, the fluid characterization and accurate MMP correlation

have important status in the CO, EOR study and have been investigated widely [4].

Most of the studies regarding CO, flooding concentrated on the multiphase flow and the
thermodynamic properties of CO, and oil with experimental work and modelling study, which is a
relatively mature field of research. Nowadays, the compositional simulator used in the oil industry
could be adequate for describing complex processes as CO, flooding. However, there are still some
basic questions that have not been answered yet. One of them is to get insight into the flow inside
the porous media to investigate how different phases flow and how the miscibility develops.
Visualization of CO, flow in core samples under reservoir conditions is one way to answer the
question. Visualization of the flow also provides data that can be used in history matching of
numerical simulations. In this work, X-ray CT scanning is used as an attempt to determine the

saturation change during CO, flooding and qualitatively visualize fluid flow.
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Furthermore, combination of CO, flooding in oil reservoir with long-term CO, storage has brought
new topics into the research areas. Those topics are related to improvement of the efficiency of CO,
sequestration during flooding processes and understanding of the influence of geochemical
reactions on well injectivity, well integrity and the sealing performance of cap rock. This thesis has
focused on a challenge in simulation due to the combination of miscible flooding simulation and

geochemical reactions.

From a practical viewpoint, more efforts are required to investigate the above questions and topics.

This is also the basic motivation for the work presented in this thesis.

1.2 Scope and objectives

The objectives of this study are:
e To determine phase saturations during the tertiary CO, flooding in the low permeable chalk
from the North Sea under reservoir conditions.
e To develop a mathematical model, which describes the multiphase flow together with

geochemical reaction during CO, flooding.

The issues regarding CO, flooding in porous media can be divided into various topics, and most of
them are related to the thermodynamic properties of CO, and oil mixture and the multiphase flow
behaviour during the injection process. Flooding experiments aiming at providing direct evidence to
validate models have been conducted. However, the information concerning in situ saturation of
different phases, which are valuable for understanding the basic mechanisms of multiphase flow in
porous media and further validating and tuning the mathematical model, was seldom determined
especially for low permeable chalk in the experiment. Meanwhile, the geochemical reactions, which
are neglected in previous mathematical modelling describing CO, flooding in porous media, has

gained more attentions, since oil reservoirs can also serve as CO, storage places.

The present work is devoted to develop experimental methods used to obtain in situ phase
saturations for CO, flooding in low permeable chalk under reservoir conditions, and attempt to
bridge the gap between mathematical models on short-term CO, flooding and those on long-term

CO, storage.
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Experimental works are presented in Chapters 2 and 3. Chapter 2 introduces the principles of X-ray
CT scanning and its importance as an assisting tool in core analysis. The factors, which could
influence quality of CT images, and further the accuracy of the quantitative information obtained
from them, are discussed. A comprehensive literature research on the applications of X-ray CT to
different areas in reservoir engineering is also made. Chapter 3 describes the experimental work on
the low permeable chalk. The limits of previous experimental methods are discussed by analyzing
data from trial experiments, which has been seldom addressed previously. Following this, the new
experimental methods have been proposed and applied on the North Sea chalk with using live oil,

and further the detailed data analysis indicated the successful application of our proposed method.

Chapter 4 is dedicated to the development of numerical models with the implication of multiphase
flow and geochemical reactions for CO, flooding in oil reservoir. A detailed literature study about the
numerical models used in CO, injection into aquifers and oil reservoir and the domains of their
applications, has been conducted. The necessity of considering geochemical reactions while
modelling CO, flooding process is discussed. A one dimension model has been developed to simulate
the process. The novelty of the model is the introduction of geochemical reaction into multiphase
flow models. The simulation results are discussed based on various spatial scale, reservoir scale and
lab scale, where the geochemical reactions affect the multiphase flow in different ways.
Furthermore, the influence of various parameters, such as the solubility of CO, in water phase and

reactive surface area, on the multiphase flow, is addressed.

Chapter 5 presents the conclusions from the thesis and the suggestions for the future work.



Chapter 1. Introduction

References

[1] E. Manrique, V. Muci, and M. Gurfinkel, “EOR Field Experiences in Carbonate Reservoirs in
the United States,” SPE Reservoir Evaluation & Engineering, vol. 10, no. 6, pp. 667-686, December
2006.

[2] A. Espie. (2005, 21-23 November) A New Dawn for CO, EOR. Paper SPE 10935 presented at

the International Petroleum Technology Conference, Doha, Qatar.

[3] A. Awan, R. Teigland, and J. Kleppe. (2006, 22-26 April) EOR Survey in the North Sea. Paper
SPE 99546 presented at the SPE/DOE Symposium on Improved Oil Recovery, Tulsa, Oklahoma, USA.

[4] K.Jessen and E.Stenby, “Fluid Characterization for Miscible EOR Projects and CO,
Sequestration,” SPE Reservoir Evaluation & Engineering, vol. 10, no. 5, pp. pp. 482—-488, October
2007.






Chapter 2. X-Ray CT Scanning and Its Application in Core Analysis

Chapter 2 X-Ray CT Scanning and Its Application in Core Analysis

Oil production from a petroleum reservoir is often achieved by injecting a certain fluid to displace
the oil in the porous media, such as water, gas and steam. A core flooding experiment is commonly
performed to investigate the efficiency of such process. In the experiment, the porous media is
saturated with water and oil to simulate the original condition of oil reservoir, and the oil is then
displaced by water, gas, steam or chemicals based on different EOR methods. The core flooding
experiment provides information about the total amount of fluids injected and produced, and oil
recovery curve is the final results obtained. The oil recovery curve is not only important in evaluating
the performance of EOR methods in the field-scale flood, but also significant in calibrating the
numerical model for the simulation of such process. However, the recovery curve alone cannot
identify multiphase fluids flow and their distributions in the porous media. Therefore, the

observation of the in situ displacement process during the flooding is needed.

The rapid developments of imaging technology over the last decades bring various solutions to the
detailed visualization of displacement in the core flooding. Many methods have been adopted to
determine the in situ saturations during the core flooding experiments, e.g. transparent porous
media made of finely powdered glass [1], resistivity [2], magnetic susceptibility [3], NMR [4], X-ray
and gamma-ray attenuation [5][6][7], and microwave adsorption [8]. Most of the above mentioned

methods can only provide areal average value of saturations.

X-ray computed tomography (CT) has been utilized by the petroleum industry to perform both
qualitative and quantitative investigations on cores and become an important tool for core analysis.
The method can produce images with fine resolution and high accuracy by detecting the radiation
that passes through a cross section of the core. The image data can be further processed to obtain
information about the physical properties of the core (density [9], porosity [10], mineralogy and
heterogeneities [11]) and the fluid within the core (saturations [12] and diffusion coefficient [13]).
The first CT system was designed in 1972 by Godfrey Hounsfield of EMI Laboratories, England and by
the South African-born physicist Allan Cormack of Tufts University, Massachusetts. Later, Hounsfield
and Cormack were awarded the Nobel Prize for their contributions to medicine and science. The first

clinical CT was installed in 1972 in the Atkinson Morley Hospital in London.

Compared with the methods mentioned earlier for in situ saturation determination, CT can generate
dynamic 3-D images of multiphase fluid flow in porous media at reservoir temperatures and

pressures. As an excellent technique to visualize flow phenomena in porous media, CT scanning has
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been widely used in the petroleum engineering studies, such as multiphase relative permeability,
dispersion, gravity segregation, viscous finger, wettability, lithologic characterization, and evaluation

of damage in unconsolidated cores.

This chapter presents the principles of X-ray CT scanning, important factors that influence the image

quality and the recent applications in the core analysis.

2.1 Principles of CT scanners

2.1.1 History and generations of CT scanners

Tomography, known as a method to represent a single slice of the body on the radiographic film,
was originally proposed by the Italian radiologist Alessandro in the early 1900s [14]. In Greek, the
word “tomos” means “slice” or “section’”, and the word ““graphia’” means “describing”. The first CT
system was invented in 1972 by Godfrey Hounsfield of EMI Laboratories, which was installed in
Atkinson Morley Hospital in Wimbledon, England, and the images produced from this scanner had
relatively low resolution, with 80x80 pixels [15]. In the U.S., the first installation was at the Mayo
clinic. During its 27-year history, tremendous researches and developments have been made to
provide better image quality at the lowest possible X-ray dose. Therefore, CT has great

improvements in speed and resolution, as shown in the Figure 2.

B[ 3 Compuine Tomaprume
Cortirale kirapn

(1) Original axial CT image obtained at 1975 (2) Axial CT image obtained nowadays
128x128 matrix image 512x512 matrix image

Figure 2 Developments on the image quality [16]

There are four generations of CT scanners, classified by the arrangement of components and the

mechanical motion required to collect the data. The generation number is given in the chronological
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order of their invention. One should not assume that a higher generation number necessarily means
a higher performance system. Nowadays, the third generation CT scanner can have better

performance than the fourth generation ones.

The first generation of CT scanners is mainly composed of a single X-ray source and a single X-ray
detector cell for collecting the data for a single slice. The coupled source and detector measures the
attenuation of radioactive beam, which translating across the patient at one angle, and this process
is repeated for each projection angle to obtain the projection measurement [17], as shown in the
Figure 3[18], in which the grey part represents the source and the green part is the detector. The
whole process is called as the translation and rotation process, which is very slow and takes almost

120 seconds for each scan.

The efficiency of measuring projections of the second generation is improved significantly by using
multiple detectors, because the X-ray source emits a narrow fan beam of radioactive ray, which can
be received by multiple detectors at each translation step [17], as shown in Figure 3[18]. Because of
the translation and rotation process, the first and second generations of CT scanner are referred to

as a translate/rotate scanner.

In the third generation, a detector array with enough high spatial resolution cells is designed to allow
the simultaneous measurement of a fan-beam projection of the entire patient cross-section [17], as
shown in Figure 3[18]. Therefore, no translation step is required, which enables the imaging process
significantly faster than the first or the second generation systems. To distinguish it from the
previous two generations, the third generation is often referred to as rotate/rotate scanner. , if any
one of the detectors is out of order in the third generation, it will result in a circular artefact by
giving consistent errors regarding at each angular position [19]. Therefore, very high performance

detectors are needed.

To avoid the sensitivity of the third generation to ring artefacts, the fourth generation of CT scanner
is developed by using a stationary detector ring and a rotating X-ray tube [17], as shown in Figure 3.
Therefore, to achieve the same spatial resolution as a third generation system, more detectors are

needed in the fourth generation, which represents a potentially higher cost [17].
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(1) First generation  (2) Second generation  (3) Third generation (4) Fourth generation
Figure 3 the geometry of X-ray source (tube) and detectors in various generations of X-ray CT scanners [18]

2.1.2 Principles of X-ray CT imaging

The principles of X-ray CT imaging have been discussed extensively in many articles [20] [21] and CT
user’s guide [22][23], which can be used as reference for readers who want to go deep into this topic.
In this section, only basic mechanisms and concepts concerning the X-ray adsorption are addressed.

When an X-ray beam passes through an object, its intensity is reduced as the X-ray photons is either
absorbed (photoelectric absorption) or scattered (Compton scattering and Rayleigh scattering). Since

the Rayleigh scattering plays a minor role in CT scanning, it will not be discussed in details.

2.1.2.1 Photoelectric absorption

When the incident X-ray photon collides with orbital electrons of an atom, if the energy of colliding
photon exceeds the binding energy of collided electron, the photon can be completely disappear
and the electron is released with the energy transferred from the photon. This process is called as
photoelectric adsorption, which is mainly influenced by the atomic number of the object and the

energy of the X-ray beam [22].
Since the bending energy varies at different atomic shells, the larger the atomic number, the larger
the energy required to displace an electron. The kinetic energy of the released electron, the

difference between the incoming energy of the photon and the binding energy of the electron in the

atomic shell, can be expressed as,

Eiin = hf — Epinding (1)

10
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where h is Planck’s constant and f is the frequency of the wave.

2.1.2.2 Compton scattering

When the incident X-ray photon collides with orbital electrons of an atom, the colliding photon can
be deflected from its original path while the collided electron ejected from its orbital position. This
process is called as Compton scattering, which does not depends on the atomic number, but

primarily affected by the bulk density of the object.

2.1.2.3 Attenuation coefficients

Attenuation coefficient, also called liner attenuation coefficient, is a quantity that characterizes how
easily a material or medium can be penetrated by a beam of X-ray. It can be expressed as a function
of the X-ray beam photon energy, the atomic number, and the electron density of the substance.
The mass attenuation coefficient is a function with the contributions from three different photon

interactions mode [22]:

y y) 1 A
/_:l_R+/_T+/_C (2)
PP p p

where, p is the mass density, R, 7 and C represents Rayleigh scattering, photoelectric adsorption,

and Compton scattering respectively. Each part of the equation can be expressed by the total

photon interaction cross-section per atom, :

NaZ o,
%: A4 Otot (3)

A

where N 4 is Avogadro’s number, 7 is the number of electrons per atom and A is the atomic mass of

the absorber.

The final relation for the linear attenuation coefficient can be expressed as [24],

—k —m
Z Z
oc + Cy (F};) + Cs <E2>

where, Zr and Z, are the effective atomic number for Raleigh scattering and photoelectric

= pN, (4)

adsorption respectively, I is the photon energy, the superscripts (%, [, m and n) and coefficients (C}

11
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and C5) are constants, o is the cross-section per atom from Compton scattering, IV, is the mass

electron density, which is,

If the Raleigh scattering is neglected, then the attenuation coefficient can be expressed

approximately as the sum of Compton and photoelectric contributions [25]:
b23‘8
= pN, (UC(E) + W) (5)

where o (E) is the Klein-Nishima function, which is the relativistic form of the Compton scattering,
7 is the effective atomic number, F is the photon energy in keV and b is a constant [24]. Eq. (5)
indicates that the heavier elements with larger Z have greater photoelectric cross section and the
contribution from photoelectric absorption decreases rapidly as the X-ray energy increases.
Therefore, by use of a high-energy X-ray source, the contribution from photoelectric absorption can
be negligible and the attenuation coefficient becomes proportional to the bulk density of the object,

as the Compton scattering dominated.
To measure the intensity of X-ray after it penetrates the material, Lambert-Beer’s law is given [22]:
I = Ipexp(—pN) (6)

where, A is the thickness of the penetrated material, Iy and I are the intensity of the incident x-ray
and the transmitted x-ray respectively. Although Lambert-Beer’s law is used to describe the X-ray
beam with monochromatic spectrum penetrating the material with uniform density, it reveals that
for the X-ray beam with polychromatic spectrum, the photons with lower energy is absorbed first
and the remains are those with higher energy, therefore the beam becomes harder. This leads the
overall attenuation to change with distance and produce an artefact known as the beam hardening.

This phenomenon has significant influence on the image quality and will be discussed in section 2.4.1.

In CT images, CT number is often used as a normalized value of attenuation coefficient from a single

pixel. When a heterogeneous object, for example, a core saturated with oil and water, is imaged, the

12
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CT number could change with locations. The process of determining the spatial attenuation
coefficients, u(x, y) on the CT image is considered as ‘lmage reconstruction’, which id fundamental

and important to the image techniques.

2.2 Quantitative information from CT scanning

The measured attenuation coefficients transformed using the value for pure water as reference, are

presented as CT numbers in Hounsfield units,

CT = 1000 M — Mwater (7)

Hawater

where, 1 and fiqater are the linear attenuation coefficients for the tested material and pure water.
Therefore, the CT number of pure water is zero. Since the overall CT number is an additive function
of all the materials present in the scan slice [22], the CT number of various fluids saturated core is

given by

CTyy = (1 - ®)CT, + ®CT; 8)

where, subscript r and 7 refer to the rock and fluid respectively. When the core is saturated with two

fluids 7 and 7, the overall CT number becomes

CTjr = (1= @)CT,. 4+ S;CT; + $5;CT; (9)
where S; and S; are the saturation for each fluid respectively.

2.2.1 Porosity

Porosity is determined by scanning the dry core and then scanning it fully saturated with a certain

fluid, for instance, pure water. Using eq. (8) for air and water, we obtain

CT, = (1 - ®)CT, + dCT, (10)

CTwr = (1 - (I))CT,« + (I)CTU (11)

Substituting eq. (11) into eq. (10), one can obtain the equation for the porosity

CZL'V‘ - Cj—’(l!‘
b= —"—T— 12
Cﬂl‘ - Cj—;l ( )

13
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Eqg. (12) shows that the CT numbers of pure fluids are needed to calculate the porosity. Normally in
the room temperature and atmosphere pressure condition, the pure fluids can be carried by plastic
bottle and then be scanned to obtain its CT number. If the CT number of pure fluids needs to be
measured in the high pressure and temperature condition, e.g. reservoir condition, the pure fluids
should be placed inside the core holder instead of the core, which is hard to be done in practice. The

CT numbers of air and pure water are approximately -1000 and O, respectively.

2.2.2 Two-phase saturations

In water flooding experiments, the single energy scanning, where the core is scanned at single
energy level, is normally used to calculate the saturation of water and oil. The assumption that X-ray
attenuation for pure component is constant over the complete scan area is commonly used in most

of such studies [23]. Apply of eq. (9) and (11) for oil-water system gives

CTowr = (1 = ®)CT, + ®S,CT, + ®S,CT, (13)
CT,. = (1—®)CT, + dCT, (14)
Sw+ S, =1 (15)

By substituting egs. (11), (14) and (15) into eq. (13), one obtains

CTouw' - CTu'r

SO - CTm‘ - Cﬂm‘

(16)

The error analysis based on the oil saturation is achieved by differentiating eq. (16) with respect to

each of CT number, then,

89S, 1 )
0CTou'7‘ N (CTm‘ - Oﬂm‘)

aSo CTourr - CTor
A = . (18)
()CTuu- (CT‘m' - CTuw')z

aSo — Cﬂur - CTowr (19)

aC'jjor (CTOT - CTuw‘)Z

By using the rules for the propagation of errors, the total error in S, becomes,
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S,
aCTowr

S,
ICTwr

S,
oCT,,

ds? =

2 2 2
-(ZC’TOW} + [ -dCTu,r} + [ ~dCTOT} (20)

2.2.3 Three-phase saturations

In a general oil production process or any core flooding experiment simulating that process, there
are always three coexisting fluid phases, gas, water and oil. Therefore, simultaneous determination
of three-phase saturations is therefore necessary. In principle, their saturations can be determined
by a dual energy scanning where the core is scanned at two different energy levels. For each of the

two energy levels, the total CT number is given by

CTlvrlsu‘ + CTorISo + CTqu S_q = C'Tl (21)
CTwrZSu' + CTOI'ZS() + CTgrQSg = CTZ (22)
Sut So+ S, =1 (23)

By solving eq. (21) - (23) for saturations, one obtains,

S — (CTI - CTu'rl)(Cz’rQ - CT,U')'Q) - (CTZ - CTU'I'Q)(CZII'l - Cﬂl‘l‘l) (24)
° (CTorl - CTu'l'l)(CTgrQ - CTu'I'Z) - (CT()I'2 - CT{L‘I'Z)(CTgY‘l - CTu‘rl)

S = (CTl - Cﬂi‘l'l)(CTol'Z - CZ(‘I'Q) - (CTZ - CTu‘r?)(Cﬂ)rl - CTwrl) (25)
g (CTUI'2 - CTu'rQ)(CTgrl - CTu‘rl) - (CTOI'l - CTu‘rl)(CTgl‘Z - CTLL‘V‘Q)

Sy=1-5,-5, (26)
where,

CTy = CZj.o.uxr.loz'vll CTy = CT(/ﬁ.uxlrrrlQ

Cng'l = CTq.r‘.levell CTgr‘Q = CT(/.I‘.I(’U(’IZ

CTII'I‘]. = CTw,r.I(’vell Cﬂm’? = CTu‘.r.lez‘elZ

CTm'l = CTo.r.levell CT()I"Z = CTO.I‘.I()I‘CI2

If the water saturation is known beforehand, for instance, in a core with irreducible water saturation
S.wi, the water is assumed to be immobile in the next three-phase gas flooding [22]. Therefore, the
application of dual energy technique can be avoided, only single energy method is needed, and the

expressions for the oil and gas saturations can be reduced to
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CTy — CT,, CT, — CT,
So = ! i - Swi 2 (27)
®(CT, —CT,,) ®(CT, - CT,)
CTy — CT,, cT, —CT,
Sg = ! ) = Swi (28)

&(CT,y — CT,y ®(CT, — CT,)

The oil phase saturation could also be expressed without knowing any of the pure fluid CT numbers.

By application of egs. (10), (11), (13), (14) and (21)-(23), S, becomes

So — CTl - CTou'r _ CTouvr - CTUW (29)
CT,, — CTy, CTyyr — CT,

Similar to the error analysis based on the oil saturation in the two-phase saturation, they can be

achieved by differentiating eq. (24) with respect to each CT number (CT,; as example),

95, _ [(CTy = CTwr) - (CTyra = CTuwrz) = (CTs = CTuna) - (CTyr1 = CToor)] (CTura = CTyra) (30)
0CTon [(CTor1 — CTur1) - (CTyr2 — CTor2) — (CTorz — CTouna) - (CTypt — CTop1))

The sensitivity of calculated saturations to measured CT numbers can also be evaluated through the

coefficient matrix A in eq. (31),

A7 =B (31)
where
1 CT(M 1 — CTLU? "1 CTl - Osz'l
_ rl — Cﬂu 1 _ Sy _ CT( rl — CT’u-rl
A - 1 CTiZ - w12 ’ 7 - So ’ B - C 2 — CTwr2
CTQT'Q - CTwl"Z CTgl'Z = CTyr2

Eg. (31) is obtained by substituting eq. (23) into egs. (21) and (22). The determinant or the

conditional number of coefficient matrix A indicates whether eq. (31) is ill-conditioned.

2.3 Dopants and K-edge

2.3.1 Dopants

As indicated in the eq. (17)-(20), the CT numbers of the water and oil saturated core should differ as
much as possible to reduce errors. However, in the core flooding experiments, the difference in

attenuation coefficients (CT numbers) between different fluids could be small, e.g. water and dead
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oil at the room temperature and atmospheric pressure condition, gas and live oil at reservoir
conditions. Therefore, dopants are normally needed to increase the CT number of fluids. Most
dopants used in the liquid phase contain a halide, which has a high atomic number, thus causing
more attenuation of x ray. Normally, sodium bromide or sodium iodide is used as the water dopant
[26] with bromo-dodecane and iodo-dodecane [25] as oil dopant. Radioactive inert gas, Xenon and

Krypton, can be used as a contrast with air [27].

The usage of dopants should be very careful since they will change the composition of fluids, and
further affect the thermodynamic properties of water and oil phase, e.g. viscosity, bubble point and
minimum miscibility pressures. At the same time, the adsorption of dopants in the core could
happen during the experiment [28]. Details regarding to the above topics will be discussed in

Chapter 3.

2.3.2 K-edge

K-edge, also called K-absorption edge, describes a sudden increase in the attenuation coefficient of
photons, when the photoelectric adsorption happens to the K shell electron of the atoms [29]. Since
each element has a unique distribution of atomic electrons, and the K shell has the highest binding
energy, K-edge is normally used to identify various heavy metal contaminants and radioactive metals,
e.g. thorium and uranium, in facilities of the deactivated and decommissioned weapons lab [30]. In
the dual-energy CT scanning, in addition to the difference between the Compton and photoelectric
cross section as shown in eq. (5), the K-edges of the heavy elements in the photoelectric region can
also be utilized to increase the difference of CT numbers of various fluids under two energy levels. As
shown in Figure 4, the change of the mass attenuation coefficient of pure soltrol’130 (a commercial
mixture of C10-C13 isoalkanes produced by Chevron Philips Chemical Company [31]) around the K-

edge energy (33.2keV) is much smaller than that of iodododecane/Soltrol"130 mixtures [25].
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Figure 4 Mass attenuation coefficent vs energy for iodododecane/Soltrol mixtures [25]

Vinegar et al. [25] listed the K-edge energies for commonly used dopants in the core flooding
experiments (see Table 1). Both Figure 4 and Table 1 indicate that the application of K edge could be
quite limited in core flooding experiment, since the dual energy levels must be close enough to K-
edge value to obtain the sudden increase in the CT numbers, which is difficult for medical CT scanner
with fixed energy level choice. For example, the fourth generation Siemens SOMATOM scanner with
three energy levels, 80kV, 120kV and 137kV. At the same time, K-edge values of most dopants are
quite low. Therefore, when incident X ray with such low energy passes through the core material,
only small amount of them could be transmitted, which has significant influence the image quality.

The details on the above topics will be discussed in section 2.4.1.

Table 1 Dopants for brine, oil and gas phases [25]

Dopants K-edge (keV)
NaBr 13.2
N‘dzA\IOO_l 20.0
Nal 33.2
Naz\\'04 69.5
Brine phase TIF 85.5
TI-EDTA 85.5
Pb-EDTA 88
Bi-EDTA 90.5
Bromated oils 13.2
Oil phase Todated oils 33.2
(C2H5).,1P]) 88
(CH3)4PDb 88
U Krypton 14.3
Gas phase Xenon 34.6
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2.4 Factors influencing the image quality

The most important aspect in CT scanning is to ensure good image quality, the following sub-
sections will discuss artefacts which affect image quality and provide a few guidelines about the

design of experiment and the selection of machine parameters.

2.4.1 Artefacts

Image artefacts are features, not present in the original object but in the CT image, which produced
by the imaging process. It is one of the most important factors in downgrading the CT image quality.
For a X-ray CT, the term ‘Artefact’ is defined as the difference between the CT number in CT image

and the true attenuation coefficient of the objects.

In the area of medicine, artefacts are usually classified into four categories [19], physical-based
artefacts, patient-based artefacts, scanner-based artefacts and helical and multi-section artefacts. In
the application of CT scanner in the core analysis, the most noticeable and damaging one is the

physical based artefact induced by the beam hardening.

Beam hardening exists because the X-ray beams from medical CT scanner are polychromatic with a
moderately broad energy spectrum, as shown in the Figure 5 [32]. These polychromatic beams are
hardened when they are transmitted through the material. Because the low-energy photons are
more readily attenuated than the high-energy photons, beam hardening is the process of removing

low-energy X-rays from the beam, which becomes harder and more penetrating.

The amount of beam hardening depends on the initial X-ray spectrum and the composition of the
material traversed [33]. Images affected by the beam hardening are typically characterized with high
attenuation coefficients around the periphery of the object and low attenuation coefficients in the
center of the object. This artefact is also called ‘Cupping artefacts ’. In practice, a filter can be used to

reduce the influence of beam hardening on the image.
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Figure 5 X-ray spectrum for tube voltage 80kV [32]

Besides beam hardening, photon starvation, which causes streak artefacts, has also significant
influence on the image quality. The Photon starvation artefact arises because noise appears in some
parts of individual projection due to the insufficient photons passing through the widest part of the

materials [32]. This artefacts normally happens when the core or core holder are scanned vertically.

2.4.2 Design considerations

The most important in the design is to use the core holder made of aluminium or carbon fiber.
Aluminium core holder can be used in the low pressure condition, and carbon fiber wrapped
aluminium core holder is suitable for high pressure condition, because with increasing thickness of

aluminium, more photons are absorbed by core holder before they enter the core plug.

Furthermore, to avoid the photon starvation artefacts, all measured objects should be round
because the geometry of the scanner is circular. Since every object in the scan plane absorbs X-rays,
the table should be made of wood and the diameter of the surrounding lines should be as small as
possible, which could reduce the loss of photons as low as possible. Whenever the object is removed
and later returned to the scanner, care must be taken to guarantee the object staying at its original

position [22], which is especially important to the scanning on the highly heterogeneous cores.

2.4.3 Machine Parameters

2.4.3.1 The potential difference across the tube
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The greater the potential difference across the tube (with unit kV), the faster the electrons move
and the higher the energy of the X-ray photons. The average CT number of an object decreases with

the increasing kV setting, and the quality of image is enhanced.

2.4.3.2 The output of the tube

The output of the tube is the product of mA (milliamps) and s (second). The higher the mA:s is, the
greater the intensities of beam are, and correspondingly, the less noise is in the center of the object.
The image quality therefore is enhanced with increasing output. On the other hand, the tube life is

reduced.

2.4.3.3 Filtration

Filtration is an important tool to reduce the influence of beam hardening effects. It is normally a flat
piece of attenuating metallic material used to sharpen the beam by filtering out the low energy
components. In the core flooding experiment, the aluminium core holder itself, could serve as an

additional filter to further harden the edges of the beam before it pass through the core material.

2.5 Applications of X-ray CT scanning in core analysis

X-ray CT has been applied in core analysis in the oil industry over thirty years [34]. Apart from
medical application, the oil industry is probably the area which is most involved in CT. In the early
time, researchers focused on the principle of X-ray CT scan and applied it in convenient areas, like
visualization of two-phase flow in the porous media and core description, in the oil industry. Vinegar
and Wellington at Shell Bellaire Research Center in the 1980s has made comprehensive study on the
methodology and application of CT scanner in core flooding experiment, including the principle of x-
ray CT scan [35], petrophysical application [36], and the methods for the determination of three-
phase saturations with dual energy [37]. Later, Withjack et al. applied CT scanning in the
determination of rock properties [38], the study of miscible displacement in the laboratory cores
[38], and 3D physical models of a 5-Spot well pattern [39]. At the same time, Kantzas et al. also
discussed the important issue of image reconstruction and demonstrated CT scanning for gas
injection in porous media [40] and the local changes in the porosity of dry sand packs as a function
of the imposed overburden [41]. Hunt et al. [42] and Withjack [43] published their literature study
on the role of X-ray computed tomography in core analysis as the development of technology in oil
industry. Nowadays, CT scanning has become a widely used core analysis tool and also been applied

in newly developed areas, as gas hydrates and CO, sequestration in the coal mines.
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The main objective of this section is to group many earlier studies and most recent researches on
the application of CT scanning in the core analysis into several application catalogaries for

convenient reference.

2.5.1 Core description

One of the applications of the core scanning is to provide quantitative information for mineral
distribution and mud invasion, which can be used for the correlation with well log [44]. Gupta et al.
[45] discussed the use of CT scanners as analytical tools in the recovery and stated that the spatial
resolution of an industrial CT scanner designed for high-resolution application is adequate to resolve
mineral distribution within a core. Honarpour et al. [46] applied the CT scanner in core
characterization studies and presented the X-ray attenuation characterization of crystalline solids,
randomly oriented mineral grains and preferentially oriented mineral solids, North Sea Danish chalk,
and Wyoming Phosphoria formation core to study the reservoir heterogeneity. By using CT core
structure visualization on the unconsolidated cores from the Alaskan North Slope, MacGregor et al.

[47] developed a method to estimate the retrieval rates to minimize the core damage.

Another application is to study the fracture system by taking CT scan across a section of the
fractured core. Bergosh et al. [48] demonstrated the use of CT scanning for fracture analysis on the
full diameter whole core samples from Monterey Formation. Later, they also found that fracture
porosity can be easily determined by the use of CT scanning [49]. Moss [50] proposed a method of
dual-scan CT for measuring the constituent porosity in a dual porosity matrix. The paper illustrated
the successful application of the method on the core samples from Monterey and Bakken shale,

which was validated by the results from helium porosimetry.

The application of CT scanning in the analysis of vuggy carbonates was reported by Sprunt et al. [51]
as early as 1980s. He discussed procedures and concerns regarding core analysis of heterogeneous
rock, and found that due to the local vug-matrix heterogeneity and connectivity of vuggs,
assumptions used in the core analysis to other types of rock could fail. Recently, Vik et al. [11]
presented the vuggy carbonate rock characterization based on the Nuclear Magnetic Resonance
(NMR), Micro Computed Tomography (uCT) and Computed Tomography (CT) measurement. The
paper evaluates the different roles of three methods in the measurements of various petrophysical

properties about the vuggy carbonates.
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The contributions on standardizing CT techniques for quantitative analysis was made by Kantzas et al.
[52] and Coles et al. [53][54]. Kantzas et al. [52] discussed the CT calibrations required to obtain bulk
density, and the reliability of such determinations compared to conventional core analysis [43]. In
the SCA (Society of Core Analysts) workshop on CT scanning (1994), Coles et al. [53] [54] discussed
the accuracy and reliability of CT data from different labs and suggestions on the reference materials

and calibration methods for CT laboratory.

2.5.2 Fundamental mechanisms

One advantage of using CT for core flooding experiment is to visualize the fluid movement, which
could monitor the unsteady state displacement and improve further understanding of oil recovery
mechanisms. In the early time, Cromwell et al. [55] used the first generation of CT scanner to analyze
the fluid flow movement in the Danish chalk and Berea sandstones. Wang et al. [56] discussed the
reconstruction of oil saturation distribution histories during immiscible liquid and liquid
displacement by the use of CT scanners. Miscible displacements in heterogeneous core were
addressed by Sorbie et al. [57]. Ekwere et al. [58] demonstrated the application of CT scanning on
the investigation of the patterns of viscous fingering in core floods. The paper discussed the effect of
flow rate on the viscous fingering and its random nature. The gravity-assisted inert gas injection in
the long Berea core with using CT scanning was conducted by Chatzis et al. [59]. Oshita et al. [60]
investigated the early water breakthrough in the oil-wet core with X-ray CT visualization.
Displacement in the heterogeneous carbonate cores were reported by Oseto et al. [61] recently, and

included visualization of the non-uniform flow field using 3D sectional views.

Foam flow in porous media has been investigated by Nguyen et al. [62] under the conditions that are
relevant for acid diversion induced by foam. The experiments were conducted using Bentheim and
Berea sandstone cores and nitrogen foam and the fluid partitioning was determined by CT scanning.
Later, they [63] continued the experiment in isolated and capillary-communicating double layer
cores to investigate the effect of crossflow on Foam-induced diversion in layered formations. At the
same time, Zitha et al. [64] and Du et al. [65] also conducted the experiments on the influence of
flow velocity and core heterogeneity on foam flow media and carbon dioxide foam rheology in the

Bentheim and Berea sandstone cores.
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2.5.3 Improved oil recovery

In the early time, Hove et al. [66] demonstrated the application of CT scanning for enhanced oil
recovery by Xanthan polymer flooding. This work illustrated the injection of polymers can improve
the areal sweep efficiency of water flooding and studied the behavior of biopolymer flood in
heterogeneous Rosbra sandstone. The influence of minimum miscible pressure on the behavior of
foaming agent (alpha olefin sulfonate, AOS) in the CO, injection is reported by Farajzadeh et al. [67].
This work demonstrated the monitoring of foam movement and its contact with oil in Bentheimer
sandstone. Gupta et al. [68] conducted CT monitored experiment to evaluate the performance of a
biodegradable surfactant (Glucopon-425N) in recovering a residually trapped dense non-aqueous
phase liquid from sand packs. Gabitto et al. [69] reported on the use of CT scanning on
demonstrating the effect of mobility control and oil production through a core flooded by
surfactant-polymer mixture. In the report several surfactant solution were tested in the flooding

experiment to find out the inexpensive one with efficient tertiary oil recovery.

2.5.4 Formation damage

The formation of scale caused by mineral precipitation is considered as one of the most commonly
occurring formation damage mechanisms in reservoir rock pores [43]. Aliaga et al. [70] performed
early CT studies to monitor the formation and migration of barium sulfate in the sand pack and
investigate the permeability reduction mechanisms caused by the mineral precipitates. Krilov et al.
[71] used CT to measure the invasion depths of barite solids penetration and study the permeability
reduction due to filter cake formation. The shell swelling due to the interaction between drilling mud
and shale was investigated by Cook et al. [72]. Three kinds of mud were used to react with Pierrel
shale and CT scanning was employed to visualize the swollen zone. Later, they [73] studied the
influence of bedding plane orientation on shell swelling, using CT to monitor the damage in a model

wellbore geometry.

2.5.5 Dual energy scanning

Visualization of flow experiments involves three mobile phases by dual-energy scanning was first
presented by Vinegar and Wellington [25]. They developed the relevant equations, proposed the
application of K-edge in selecting dopants and provided the candidate of dopants used in the
different phases. They concluded that, for photon energies above 100keV, X-ray interact with matter

was dominated by Compton scattering, which is dependent on electron density. For X-ray energy
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below 100keV, on the other hand, photo electric adsorption becomes important. This type is
strongly dependent on atomic number. In the paper, they demonstrated the use of sodium
tungstate and iodododecane in the CO, flooding under two different energies (90kV and 140kV).
Later, Chatzis et al. [40] used the CT scanner to study the physical properties of porous media and
saturation profiles during two- and three-phase flow systems. For three-phase flow, however, the
visualization was only qualitatively. Sahni et al. [74] used dual energy scanning to measure the three-
phase relative permeability during the gravity drainage. In this work, only brine was doped with 10%
sodium bromide, due to the low pressure condition of experiments. Later, Akervoll et al. [75] was
successful on performing history matching on water-alternated-gas (WAG) experiment with in situ
saturation measurements by dual energy scanning at reservoir conditions. In this work, sodium
tungstate and iodododecane was used to dope water and oil respectively. The detailed discussion is

available in the Chapter 3.

2.5.6 Geochemical reaction
In the reservoir, acid solution is typically used for scale removal and dissolving the formation matrix

to stimulate the reservoir. The application of CT on the quantitative analysis of porosity change due
to the acid treatment was first reported by Bartko et al. [76]. Bazin et al. [77] analyzed the factors
that affect the growth of wormholes in the matrix during the carbonate acidizing by using CT
scanning, and their work confirmed industry accepted relationship between applied pressure
differential and acid wormhole growth [43]. Recently, Al-Ghamdi [78] investigated the questions
regarding how diversion occurs as surfactant-acid mixed solution flow inside the carbonate reservoir
and what are the parameters controlling the diverting process, using CT scanning to generate 3-D
images to describe the shape of wormhole. To deal with global warming, CO, sequestration into
reservoir becomes attractive and the chemical reaction between dissolved CO, and the rock
formation is important for the storage of CO,. lzgec et al. [79] demonstrated the use of CT to
monitor the change of porosity due to the geochemical reactions. This work investigated various
factors, including temperature, salinity and injection rate, effect of heterogeneity and pH, on the

dissolve of carbonate rocks.

2.5.7 Viscous oil
Heavy oil is regarded as unconventional resource because of the difficulties and cost involved in its

production. However, due to the increasing oil price, it becomes popular again. History matching of
steam floods with CT monitored in situ saturations was carried out by Cuthiell et al. [80] to derive

capillary pressure models. Kewen et al. [81] used CT to study the mathematical model of steam-
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water capillary pressure. Tang et al. [82] demonstrated the application of CT scan in the heavy oil
solution gas drive to monitor the in situ gas saturation. In this work, the effect of heavy oils with
different compositions and various injection pressures on gas saturation distribution in the sand
pack were evaluated. A novel method to estimate relative permeability and capillary pressure from
in situ aqueous-phase saturation profiles obtained from CT scanning during high-temperature
imbibitions experiments was proposed by Schembre et al. [83]. To understand the foamy-oil
properties during pressure depletes in the live heavy-oil, Goodarzi et al. [84] suggested a novel
technique by use of CT scanning and low field nuclear magnetic resonance (NMR) techniques. Luo et
al. [85] [13] reported a method to measure the mutual diffusion coefficient of heavy oil and
Hydrocarbon system solvent system in the room temperature and pressure. They initially focused on
the effect of volume change due to the mixing on diffusion coefficient of the system without

considering porous media, and extend the experiments to heavy oil saturated sand.

2.5.8 Gas hydrate

Natural gas hydrates can hold significant amount of methane, which accounts for an immense
resource conservatively estimated to be twice the amount of energy stored in other fossil fuels [43].
Tomutsa et al. [86] reported the use of CT scanning to resolve the reduction in density of the
hydrate/sand aggregate due to the dissociation of methane hydrate spatially, with validation from

gas flow and temperature measurements.

2.5.9 CO; sequestration in coal bed
Sequestrating CO, in coal beds, as an attractive option for geological sequestration of CO,, could

enhance methane production and trap CO, for long periods of time. Therefore, measurements of
sorption isotherms and transport properties of CO,in coal cores are important. Jikich et al. [87]
recently demonstrated the use of CT on calculating density variations and CO, concentrations,
sorption, and transport rate in the coal cores at reservoir confining pressure. This work illustrates
the application of dual energy CT scanning to calculate average slice density increased during the

CO; intake periods.
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Chapter 3. Experiments on Carbon Dioxide Flooding with the

Application of CT Scanning

3.1 Introduction

Carbon dioxide injection into petroleum reservoirs has been considered for enhanced oil recovery
(EOR) since early 1950's [1] and regarded as one of the most important EOR processes in U.S.
carbonate reservoirs since the early 1980's [1]. Interest in this process has grown recently also due
to other reasons, including (1) to reduce the emission of CO, to the atmosphere to mitigate the
global warming and (2) to release hydrocarbon gas used in gas injection for sales to meet the
growing demand in the world market [2]. This process is characterized by complex phase behavior
and interaction between different phases: oil, water and CO,. The mechanisms of multiphase flow
and thermodynamic properties of various phases have been extensively discussed by many

researchers, both theoretically [4] and experimentally [5].

In realistic conditions, the displacement efficiency of CO, flooding is mainly affected by the
development of miscibility between the injected CO, and reservoir oil. During the flooding process, a
continuous mass transfer takes place between the injected CO, and the initial reservoir oil, and a
miscible zone is formed in between and displaced through the reservoir. Factors that affect the
achievement of miscibility and displacement efficiency have been experimentally investigated
extensively. Shyeh-Yung [6] evaluated the effects of pressures below and above the minimum
miscibility pressure (MMP) on miscible and near-miscible displacements of oil by CO, flooding in
Berea sandstone and suggested that both displacement and extraction of oil by CO, increase with
increasing pressure. Holm et al. [7] studied the effect of oil composition on the displacement process
and concluded that MMP increases with the decrease in oil API, the asphaltene content and the
extractable hydrocarbons (Cs-Csp) in reservoir oil. The role of phase behavior and fluid properties are
reported by Metcalfe et al. [8] and Rosman [9] respectively. The former conducted experiments at
immiscible, multicontact miscible and first contact miscible conditions to demonstrate the
relationship between phase behavior and oil recovery in CO,flooding. The latter showed that the
decrease in interfacial tension (IFT) between CO, and oil phase results in increase of oil recovery. For
a thorough literature review, paper from Shawket [10] is recommended, who cites over 80

references on global laboratory experience of CO,-EOR flooding.

CT scanning, as an effective core analysis tool, has also been applied extensively in different

experiments on CO, flooding. Wellington et al. [35] conducted six tertiary CO, core flooding by use of
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X-ray CT to study the difference between immiscible and miscible displacements and the effects of
gravity, viscous, and capillary forces on oil recovery. CT studies of surfactant-induced CO, mobility
control was also reported by Wellington et al. [37]. CT images in this paper show that surfactants in
the brine prevent the gravity and viscous instability, and enable CO, to displace oil from cores in a
piston-like manner. Yamamoto et al. [13] conducted core flood tests to investigate the influence of
layered reservoir with different permeabilities on CO, WAG process with the aids of CT scanner. CT
monitored experiments on carbonate rock, designed to model fast near wellbore flow and slow
reservoir flows, were conducted by Izgec et al. [79]. It was observed that the decrease of porosity
and permeability induced by salt was less pronounced for low injection rate cases. Zitha et al. [64]
and Du et al. [65] also conducted the experiments on the influence of flow velocity and core
heterogeneity on foam flow media and carbon dioxide foam rheology in the Bentheim and Berea
sandstone cores. However, in situ visualization of flooding process is still rare. The in situ
identification of different phases and determination of their distributions in core flooding
experiments by the application of X-ray computed tomography (CT) are needed since they can

provide useful information for understanding the process of CO, flooding and future simulation.

The existing application of CT on in situ phase identification and saturation determination mainly
focused on two-phase systems, e.g., oil and water [60], oil and gas [18], and gas and water [79]. The
limited studies on phase identification in three-phase flooding either do not illustrate in situ
saturation measurements or conduct the experiments at low pressure condition to keep gas at low
density, which does not represent reservoir conditions. Vinegar et al. [25] discussed the mechanisms
of X-ray CT scanner, properties of the dopants, and three-phase flow study, but without detailed
analysis of the three-phase in situ saturations. Kantzas [34] and Chatzis et al. [40] applied X-ray CT to
study the physical properties of porous media and saturation profiles during two- and three-phase
flow in gravity-assisted displacement processes, with qualitatively visualizations of three-phase fluid
distributions. Lackner et al. [22] investigated X-ray energy levels for three-phase saturation
measurements and conducted three-phase experiments under low pressure, without analysis of
phase saturations. Sahni et al. [23] measured three-phase relative permeability during the gravity
drainage by using X-ray CT. In their study, three-phase in situ saturations were measured and only
brine was doped with sodium bromide (NaBr), due to the low pressure condition of experiments. At
the same time, there is almost no open discussion on the three-phase measurements in the chalk

core, especially on the low permeable chalks at reservoir conditions.
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This chapter consists of three major sections, in addition to the introduction and the conclusion. In
section 3.2, two experimental set-ups for flooding experiments both at low and middle pressure, and
at high pressure, will be described. Both flooding set-ups are designed for flooding with CT scanning.
In section 3.3 some trial experiments on in situ phase identification and saturation determination
will be introduced and discussed. In section 3.4, we present a method to quantitatively calculate the
in situ saturation of gas phase in the carbon dioxide flooding of the water flooded low permeable
chalk under deep reservoir conditions by using the X-ray CT and the applications of this method on

North Sea chalk with live oil are discussed.

3.2 Experimental equipments

3.2.1 The general overview of experimental setup

The whole experimental setup was designed and built by the author, aiming at the quantitative
measurement of in situ phase saturation with use of CT scanner and accurately recording the
produced fluids and differential pressure across the core dynamically. As shown in Figure 6, the
whole setup for high pressure experiments includes three-phase separator, differential pressure
transducer, back pressure regulator (BPR), gas meter and recording system. The carbon fiber
wrapped core holder, especially designed for high pressure and temperature experiments, is
wrapped by insulating foam to reduce the heat loss so that a high temperature can be easily kept.
The differential pressure transducer is VEGABAR® 17 pressure transmitter, which has maximum
range as 22 bar and maximum working pressure 860 bar at room temperature. The BPR can work
from room condition to harsh reservoir conditions (200 °C and 1000 bar). All equipments used for
measuring pressure have been calibrated by a standard pressure gauge, METTLE 26000 M, before
the start of experiments. The injection rate, injection pressure and differential pressure across the
core can be recorded by a PC. The amounts of produced gas and oil are manually recorded. Frequent
manual recording of the oil and gas production is necessary since the produced volumes are

relatively small.
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Diffferetianl pressure transducer

Figure 6 Core flooding setup with X-ray scanning

The experimental setup for high pressure experiments is shown schematically in Figure 7. The inlet
of the core holder is connected to an injection cylinder driven by an ISCO-pump. The outlet of the
core holder is connected to a three-phase separator through a BPR .The BPR is used toy keep the
core flooding at reservoir pressure and the separation of the produced fluids happens in the
separator at atmospheric pressure. The pump is used to inject various fluids at constant rate. To
protect the core at the reservoir conditions, aluminium or copper filters were used at both ends of

the core.
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Figure 7 Schematic of the experimental setup

The main difference between the experimental setup at low and middle pressure, and at high
pressure is that for experiments at low and middle pressure, the core aluminium core holder was
used instead of carbon fiber wrapped core holder. An aluminium core holder with a maximum
operation pressure of 100 bar can only work at the room temperature (Figure 8). The carbon fiber
wrapped core holder, with a maximum operation pressure of 1000 bar can work up to maximum
temperature of 150 °C (Figure 9 [24]). The core holder with aluminium body, which is wrapped with
carbon fiber composite, can sustain higher pressure and absorb less X-ray than an all aluminium core

holder. This kind of core holder is usually used for the experiments at high pressure and temperature.

Figure 8 Aluminium core holder
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Figure 9 Carbon fiber wrapped core holder

3.2.2 The fourth generation Siemens SOMATOM scanner

The CT scanner used in our study is a fourth generation Siemens SOMATOM scanner (Figure 10) with
1200 stationary detectors. The X-ray tube rotates around the object in a 360° circular path. As the
beam passes through the object, the lower energy photons are preferentially absorbed. The
attenuation coefficient is usually scaled and reported as a CT number. CT numbers are generally
presented in terms of an internationally standardized number scale subdivided into Hounsfield units
(HU). The scale is linear, with CT numbers for air and water defined as —1000 and 0 respectively. The
CT scanner has three different energy levels: 80 kV, 120 kV, and 137 kV, and a higher energy level
provides better resolution. The maximum CT number is 3071 at all energy levels. An individual CT
scan produces a digital 2-D image map of the X-ray attenuation in a tomographic slice through the
object, and the image information is stored in a 512 by 512 matrix. The lighter color on the image
indicates higher CT numbers. A series of 2-D images can be used to construct a 3-D image. All images

are analyzed by special graphical software FPImage’ (http://www.fpimage.com), Imagel’

(http://rsbweb.nih.gov/ii/) and in-house code developed by the author, using MATLAB'.
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Figure 10 Fourth generation of Siemens SOMATOM scanner

To identify the in situ saturations, dual energy levels, 80 kV and 120 kV, were chosen, with
composite factors (mA-s), 250 mA-s and 330 mA:-s respectively. These two composite factors are the
largest values which can be chosen in each energy level to reduce the beam hardening effects. For
single energy scanning, energy level 120 kV, was chosen, with composite factors 330 mA-s. At 137 kV,
the CT scanner cannot perform continuous scanning for more than 20 images due to the high
temperature of the tube, although the image quality can be improved a little compared with that at
120 kV. Our choice of the energy levels was based on the image quality as well as the tube life of X-

ray CT scanner.

3.3 Overview of flooding experiments

The overview of all experiments is provided in Table 2. There are nine low permeable chalk samples,
with permeability range 0.1~1.06 md, were chosen as candidates for tests. In section 3.4, four similar
core flooding experiments with core #1-5 at room temperature and different pressures are discussed
to investigate if different phases could be identified simultaneously in the low permeable chalk by
using dual energy scanning. The experimental pressures were set to be over the vapor pressure
(50.87 bar) of CO, at 15 °C [25], so that CO, was kept at liquid state during experiments. A new
method, to quantitatively calculate the in situ saturation of gas phase in the CO, flooding of the

water flooded low permeable chalk, is also proposed.
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Table 2 Overview of flooding experiments

Plug sample properties T,P cond.
Exp. . . .
Number Name Length | Diameter | Porosity | Kuater P T Fluids Remark
(mm) (mm) (%) (md) | (bar) | (°C)
Isopar-L CO, flooding
Exp.#1 | Core#1 | 4400 | 2570 | 3550 | 032 | es | 15 | Distilled | byusingdual
water, energy
CO, scanning
ctied | Tt
Exp. #2 Core #2 77.00 25.70 40.00 0.13 65 15 water performance
co, of dopants
Isopar-L CO, flooding
Exp.#3 | Core#3 | 37.90 | 25.80 2574 | 016 | 65 | 15 | Distiled | withsingle
water, energy
Co, scanning
Core#4 | 7400 | 3800 | 2440 | — | 100 | 15 |Mdecane | COflooding
Exp. #4 Distilled by using dual
Core#5 | 74.80 | 37.00 | 2674 | 023 | 100 | 15 | Water energy
CO, scanning
Core#6 | 3160 | 38.00 | 3298 | 1.31 | 385 | 115 | Lveoil | CO.flooding
Exp. #5 Distilled by using
Core#7 | 12020 | 37.00 29.87 | 049 | 385 | 115 | Water, | single energy
CO, scanning
Live oil CO, flooding
Exp.#6 | Core#8 | 7440 | 3750 | 2616 | 1.06 | 385 | 115 | Distiled | byusing
water, single energy
CO, scanning
Live oil CO, flooding
Distilled by using
Exp. #7 Core #9 149.70 37.30 33.35 0.73 385 | 115 .
water, single energy
CO, scanning

Then, in section 3.5, applications of the proposed method on North Sea chalk (core #6-9) with live oil

are discussed. The general procedures for various experiments and the physical fluids are discussed

in different chapters individually.

3.4 Trial experiments on in situ determination of phase saturations during

flooding experiments

3.4.1 Experimental procedure

The core holder was installed horizontally on the CT platform. In order to guarantee accurate image

positioning, the CT core holder was fixed during the flooding and only moved for scanning between
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different flooding. The injection rates for water flooding and CO, flooding were both 6 ml/h. The CT
images were taken every two millimeters along a core. Each scan takes 2.7 sec. All four experiments

share a similar general procedure:

1. Scandry core, CO, saturated core, doped oil saturated core, and doped water saturated core
with dual energy. If necessary, clean the core with toluene and ethanol before changing the
saturating fluid;

Flood the core with doped oil until S, is reached;

Flood the core with doped water until S, is reached;

Flood the core with CO, until no fluid is produced;

vk W

Clean and dry the core.

A dual energy scanning was taken at the end of each step. Comparison between the scanning data of
the dry core before and after the experiment is important for error estimation. During the flooding,
produced oil, water and gas were separated at atmospheric condition and their volumes were

recorded.

3.4.2 Fluids

The properties of fluids used in experiments without dopants are shown in Table 2 [25]. A light
mineral oil, Isopar-L and n-decane were used as oil phase respectively in the different experiments.
CO, is liquid at 65 bar and 100 bar. The density of CO, approaches to that of n-decane and Isopar-L
as pressure increases. Consequently, the CT number of oil in the core is close to the CT number of
CO, in the rock. To calculate saturations accurately, adding dopant to the oil phase increases
significantly the difference in CT number of pure fluids. The same method also works for water

phase, when its CT number close to that of oil and gas.

Table 3 Fluid properties at laboratory temperature 15 °C

Isopar-L n-Decane Water CO,
Pressure Density Viscosity Density Viscosity Density Viscosity Density Viscosity
(bar) (g/ml) (cp) (g/ml) (cp) (g/ml) (cp) (g/ml) (cp)
1.013 0.779 1.290 0.734 0.987 0.999 1.001 1.80E-3 0.015
65 - — 0.739 1.065 1.002 0.998 0.848 0.080
100 — — 0.742 1.108 1.004 0.996 0.890 0.089
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Usually, sodium iodide (Nal) or potassium iodide (KI) is used as water dopant, and iodododecane
(CH3(CH,)sCH,l) is added to the oil phase. In our experiments, sodium tungstate dihydrate
(Na,W0,:2H,0) is chosen as an alternative dopant in water phase, which had been applied in the
previous experiments with chalk cores [75]. The unit of the concentration of dopants applied in this

thesis is weight-based.

3.4.3 Experiment #1

Visualization of flow experiments with three mobile phases by dual-energy scanning was first
presented by Vinegar et al. [25]. By scanning the core materials in two different energies (90 kV and
140 kV), they showed that the equations for water and oil saturations are linearly independent. This
technique is known as the dual-energy technique for three-phase saturation measurements. In the
paper, they demonstrated the use of iodododecane (CH3(CH,)sCH,l) as dopant for oil phase in the
CO, flooding. Sahni et al. [12] measured three-phase relative permeability during the gravity
drainage by using X-ray CT. This work was conducted at low pressure condition, and the density
difference between oil and gas is significant. Consequently, difference between their CT numbers is
large enough to obtain accurate saturations, and only brine was doped with Sodium Bromide (Nal).
Akervoll et al. [75] was successful on performing history matching on water-alternated-gas (WAG)
experiment with in situ saturation measurements at reservoir conditions. In this work, Sodium
tungstate dihydrate and iodododecane were used to dope water and oil respectively. The
comparison of core properties and experimental conditions for above experiments from literature is

shown in Table 4.

Table 4 An overview of Experimental conditions for previous three-phase experiments

Rock Permeability | Porosity Temperature Doped Dopant
type (md) (%) Pressure fluids (weight%)
Vinegar et al. Berea 76 °C 40%
280 20 Soltrol
[25] sandstone 207 bar oftro lodododecane
[v)
Sahni et al. Berea Room . 10/’
79 13.4 temperature Brine Sodium
[12] sandstone .
& atm. Pressure bromide
Stock 25%
tank oil | lodododecane
Akervoll et al. | North Sea 100 °C 7%
892 26.8
[75] rock 300 bar . Sodium
Brine
tungstate
dihydrate
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In Table 4, the experiments conducted by Akervoll et al. [75] used the North Sea rock and had similar
experimental conditions to ours. However, the permeability of their core sample is much higher than
ours. Therefore, the aim of Exp. #1 is to test their methods in our low permeable chalk sample.
Sodium tungstate dihydrate and iodododecane were chosen as dopants for water and oil
respectively, with concentration as 7 wt% and 5 wt% separately. The solubility of Sodium tungstate

is 41g/100g H,0 at 0 °C [28], which indicates that the doped water is far from its saturated solution.

In the Exp. #1, all general procedure was followed. To detect the influence of experimental pressures
on the CT number of CO, saturated core, different pressures were applied when CO, was injected
into the core. The density of CO, varies with pressures at 15 °C, which indicates that the vapor

pressure is 50.87 bar (Figure 11 [25]).
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Figure 11 Effect of pressure on CO, density

In Figure 12 and Figure 13, the CT number does not vary significantly with pressures, which are
above vapor pressure. This probably indicates that the small variation of density has little influence
on the change of CT number. However, the CT number jumps considerably over the vapor pressure
due to the large density difference. The CT number of CO, saturated core at 70 bar is more
homogeneous than those at 60 bar and 65 bar, which probably suggests that enough time is needed

for liquefied CO,to becomes homogeneous along the core sample.
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Figure 13 CT number of CO, sat. core at 120 kV (core #1)

Figure 14 and Figure 15 show the CT number of various fluid saturated core from position 2 mm to

40 mm (the CT numbers at the very ends of the plug are omitted due to the noise created by the
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filters). Since the penetrating power of X-rays through the material increases with the potential
difference across the tube, the CT number at 80 kV is always higher than that at 120 kV from the
fluids used in our experiments. In the experiment with core #1, the core was saturated with CO,,
doped water and doped oil in sequence, and the corresponding CT numbers at two energy levels are
shown in Figure 14 and Figure 15. At both energy levels, the CT numbers from dry core and CO,
saturated core indicate that the core #1 is homogeneous chalk and CO, is well-distributed in the core.
However, the CT number from doped water saturated core and doped oil saturated core are non-
distinguishable around the inlet, and approach the upper limit of the CT scanner, 3071, which
indicate that doped fluids or dopants themselves probably have inhomogeneous distribution along
the sample. In the flooding experiments, 5-7 pore volumes were injected to guarantee that the
sample is fully saturated injected fluids. Therefore, the inhomogeneous distribution is probably

caused by the adsorption of the dopant from water phase in the core.
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Figure 14 CT number of various fluid saturated core at 80 kV (core #1)
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Figure 15 CT number of various fluid saturated core at 120 kV (core #1)

In Figure 16, CT number distribution of ROI (region of interest) at each position along doped water
saturated core is displayed in sequence. The image at top left is from position 2 mm (inlet) and the
one at bottom right from position 40 mm (outlet). The CT number is well distributed in the ROI at
different positions and approaches to the upper limit of CT scanner at the inlet, where most areas

are in dark red.
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Figure 16 CT number distribution along doped water saturated core at 80 kV (core #1)

After the core was fully saturated with doped oil, water flooding and gas flooding were performed
directly in sequence without creating S,,; (irreducible water saturation) conditions. The CT number of
water-oil saturated core and water-oil-gas saturated core are shown in Figure 17and Figure 18. As
the low density gas injected into the water-oil saturated core, the CT number decreased along the
core, which has been proved at both energy levels. However, the CT number from water-oil
saturated core and water-oil-gas saturated core at inlet positions are still close to each other, which

also indicate that the adsorption of dopants in the rock matrix has happened.

51



Chapter 3. Experiments on Carbon Dioxide Flooding with the Application of CT Scanning

3100
0--..‘.~
3000 L | \
_ 2900 ——
E a0 —
2 ~
5 .
2700
\.‘ ‘\”
2600 ‘"“T—-—-—H‘T—'—'--I-.._T
2500
0 5 10 15 20 25 30 35 40 45
Position (mm)
—+=W0 =—E=WOG
Figure 17 CT number of flooded core at 80 kV (core #1)
3100
2900
2700 |
T 2500
£
5 2300 —y
5 \1..'\._ T ———————.
w2100 \
1900 | e uaotgeuug
1700
1500

0 5 10 15 20 25 30 35 40 45

Position (mm)

—— WO —B=-W0G
Figure 18 CT number of flooded core at 120 kV (core #1)
During water flooding, dynamic scanning was taken at the position 40 mm every 20-30 min (Figure
19). As shown in Figure 19, the injected doped water reached the outlet after 60 min, around 0.51

PVI (pore volume injected). The CT number did not change after 200 min, around 2.28 PVI, which

indicates that the water saturation does not change anymore.
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Figure 19 CT number distribution at position 40 mm during water flooding, 80 kV (core #1)

The phase saturations calculated by using eqgs. (24)-(26) are shown in Figure 15. The average gas
saturation, 64.4%, is close to the value, 61%, calculated from mass balance. But the average water
and oil saturations are not in a reasonable range, exhibiting even negative values. The water

saturation at inlet is much higher than the rest of the core, which is probably due to the adsorption

of dopants at inlet positions.
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Figure 20 Three-phase saturation (core #1)

From the mass balance, the calculated oil saturation and water saturation are 21.2% and 17.8%

respectively and all production profiles are in Table 5.

Table 5 Production profiles (core #1)

Before water Water Co,
flooding flooding flooding
Qil volume (ml) 7.87 3.07 1.67
Water volume (ml) 0 4.8 1.4
Sw 0 0.69 0.18
So 1 0.31 0.21
Sg 0 0 0.61
Oil recovery 0 0.55 0.18

The core sample was cleaned and scanned after the whole set of experiment finished to confirm the
adsorption of dopant. As shown in the 3-D reconstruction image and direct scanning image (Figure
21), the CT numbers at the inlet of the dry core after the experiment are much higher than those
before the experiment and almost reach the upper limit of the CT scanner. This indicates that strong
adsorption of the dopant happened during the experiment, which ruins the results on three-phase

saturations, and neither properties nor the concentration of dopant is favorable for the experiment.
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Figure 21 Comparison of CT images from dry core before and after the experiment (core #1)

3.4.4 Experiment #2

In the Exp. #1, the adsorption of dopant in water phase (7 wt%) happened and spoiled the final
calculated saturation. Therefore, low concentrations of dopant, 1 wt% and 3 wt% Na,WO0,-2H,0,
were used to dope distilled water in the experiment with core #2. The CT number of CO,, Isopar-L
and water saturated core at 65 bar and 15 °C was also compared to investigate the necessity of

doping two phases at the same time.

Figure 22 and Figure 23 show the CT number of various fluids saturated core at both energy levels.
The CT number of Isopar-L and CO,are close to each other with average difference around 9, and
the average difference between the CT number of water and Isopar-L is less than 50. This indicates
that water and Isopar-L should be doped to identify three phases individually, and the three-phase
flooding can be considered as pseudo two-phase flooding with doped water phase and CO,-Isopar-L
phase. Water doped with 3 % NaWOQO, was considered as water phase in the flooding process, since it
has enough contrast to CO, and Isopar-L. However, the adsorption of dopant happened again, even
with low concentration, as shown in Figure 24. The CT number of pure water saturated core after
experiment has enhanced 100 more than that after experiment, especially at the inlet, where
significant increasing was observed. This result is similar to that obtained in the experiment with
core #1. Therefore, the Na,WQ, is not considered as choice of dopant for water phase in the later

experiments on low permeable chalks.
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3.4.5 Experiment #3

In Exp. #2, the idea of pseudo two-phase flooding has been proposed. Since Isopar-L and CO, have
similar CT number at 65 bar and 15 °C, the saturation of water phase can be accurately decided
under three-phase condition. In this experiment, Isopar-L was deliberately not doped to take
advantage of its similar CT numbers to the high pressure CO, at 65 bar and 15 °C. Since Isopar-Land
CO; can be treated as one pseudo phase in CT visualization, only the water saturation was measured
here and the other two saturations were not determined. Based on the suggestions from literature
[60] [12] [61] [30] and Reslab (now with Weatherford®) [31], KI (potassium iodide) was chosen as
dopant for water, due to its stability under various flooding conditions. At the same time, with the
comparison of water saturation before and after CO, flooding, it is possible to examine whether

dissolved CO, would mobilize water phase under S,,;.

Step 3 in the general procedure was deliberately skipped in this experiment to investigate if CO,can
mobilize the irreducible water and only single energy level 120 kV was used during Exp. #3. In Figure
25 and Figure 26, CT number of various fluid saturated core is plotted at both energy levels and it
can be seen that the CT number of CO,saturated core and Isopar-L saturated core are close to each

other, especially at 120 kV.
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Figure 26 CT number of various fluid saturated core at 120 kV (core #3)

The difference of CT numbers between CO,and Isopar-L induces at maximum  0.003 error in the
CO,/Isopar-L saturations calculated by using eq. (1.21). Figure 27 shows fluid saturations calculated
by using CT numbers at 120 kV, whose average value is in a good agreement with those calculated
from mass balance (Table 6). Compared with the water saturation before CO, flooding, the water
saturation at the end of the core has increased by around 0.03. Meanwhile, no water production
was observed during the CO, flooding. It seems that the water mobilized by the injected CO, is

captured at the end of the core by capillary pressure.
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Figure 27 Water saturation at two-phase and three-phase conditions (core #3)

Table 6 Production profile (core #3)

o::Iglrre]al At Swi floco?ifng
Qil volume(ml) 0 4.46 —
Water volume(ml) 5.14 0.68 —
Sw 1 0.13 —
So 0 0.87 —
Sg 0 0 —

Figure 28 shows the distribution of pixel CT numbers in the region of interest on the CT image (The
region of interest excludes bright circle area, which is characteristic of high CT number and induced
by the beam hardening effect.). Normally, the CT number of ROl is the average value from that of all
pixels in the region. The histograms from Exp. #1, Exp. #2 and Exp. #3 indicate that the CT number
distribution is very close to normal distribution, which is usual for a homogeneous sample. Both

software FPImage’ and Imagel” provided the same result.
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Figure 28 CT number distribution in the region of interest of dry core (core #3)

In Figure 29, by using the statistical data provided by the Imagel’, shown in Figure 28, the

reconstructed normal distribution fits the shape of CT number in the histogram. Correspondingly,

the CT number of ROl is the average value of the normal distribution and is representative of the

distribution of CT number from individual pixels. However, the CT number provided by the software

is not corrected in two situations.
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Figure 29 Normal distribution of CT number in the ROI

In Figure 30, both the reconstructed 3-D image and 2-D image at 120 kV indicate that there was high

density substance existing in core #3, which has higher CT number than surrounding area. These

substances are non-porous solid particles, which have no contribution to the flooding experiments
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and should be excluded for calculating the average values. Obviously, the average value and

standard deviation provided by the Imagef was influenced by these substances.

As indicated in Figure 25 and Figure 26, by using dopant, a decent contrast in CT numbers for
different fluids was obtained at 120 kV. However, at 80 kV, there is a danger that some CT numbers
will be beyond the upper limit of the CT scanner. In Figure 31, the 3-D image and 2-D image, fully
saturated with bright color, indicate that most CT number of the core #3 saturated with 5 % Kl doped
water at 80 kV is over the upper limit. Imagel® does not account for that effect and thus provide
erroneous average CT numbers (as shown in the histogram). This error should be partly responsible

for the inaccuracy in the three-phase saturation obtained by using dual energy scanning with core #1.
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Figure 30 limitations of Image]w (1) Inhomogeneity of the core (core #3)
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Figure 31 limitations of ImageJ® (2) Upper limit of CT scanner (core #3)

To obtain the correct CT numbers, an optimization method, the nonlinear Huber estimation, was
used. Comparing with the Levenberg - Marquardt (LM) method, a damped Newton type’s method
with the least square estimator [32][33], the nonlinear Huber estimation (NHE) is a combination of
the least square estimator and L;-estimator, and this application offers the capability of faster
convergence for NHE than LM. This kind of method can be Gauss-Newton model with a trust region
approach, or LM like method [34]. In NHE’s method, the application of the threshold y is introduced
to distinguish the magnitudes of residuals and further confine the influence of wild points in fitted

data.
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Figure 32 Comparison of LM and NHE

In Figure 32, comparison of the LM method (green line) and the NHE method (red line) on
controlling the influence of wild points in fitted data is shown. By tuning the parameters in the
numerical model M, its results should fit the experimental data T (details about the model available
in the report by Ben et al. [35]). When the experimental data become wilder, results from LM are
influenced more seriously and cannot represent the trend of most data. However, NHE has much
better performance than LM in avoiding wild data. Therefore, NHE is considered as our main method

applied in processing data.

Figure 33 and Figure 34 show the application of nonlinear Huber estimation. The differences
between the average CT numbers from Image)’ and from our method are 25 and 101 for two cases
respectively. Considering the fact that average difference between the CT number of water phase
and CO,-Isopar-L phase is around 250 and 300 at 120 kV and 80 kV respectively, therefore, the errors
induced by the limitations of CT scanner could affect the results calculated by data directly from

Imagel’ significantly.
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Figure 35 compares the water saturation determined using data at 80 kV and 120 kV. It can be seen

that if the 80 kV data were not corrected using our method, a significant deviation could be resulted.
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Therefore, re-estimation of the average CT number using the nonlinear Huber estimation is

necessary when there are a lot of data points beyond the upper limit of the CT scanner.
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Figure 35 Comparison of water saturation (core #3)

3.4.6 Experiment #4

35

40

In Exp. #4, a complete set of experiment following the general procedures with dual energies

scanning was performed. The obtained CT numbers were corrected using the method described in

section.

To perform the dual energy scanning under high pressure, core #4 was initially used to determine

the necessary concentration of dopant (iodododecane) in oil phase to distinguish it from CO,. Then,

dual energy scanning experiment following general procedures was conducted on core #5 to identify

three phases. The back pressure was set to 100 bar where full miscibility between oil and gas can be

achieved.

Figure 36 and Figure 37 indicate that 5% iododdecane could provide enough contrast between

decane and CO, at experimental conditions.
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Figure 37 CT number of various fluid saturated core at 120 kV (core #4)

Therefore, 5% iodododecane and 3% K| were used to dope decane and water respectively. CT
number of the core plug saturated by various fluids at both energy levels was plotted in Figure 38
and Figure 39. These data indicate that the core was well-saturated by various fluids and a decent
contrast between them is obtained. In Figure 40 and Figure 41, the dynamic scanning of gas flooding

is shown. The CT number decreases with time, which reveals that gas is invading into the core. The
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CT number of gas flooding after 1 hour and S,, condition cannot be distinguished from each other,

because the time is needed for building up the pressure gradient along the core.
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CT number

CT number

By using egs. (24)-(26), (30) and (31), the three-phase saturation from position 2 mm to 70 mm is
calculated, plotted and analyzed in Figure 42 and Table 7. For the results at 80 kV, to account for

pixels with CT numbers higher than the upper limit of the CT scanner, the Huber estimation was
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Figure 40 Dynamic scanning in gas flooding at 80 kV (core #5)
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Figure 41 Dynamic scanning in gas flooding at 120 kV (core #5)

used to get the correct average CT numbers.
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Table 7 Three-phase saturation and error estimation for experiment with core #5
P?r:::;n Oil sat. Gas sat. Water sat. det(A) md%ﬂ 56":%;1 0(6;;’1
2 -0.120 0.704 -0.044 -0.026 -0.050 0.008 -0.120
6 -0.175 1.580 -0.058 -0.018 -0.062 0.012 -0.175
10 -0.116 0.363 -0.091 -0.010 -0.036 0.005 -0.116
14 -0.376 -0.789 -0.073 -0.003 -0.099 0.028 -0.376
18 -0.047 1.127 -0.096 -0.011 -0.042 0.002 -0.047
22 -0.196 -0.588 -0.111 -0.004 -0.076 0.013 -0.196
26 -0.228 1.732 -0.096 -0.005 -0.125 0.024 -0.228
30 -0.292 0.178 -0.058 -0.004 -0.107 0.025 -0.292
34 0.046 1.134 -0.027 -0.012 -0.033 -0.002 0.046
42 -0.367 2.413 -0.067 0.008 -0.127 0.032 -0.367
46 -0.186 0.289 -0.052 -0.001 -0.058 0.009 -0.186
50 0.036 0.920 -0.092 -0.007 -0.037 -0.002 0.036
54 0.155 0.772 -0.125 -0.012 -0.038 -0.009 0.155
58 -0.131 0.805 -0.083 0.009 -0.096 0.010 -0.131
62 0.137 0.743 -0.136 -0.001 -0.052 -0.008 0.137
66 -0.038 0.108 -0.085 0.011 -0.115 0.004 -0.038
70 0.764 1.407 -0.085 -0.042 0.011 -0.102 0.764

In Figure 42 and Table 7, the calculated saturations are clearly unsatisfactory since some values are
out of the range [0, 1]. The large error can be explained by the determinant of matrix A in eq. (31).
The system of equations is well-conditioned if the determinant is far from zero. This can be easily

achieved in two-phase scanning where CT,, is much smaller than CT,,. Furthermore, the scanning is
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often performed at the high energy level, 120 kV, where the CT number can be more accurately
measured and the upper limit of the CT scanner is not a problem. For three-phase scanning,
however, the determinant becomes far from zero if a;, and a,, in matrix A are largely different from
each other. Although CT;; and CTi, (i=o, w, g) are strongly different at two energy levels, the
differences between a;; and a,; are not that large, especially for liquefied CO,. As shown in Table 7,
det(A) approaches to zero, which indicates that eq. (31) is ill-conditioned. In addition, the CT
numbers obtained at 80 kV have larger errors compared to those at 120 kV due to the upper limit of
the CT scanner as explained in the experiment with core #3 and the poorer image quality at lower

energy scanning. This further affects the determination of three-phase saturations.

By differentiating eq. (24) with respect to CTy, CTor, and CTgy, similar to eq. (30), the sensitivity of
S, to the individual CT numbers can be calculated (Table 7). It is clear that S,is most sensitive to the
change of CT,4, e.g., if 6C'T,,1=1, the maximum absolute change on the S, can be as large as 0.127.

The error estimation reveals the reasons for inaccurate three-phase saturations.

As mentioned in the Chapter 2, Vinegar and Wellington suggested selecting a K.qge dopant for
determining three-phase saturations [25]. CT scanning just above the K.qe. €nergy will see a sudden
increase in the attenuation coefficient. Therefore, if two dopants are used and one of the dopants
has Ke.qge between the two scanning energy levels, it is possible to make (CT,-CTy,), Or a1, and a,,
have opposite signs at two energy levels. And if the absolute values of a;, and a,; are not too close to
zero, A will become well-conditioned. In the possible dopants with K.4.e between our energy levels
120 kV and 80 kV[25], as shown in Table 1, most of them are compounds containing heavy elements,
such as lead nitrate (Pb(NO3),) and thallium fluoride (TIF). Those dopants are rarely used in core
analysis perhaps due to their toxicity. And one also should be aware of the potential adsorption

problem if a new dopant is used.

To investigate the possibility of applying Keqg. of specific dopants under dual energy levels of our CT
scanner, 80 kV and 120 kV, two dopants, lead disodium ethylene-diaminetetraacetate (PbEDTA) and
lead nitrate (Pb(NO3),), were chosen. The K4 for these two salts is 88 kV, according to Table
1(Chapter 2). Since there is no PbEDTA available in the market, it was made by using Pb(NOs), and
Disodium edetate (Na,EDTA),

PW(NOs)s + NayEDTA —s PbEDTA + 2NaNOs
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In Figure 43 to 45, the CT images of pure water, 1% PbEDTA doped water and 6% (Pb(NO),) doped
water under two energy levels are shown. The difference of pure water under two energy levels is
10.8. For PbEDTA and (Pb(NO3),) doped water, the differences are 31 and 122 respectively.
Therefore, the added dopants increase the difference of doped fluids, which indicates that Keqge does
not work in our case. Based on the available reference in the medical CT scanning and applied
physics [36][37][38], the possible reason for this failure is the intensity and spectra of X-ray at
different energy levels. As shown in Figure 5, X-ray beams from a medical CT scanner are
polychromatic with a moderately broad energy spectrum. Therefore, at 120 kV, the spectrum of X-
ray probably covers the K4, and results in no sudden increase in CT number as expected. In the
successful applications, the narrow spectrum of X-ray produced at different energy levels should be
close to Kegge to get enough contrast [36]. This can be realized either by using photons from single
energy bin [37] or by selecting photon energy and controlling energy width from polychromatic X-
rays to perform monochromatic energy discriminating radiography [38]. Compared with the
application of above two methods in medical diagnosis, it is more difficult to use them in core
flooding experiments, because outside the core material, there are rubber sleeve, surrounding water
or gas, and core holder, all of which could attenuate passed X-ray and affect the quality of

reconstructed images.

(1) 80 kv (2) 120 kv

Figure 43 CT number of pure water
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(1) 80 kv (2) 120 kv

Figure 44 CT number of 1 weight% PbEDTA

(1) 80 kv (2) 120 kv

Figure 45 CT number of 6 weight% Pb(NOs),

During water flooding, production data were recorded every hour (Figure 46). The oil production
stopped soon after water breakthrough. In Figure 47, the cumulative production profiles of gas
flooding are plotted. There was no oil production until gas breakthrough, which started after 0.45
PVI. The oil production reached the peak after 1.4 PVI. In Table 8, the oil recovery information is
listed. The oil recovery of water flooding is around 28% and that of gas flooding is 38%, which
indicates that gas flooding is an effective method in getting more oil from water flooded reservoir.
Compared with oil recovery from Exp. #1, the total oil recovery by water flooding and gas flooding
are similar in these two experiments, around 70%, although water flooding could recover more oil in

Exp. #1.

72



Chapter 3. Experiments on Carbon Dioxide Flooding with the Application of CT Scanning

20

18

16 //
14 /|

15 P, O / =

Volume {cc)

8 7~
‘ o e
a ’/ Pl
2 7-/ /
0 " g <
o] 50 100 150 200 250 300 350

Time {mins)

——Water —ll=—Qil

Figure 46 Cumulative production profiles for water flooding (core #5)

20
18 /li
16
< 14
) j% |
g 10
E 8 '/
)
> 6 == 4
4
2
0
0 200 400 600 800 1000 1200
Time (mins)

=4¢—0il =—ll—Water =—Gas

Figure 47 Cumulative production profiles for gas flooding (core #5)

Table 8 Oil recovery (core #5)

Initial Water Gas
condition flooding flooding
Sw 0.308 0.502 0.253
So 0.693 0.499 0.236
Se 0 0 0.512
oil — 28% 37%
Recovery
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3.4.7 New experimental method

Based on the previous literature and our trial experiments, the application of CT in the saturation
determination in a core with three fluid phases were conducted in three different ways: (1) keep one
of the fluid phase immobile, and determine the saturation of the other two phases using single
energy scanning; (2) determine the three-phase saturations using dual energy scanning and all three
phases can be mobile, and (3) match the CT numbers of two fluid phases and treat them as a single

phase.

Coles et al. [39] employed the first method by maintaining S, (irreducible water saturation) constant
and immobile within a Berea core and flooding with oil and gas in sequence, and further calculated
their in situ saturation. Yu et al. [26] applied the same strategy in the high temperature and pressure
experiments with live oil and saline water. They also kept S,; constant and performed two complete
gas and oil injection cycles to investigate the relative permeability hysteresis in gas injection process.
However, this method is not suitable for CO, flooding in the water flooded cores, where three

phases are mobile.

Visualization of flow experiments with three mobile phases by dual-energy scanning was first
presented by Vinegar and Wellington [25]. The introduction of this method has been stated in
section 3.1. There are two main disadvantages of dual energy scanning: (1) the choice of dopant and
its adsorption on the core, and (2) the high concentration of dopants in the doped phase. In our
previous trial experiments with core #1, the same dopants as those in the experiment of Akervoll et
al. [75] have been tested. The adsorption of dopants used for water phase has been observed in the
rock, as shown in Figure 21. Compared with the images before experiment, areas with high CT
number at the inlet on the images after experiment indicated that the sodium tungstate has been
adsorbed. In the Exp. #3 and Exp. #4, Potassium iodide (KI), a kind of stable dopant, was chosen for
water phase. However, the results were not satisfied due to the linear increase of CT number under
different energy levels, as shown in the Exp. #4. As indicated in Table 4, the concentration of
dopants in the reservoir conditions are usually higher than those in low pressure and temperature
experiments to obtain enough contrast between different phases, due to the close CT numbers
between various phases [25]. On the other hand, high concentration of dopant could change the
physical properties of the oil phase significantly, including its density, bubble point and minimum
miscible pressure (MMP). As the concentrations of dopants increases, the beam hardening effect
also become more and more profound, which could further affect the image quality [34].

Furthermore, because the CT number of materials under low energy level is higher than that at high
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energy levels, the high concentration of dopants may give CT numbers higher than the upper limit of
the CT scanner during the low energy level scanning and thus induce errors in the saturation
calculation, as indicated in the Exp. #1 and Exp. #3. Therefore, the dual energy scanning requires that
the type of dopants and their concentration levels must be carefully selected for given fluid systems
and rock types [41]. It is not always possible to obtain maximum sensitivity for all concentration

ranges for a given system, such as the low permeable chalk at reservoir conditions.

The third method has been adopted by Siddiqui et al. [42] and Al-wadah et al. [43] to verify the
Buckley-Leverett three-phase theory and investigated three-phase counter-current flow respectively.
In their work, water doped with sodium iodide, decane doped with iodododecane and benzyl alcohol
were used as three immiscible phases. By changing the concentration of dopants, any two of three
phases could have similar CT numbers and be treated as one phase in the flooding experiment on
the glass bead packs with very high permeability. There is no literature about the use of this idea on

real reservoir fluids in reservoir conditions.

In Exp. #3, Isopar-L and CO, were found to have similar CT number at 65 bar and 15 °C, Therefore,
they were treated as one pseudo phase in CT visualization, and only water saturation was
determined to investigate if CO, can mobilize the irreducible water. Although, this method could
only identify the most desired phase in the three-phase flow experiments, it has no special
constraints on the application of dopants and its high concentrations in any desired system, and the
abundant experience on two-phase flow experiment with the use of X-ray CT can also be used for
reference. The results from measuring CT number of PbEDTA and Pb(NO;), show the limits of

current medical CT scanner and the complexity of application of K4 in practice.

As indicated from the previous studies, because the limits of dual energy scanning techniques
applied in the low permeable chalk and the gas phase is our most interesting phase during the
tertiary CO, flooding, a new experimental method has been proposed as follows: After water
flooding, the water phase without dopant is replaced by the doped water which could have similar
CT number as the doped oil. Therefore, in tertiary CO, flooding, water phase and oil phase can be
treated as non-gas phase, and only single energy scan is needed to quantitatively identify the in situ
saturation of CO,. In section 3.5, the application of this method with live oil at reservoir condition is

discussed in details.
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3.5 Flooding experiments on North Sea chalk with live oil under CT scanning

Exp. #5-7 were conducted at reservoir conditions to measure in situ CO, saturation quantitatively
during the CO, flooding. Section 3.5.1 presents the general procedures for these three experiments,
and variations in the detailed steps for each experiment are introduced in the subsequent

subsections.

3.5.1 Experimental procedure

As a preparation for the flooding experiment, short chalk core (core #6), which has similar properties
to those of cores #7, #8 and #9, was selected in Exp. #5 to tune the dopants concentrations in the
distilled water and doped oil. On the one hand, the dopants concentrations should be high enough
to provide enough contrast in CT numbers; on the other hand, their concentrations should be kept

as low as possible so as not to change phase properties and phase equilibrium too much.

All the water injection and tertiary gas flooding experiments were carried out in restored chalk core
from a Danish North Sea reservoir at the reservoir temperature 115°C and a pressure (385 bar)
higher than the bubble point pressure, where the calculations showed that the system is fully
multicontact miscible with CO,. The long core (core #7, core #8 and core #9) used in the flooding
experiment were aged for three weeks in the live oil and water at reservoir temperature and

pressure to obtain realistic wetting conditions.

The experimental procedure is as follows, where the short core trial experiment only followed step 1

and the long core experiments followed all the steps:

1. Scan dry core, CO, saturated core, doped oil saturated core, and pure water saturated core at
a single energy level. If necessary, clean the core with toluene and ethanol before changing
the saturating fluid;

Flood the core with doped oil until S, is reached,;

Age the core for three weeks to restore the reservoir conditions;

Flood the core with pure water until S,, is reached;

Flood the core with doped water to replace the pure water;

Flood the core with CO, until no fluid is produced;

N oo bk~ w N

Clean and dry the core.
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In addition to the scan in step 1, CT scan was taken at the end of each step. All the scans uses single
energy level 120 kV and a composite factor of 330 mA:-s. During the flooding produced oil, water and

gas were separated at atmospheric condition and their volumes were recorded.

In the tertiary CO, flooding, where water and oil were doped to the same CT number and treated as

a pseudo single phase, the CO, saturation is given by

CTLL‘()QT’ - CTLL‘()I'

32
CTgr - CTu'or' ( )

Sy =
In eq. (32), Sgis expressed in terms of the measured CT numbers of various fluid saturated cores.
Subscripts o, w, g and r represent oil, water, gas and rock respectively. Their combinations, wor and

wogr represent the existence of the corresponding phases in the core.

3.5.2 Fluids

The recombination GOR of live oil was 216.8 sm®/sm?®and the oil formation volume factor is 1.63
rm>/sm>. The bubble point of the live oil is around 360 bar. The density and viscosity of fluids before
adding dopant at reservoir conditions are listed in Table 9. No asphaltene were observed in the
swelling test. The live oil was doped with iodododecane. The distilled water was used instead of
synthetic water for the sake of simplicity and the focus on phase identification. The application of
distilled water could increase the solubility of CO, and further the dissolution of calcite, since less
ions appears in the water phase comparing with the case of synthetic water. The distilled water was

doped with KI. The unit of the concentration of dopants is weight-based.

Table 9 Fluid properties at experimental conditions

Live oil | Distilled water | CO,
Density (g/ml) | 0.633 0.966 0.708
Viscosity(cp) 0.251 0.253 0.061

3.5.3 Experiment #5

Short core #6 was initially used to tune the concentration of dopant in live oil and water, with
injection rate at 6 ml/h. This injection rate was chosen based on the mechanical properties of core
sample and the conditions of experiments. Since doping live oil needs high pressure operations and

tuning the dopant concentration until the live oil reaches a desired CT number can be time
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consuming. An effective way to avoid the high pressure trial-and-error is to use dead oil instead to
get information about how the CT number will change with the dopant concentration. After that,
doping the live oil can be completed just for once. The CT number of doped oil saturated core was in
Figure 48. The doped oil with 0%, 5% and 10% iodododecane flooded the core in sequence. The
difference of CT number between CO, and 10% doped dead oil is more than 250, which is considered
to be enough for the calculation of in situ saturations. Consequently, 10% iodododecane is chosen to

dope the live oil phase.
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Figure 48 CT number along core #6 saturated with the doped oil

The difference between the CT number of the core saturated by the doped live oil and CO, is 200. To
tune the concentration of Kl in the water and match the CT number of doped live oil, 0%, 2% and
2.5% Kl doped water have been injected into the core in sequence, and the CT numbers are shown in
Figure 49. By assuming a linear dependence of the CT number on the concentration of dopant in the
fluid, the optimum concentration of Kl, 3.04%, was chosen, as shown in Figure 49. The selected
concentrations of dopants provide enough contrast to get accurate average saturations on a
scanning slice. However, it should be noted that, to calculate the saturation accurately for each pixel,
a larger contrast in CT number is needed. Oshita et al. [60] and Oseto et al. [61] have 15% Nal
(sodium iodide) in their CT scanning. For such a high concentration of the dopant in water, the
concentration of iodododecane in live oil will reach about 40% in tertiary CO, flooding, which
willchange the live oil properties significantly (With our oil sample, the added 10% iodododecane

could decrease bubble from 360 bar to 340 bar). Therefore, the low concentrations of dopants, 10%
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iodododecane and 3.04% Kl for live oil and water respectively, are preferred

properties of fluids in our experiment.
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Figure 49 CT number along core #6 saturated with doped water

30

Then, core #7 was used to perform the complete set of the water injection and tertiary gas flooding

experiment with 6 ml/h for both water flooding and gas flooding. Before putting the core into the

core holder, small fractures were observed at the outlet, as indicated in Figure 50. In the first step of

general procedures, the dead oil was used to flood the core to replace the CO, and then doped live

oil was injected, which could reduce the amount of doped live oil used to saturate the core. 10%

iodododecane and 3.04% Kl were chosen for live oil and water respectively. In Figure 51, the CT

number of various fluids saturated core is plotted. There is a high density area close to the inlet of

core.
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Figure 50 Photo of core #7 before experiment
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Figure 51 CT number of various fluids saturated core (core #7)

The production profiles of water flooding are plotted in Figure 52. The water breakthrough happens
at 0.4 PVI. Based on the data from mass balance, the oil recovery for water flooding is 23.4%. After
water flooding, the leakage of sleeve rubber was detected and the experiment had to be stopped.
The broken sleeve was shown in Figure 53, which could probably be induced by high temperature

and pressure and CO, diffusion. The whole period of experiment with core #7 took around 1.5 month,
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during which high temperature and pressure could soften and furthermore, outside water could
penetrate the rubber sleeve (a hole was found in the red circle area.). By consulting specialists from

Weatherford’, special rubber was used in the later experiments.

80
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Figure 52 Production profiles of water flooding (core #7)

Figure 53 Broken rubber sleeve (core #7)

3.5.4 Experiment #6

In Exp. #6, core #8 was used to perform the complete set of the water injection and tertiary gas
flooding experiment, with injection 2 ml/h and 4 ml/h respectively. The distribution of porosity in
each cross section image is displayed every 4 mm along the core in Figure 54. The number on each

image represents its position along the core. In the region of interest (white circle), there is a high

81



Chapter 3. Experiments on Carbon Dioxide Flooding with the Application of CT Scanning

porosity channel starting at 34 mm from the inlet. To analyze quantitatively the water propagates in
the core, the CT data is converted into saturation profiles by using eq. (16). The saturation
distribution in the sample at different times for water injection is shown in Figure 55. In the
saturation profiles corresponding 2 hours, 4 hours and 6 hours, an oil bank built up ahead of water
front can be seen. This phenomenon probably was induced by the inhomogeneous distribution of oil
and water in the core. The inconsistency of injection rate is probably another reason, because in
step 2 of the general procedures, 6 ml/h was used to inject oil into the core to create S,;condition,

and however, lower injection rate, 2 ml/h was used for water flooding.

o 005 01 015 02 025 03 035 04 0.45 05

Figure 54 Distribution of porosities along the core (core #8)
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Figure 55 Distribution of water saturation in the core at different times (core #8)

During water flooding, the production data was recorded every 30 minutes. The production profiles
and the differential pressures along the core are plotted in Figure 56. In total 3.4 pore volumes was
injected until no oil production can be observed. The water breakthrough happened after 0.5 PVI
(pore volumes injected), and little oil was recovered after the breakthrough. The changing of
differential pressure also clearly indicates that the flow becomes stable after water breakthrough.
The data about the oil recovery in water flooding will be discussed together with those in CO,

flooding later.
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Figure 56 Production profiles for water flooding (core #8)

The CO, saturation profiles converted from CT data using eq. (32) is presented in Figure 57. The
whole injection period lasted for 2 days, and more than 4 PVI has been injected until no fluid
produced. The strong water end effect can clearly be observed, the difference between lowest and
highest saturation reaches to 50%. The variation of CT number at different times along the core is
demonstrated in Figure 58. The invasion of gas in the sample core is uniform at positions x= 2mm
and x= 20mm. However, at the position x=38mm and x=56 mm, the injected gas invades the large
porosity area first, as shown in the region of interest (white circle). The high porosity channel might
cause early gas breakthrough. The quantitative measurement of in situ gas saturation is the main
aim of our experiments, the results from the CT scanning will be compared with those from

productions.
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Figure 57 Distribution of CO, saturation in the core at different times (core #8)

In gas flooding, the production data was recorded every 15 minutes. The production profiles and the
differential pressures along the core are plotted in Figure 59. During the CO, injection, there was no
oil produced until 0.48 PVI. The oil production lasted for a short period, which indicated that the oil
bank was formed in tertiary CO, flooding and produced quickly after gas breakthrough. 0.88 PVI
injected gas is enough for producing mobilized oil. The oil recovery information compared with data
derived from CT scanning is shown in Table 10. The oil recovery from water flooding is more than
80%, which proves that water flooding is an effective recovery method for the particular chalk
reservoir. The oil recovery from the CO, tertiary flooding reaches 13.4%, which indicate that most of

oil in the core has been recovered by injecting water and gas.
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All the dead volumes in the equipment were carefully measured and included in all the mass balance
calculations. The average saturations from mass balance and CT scanning agree each other well and
the absolute difference between them ranges from 0.8% - 4.3%. Besides the influence from dead
volume, there are two more possible reasons for these errors. Firstly, the injected CO, could dissolve
in the water and live oil, and the calculated CO, saturation from CT data is not the saturation of free
CO,, but as the weight of CO,in the pore volume. Saturation from mass balance mainly represents
the pore volume occupied by free CO,. As a result, CO, saturation from CT scanning could be smaller
than that obtained by mass balance. Secondly, although more than 5 PV of the doped water has
been injected to replace the pure water after water flooding, 100% replacement may have not been
realized which could lead to the fact that CO, saturation from CT scanning could be larger than that

obtained by mass balance.

Table 10 Comparison of data from mass balance and CT scanning

Swi Sor | Final S; | EOR,, | EOR,
(%) | (%) (%) (%) | (%)

Mass balance | 35.7 | 10.4 57.2 83.7 | 134
CT scanning 38.8 | 9.6 61.5 843 | 13.4

The core before and after the experiment are compared in Figure 60. A lateral fracture was created
close to the outlet. During the experiment, the influence of lateral fracture could be negligible, since
it is perpendicular to the flooding direction, the differential pressure across the core could keep the

core as whole and there is no clear fracture can be observed, as indicated in Figure 58.

(1) Before the experiment
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(2) After the experiment
Figure 60 Comparison of the core #8 before and after the experiment (core #8)

3.5.5 Experiment #7

To further improve and validate our proposed method, Exp. #7 with core #9 was used to perform the
complete set of the water injection and tertiary gas flooding experiment, with injection 3 ml/h and
3.6 ml/h respectively. To tune the concentration of dopants in the distilled water and live oil and to
determine the CT numbers of pure fluids under the reservoir conditions, an artificial core plug made
of PTFE glass fabrics was used, which has an outer diameter of 38 mm and a length of 60 mm, as in
Figure 61. A hole was drilled in the centre along the core plug. Three different inner diameters (10,
15 and 20 mm) were deliberately used to evaluate the influence of the Teflon thickness on the CT
number of high pressure fluids. During the measurement of CT number of different fluids, the core
holder was vertically placed and fluids were injected in sequence based on their density to

guarantee the fully displacement of each other.

88



Chapter 3. Experiments on Carbon Dioxide Flooding with the Application of CT Scanning

Figure 61 The cross section image of artificial core along the length direction

The CT numbers of pure CO,, pure water, doped oil and doped water at the experimental conditions
were measured as -270, 45, 473 and 476, respectively. The concentrations of dopants in live oil and
water were 14 wt% and 3 wt%, respectively. Compared with Exp. #8, which takes several weeks to
tune the concentration of dopants with real chalk core, the use of artificial core could shorten this

period to several days and improve the accuracy of results.

The average S, is 35% before water flooding. The production profiles for water flooding and CO,
flooding are plotted in Figure 62 and Figure 63 respectively. In water flooding, 1.4 pore volume was
injected until no oil production can be observed. The water breakthrough happened after 0.35 PVI
(pore volume injected), and little oil was recovered after the breakthrough. The average S, is 43.2%
after water flooding. During the CO, injection, the oil production started immediately after CO,
breakthrough. The oil production was fast in the beginning and most mobilized oil was produced at
0.72 PVI. After that, only several data point has been recorded, therefore, the oil production curve

has a sharp change.
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The CO, saturation converted from CT data using eq. (32) is presented in Figure 64, which
guantitatively describes the dynamical propagation of CO, in the core Table 11 provides the
saturations after the water flooding and after the CO, flooding obtained from mass balance and
from CT scanning. The oil recovery factors after the water flooding and the CO, flooding are 33.5%
and 77.7%, respectively, showing that CO, flooding is an effective recovery method for the particular

chalk reservoir and most of oil in the core has been recovered by injecting water and CO,.

In Exp. #6 and Exp. #7, core#8 and core#9 origin from two different formations in the North Sea
section. As shown in Table 10, Water flooding in Exp. #6 gives very high recovery, while that in Exp.
#7 gives just moderate recovery (in Table 11). This indicates that two formations have different
responses to water flooding, although their permeability and porosity are similar. CO, flooding into
the water flooded cores has produced a lot of additional oils in both cases. This shows that the
potential of tertiary CO, flooding to extract the remaining oils after water flooding, especially for

formations where water flooding is not very efficient.
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Figure 64 Distribution of CO, saturation in the core at different times (core #9)

In Figure 57 and Figure 64, the end effect has different influence on the distribution of CO,
saturation in core#8 and core#9 respectively. More liquid phase has been capatured at the end of
the core#8 than in the core#9, due to the fact that the length of core#8 is smaller and it is more

water-wet than core#9.
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Table 11 Comparison of data from mass balance and CT scanning (core #9)

Initial S, | Water flooding S, | Gas flooding S; | RFy, | RFg

(%) (%) (%) (%) | (%)

Mass balance 65.0 43.2 57.5 33,5 | 77.7
CT scanning 66.5 - 61.4 - -

All the dead volumes in the equipment were carefully measured and included in all the mass balance
calculations. The average saturations from mass balance and CT scanning agree each other well and
the absolute difference between them ranges from 1.5% - 3.9% (Table 11). Similar as in Exp. #7,
besides the influence from dead volume, the dissolution of CO, in water and the incomplete
replacement of the pure water by the doped water after water flooding, are main reasons for the

errors in the CO, saturation.
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Chapter 4. Geochemical Transport in Porous Media for CO, Injection

into Aquifers and CO, EOR Process

4.1 Introduction

Geochemical transport in porous media is determined by various processes of physical and chemical
types, such as advection and dispersion of fluids, geochemical reactions between ions and rock
matrix, redox processes and biochemical process with bacteria, etc. It has always been an important
topic in the groundwater study, due to its various applications, as ore body deposition [1], heavy
metal migration [2], interaction between ground water, contamination of aquifer [3] and surface
water [4] and water quality monitoring network [5]. At the same time, geochemical reactive
transport is also a common topic in petroleum engineering. Alkaline flooding[6], acidizing wells [7]
and non-equilibrium seawater injection [8] etc. are typical reactive transport processes among

enhanced oil recovery (EOR) methods.

Recently, to reduce the excessive greenhouse gas in the atmosphere, especially CO,, which is
considered as the major contributor to global warming, sequestration of CO, from large industrial
sources, such as natural gas processing and power stations [9], has become a key research area. The
sequestration of CO, means that the disposal of CO,in the places, which have sufficient capacity and
are isolated from atmosphere, such as deep ocean [10] and geological formations [11]. The former
option might temporarily store CO, with high environmental risks linked to sudden release of CO,
and also represents a technological challenge [12]. The latter option include various situations, e.g.
coal beds, in which CO, will be adsorbed on the surfaces of coal particles and replace the adsorbed
CH,, oil and gas reservoir, where the injected CO, can enhance the recovery of hydrocarbons, or
deep saline aquifers. A comprehensive literature review has been given by Orr [13] on storage of
carbon dioxide in geologic formations, which includes both theoretical description of mechanisms

and comparison of field cases.

In practice, geological storage of CO, in oil reservoirs and aquifers are considered as most efficient
and feasible ways. The former is easier to implement thanks to the plentiful experience accumulated
in the oil industry. The process also provides additional benefit by enhancing the oil recovery. The
world’s largest CO, EOR is carried out in Permian basin, USA, with the first project started in 1972.
There are more than 23 mtCO,/yr delivered to more than 50 active projects in the basin, and at the
same time, more than 145,000 bpd of incremental oil produced [2]. However the oil and gas

reservoir are not uniformly distributed geographically, and anthropogenic CO,is generated in many
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locations that are not close to potential storage sites in oil reservoirs [13]. Therefore, the widely
distributed deep saline aquifers with huge storage capacity are also considered as ideal candidates.
The reservoir simulators for CO, flooding and the geothermal simulators for CO, sequestration
usually have different focuses. The former focuses on three-phase flow and phase equilibrium, while
the latter focuses on geochemical reaction in the aqueous phase, with only two phases (gas and

aqueous) flow included.

Multiphase reactive transport models, that can treat any combination of transport and geochemical
process, date back to mid-1980s [15]. Lichtner [16] presented a time-space continuum model for
transport of hydrothermal fluids in porous media involving simultaneous, reversible and irreversible
reactions among liquids, gases and minerals. His work outlined much of the basic theory of a
continuum model for reactive transport [15]. The analytical techniques used in solving reactive
transport with equilibrium and kinetic controlled geochemical reactions have also been developed at
the same time, including the method of characteristics [17] [18] [19] and the theory of
precipitation/dissolution waves [20] [21]. By discussing the existing approaches on formulating
reactive transport problems, Yeh and Tripathi [22] also presented the theoretical and numerical
basis for simulating subsurface solute transport. Steefel and Lasaga [23] presented a coupled model
for transport of multiple chemical species and kinetic precipitation/dissolution reactions with
application of reactive flow in single phase hydrothermal systems. Currently, the simulator
TOUGHREACT, which is developed in the Lawrence Berkeley National Laboratory (LBNL), represents
the state of the art in modelling reactive transport referring to CO, injection into aquifers. These
studies were largely focused on developing the theoretical and numerical tools for simulating

reactive transport in a range of environments [15].

Usually, most models on CO, flooding in oil reservoir mainly focus on the multiphase flow without
considering geochemical reactions, since the phase behavior is very complex during the process and
the accurate prediction of oil recovery is the priority. Nghiem and Li [24] investigated the effect of
multiphase phenomena on flow behavior, recovery efficiency and the prediction of minimum
miscible pressure (MMP) by performing slim-tube simulations. Chang et al. [25] discussed the effect
of CO, solubility in brine on the oil recovery of CO, flooding by using three-phase compositional
model. The influence of the possible fourth phase in CO, EOR on oil recovery was reported by Guler

et al. [26], with using a 2-D compositional model.
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However, except the complex interaction between oil, water and CO, in the coexisting three fluid
phases, such as mutual solubility, change of acidity, and oil swelling, CO, flooding process also
involves geochemical reactions between aqueous phase and rock, similar to CO, injection into
aquifers. The three-phase fluid flow and geochemical process also influence each other. The former
determines how solutes are transported; the latter changes the flow by changing porosity and
permeability due to mineral dissolution and precipitation. Therefore, there is a strong coupling
between transport and geochemical reaction. Furthermore, in order to predict the overall process of
CO, flooding in oil reservoir accurately and to evaluate the efficiency of CO, storage during and after

this process, the gap between the above two kinds of simulators should be filled.

In this section, the classification and application of geochemical and solute transport modelling on
CO; injection into aquifers and CO, EOR process is discussed first, which includes the mechanisms of
CO, storage, various focuses of existing models and their application in different aspects. Then, both
analytical and numerical techniques, used in simulating geochemical transport systems, are
introduced. Finally, the investigation on how to simulate CO, flooding including both three-phase
flow and geochemical reaction by using COMSOL Multiphysics (hereafter called COMSOL) is

conducted, and the detailed simulation results at reservoir scale and lab core scale are presented.

4.2 The classification and application of geochemical and solute transport

modelling in CO; injection into aquifers and CO, EOR process

4.2.1 Importance of evaluating geochemical impacts during CO, storage in aquifers and oil

reservoirs

CO, can be sequestrated in geological formation as oil reservoir and aquifers by four mechanisms:
hydrodynamic trapping, solubility trapping, capillary trapping and mineral trapping. CO, can be
trapped as gas or supercritical fluid under a low-permeability cap rock, similar to the way natural gas
is trapped in gas reservoirs [27]. This mechanism is called hydrodynamic trapping, which is the most
important for short term sequestration. Considerable experience with CO, and hydrocarbon gas
injection projects obtained in oil industry and the detailed geological information about the injection

site from both oil industry and earth science are ready for future application in CO, sequestration.

Similar as gas dissolved in oil, CO, can also dissolve into the fluid phase, and this mechanism is called

as solubility trapping. The relative importance of solubility trapping in CO, storage depends on

101



Chapter 4. Geochemical Transport in Porous Media for CO, Injection into Aquifers and CO, EOR Process

various factors, such as sweep efficiency, formation heterogeneity and hydrodynamic instabilities
due to displacement between gas and fluid phase with different viscosity [79]. The dissolved CO,
could increase the density of formation brine, and as a consequence, the CO, dissolved water will
sink gradually, while the CO, phase will move up due to the buoyant force. In most cases of practical
interest, the longest timescale for the complete dissolution of the carbon dioxide could be

thousands of years, mainly depending on the vertical permeability [29].

Capillary trapping is considered as the most rapid method to immobilize the CO,, which happens
when non-wetting gas phase is displaced by the water phase in water wet media and capillary-
dominated flow regime due to the phenomenon of snap-off and cooperative filling [30]. Capillary
trapping influences the efficiency of CO, storage in two ways: (1) after CO, has been injected into
aquifers, CO, plume will move up due to the buoyant forces. At the trailing, water displaces gas in an
imbibitions process, which leads to snap-off and trapping CO, phase [31]. (2) since there is a
possibility that the cap rock could leak, react with CO, and brine, have gaps, or be penetrated by
wells, which could induce leakage of CO,, water flooding is suggested after the injection of CO, to

render the CO, immobile by capillary trapping before it moves up to cap rock [32].

CO; can react either directly or indirectly with the minerals and organic matter in the geological
formations leading to the precipitation of secondary carbonates and the solubilisation of organic
matter [27]. This mechanism is called mineral trapping. Although this process takes thousands of
years to immobilize CO,, it could sequestrate CO, in subsurface environment permanently and
prevent CO, easy return to the atmosphere [33]. A study of simulation on CO, disposal in Gulf Coast
sediment [34] shows that CO, is trapped by secondary carbonate minerals such as calcite (CaCOs),
dolomite (CaMg(COs),), siderite (FeCOs), and dawsonite (NaAlCOs3(OH),) and the CO, mineral
trapping capability after 10000 years is comparable to CO, dissolution in pores water. The reactive
behaviour of supercritical CO, under conditions relevant to geological storage and sequestration of
CO, is largely unknown, especially at high pressure and temperature conditions [35]. Kaszuba et al.
[35] performed experiments at 200 °C and 200 bar to investigate geochemical reactions in a model
brine aquifer and observed that silicate precipitation happened next to carbonate precipitation,
pointing out that transfer of H,O from brine to supercritical CO, may have substantial influence on

mineral reactions.

When CO; reaches the lower section of cap rock, it might trigger geochemical reactions, which could

affect the porosity, permeability, and therefore the sealing capacity of the cap rock [36]. Both
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seismic surveys and reservoir simulation prove that CO, reaches the base of the thick shale layer
close to the top of the Utsira sand approximately 3 years after injection at the Sleipner site [37]. The
simulation to evaluate major geochemical reactions between CO,, the formation water and the clay
cap rock mineralogy indicates that a slight decrease of the porosity might improve the sealing
capability of the cap rock after thousands of years [38]. At the same time, the concept of forced
mineral trapping for sequestration of CO, has also been proposed. McGrail et al. [39] suggested that
portlandite Ca(OH),, the principle constituent in concrete from construction/demolition (C&D) waste,
could be injected together with CO, to control the location of a calcite precipitation front and thus to

maximize utilization of reservoir capacity for permanent carbon sequestration via mineral trapping.

The direct evidences from fields on the geochemical impact of injecting CO, were discussed by
Kharaka et al. [40] and Wilson et al. [41]. By comparing fluids samples from injection and
observation wells before injection with those after injection from the Firo formation, sharp drops in
pH and pronounced increases in both alkalinity and iron concentration were found [40], indicating
that the rapid dissolution of carbonate and mobilize toxic trace metals happened in the injection
area. By analyzing the brine composition from observation well of the Weyburn project, Wilson et al.

[41] also found the evidence of CO, dissolution and H,CO; dissociation.

Besides the far field regions, as introduced above, which are facing long term geochemical reactions
during CO, storage, the near wellbore regions could also be subjected to serious increase/decrease
of the injectivity induced by mineral dissolution/precipitation [42]. Both experimental work and field
cases indicated that the well injectivity issue is complex, since many factors are combined in this
process, such as rock fabric, flow region, thermodynamic conditions and fluid compositions [43].
Some evidence has been found in experimental investigation of reaction-transport phenomena
during CO; injection by Egermann et al. [44]. They concluded that the high flow rates could limit the
permeability reduction due to the precipitation [44]. However, Rogers et al. [45] investigated the
injectivity behaviour in various CO, flooded reservoir cases by reviewing more than 100 papers, and
indicated that dissolution/precipitation, and particle invasion/migration during the injection of CO,
and WAG (water-alternating-gas) process have not been proved or disproved conclusively. Therefore,
the gap between experimental work and practical cases shows that this area still needs more efforts

on both theoretical and experimental point of view.
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In conclusion, geochemical reactions not only serve as an important mechanism on trapping CO, for
long term, but also act as an influential factor on well injectivity for short term which clearly needs

more theoretical and practical investigations.

4.2.2 The classification of geochemical and solute transport models on CO, injection into
aquifers and CO, EOR process

Numerical modelling of CO, injection in aquifers and oil reservoir can provide further understanding
of various mechanisms and predict the short and long-term fate of injected CO,. These models can

have different emphases based on their functions, and can be divided into three catalogues:

Reaction path model: The reaction path model, also called the batch model, is mainly used to
simulate a wide range of geochemical reactions and investigate geochemical fluid-rock interactions
with complex mineralogical assemblages and dissolution and precipitation kinetics without
considering any flow aspects [46]. Pruess et al. [47] conducted a survey of minerals commonly
encountered in crustal rocks to identify possibilities for mineral trapping of CO, through the
formation of carbonates, and performed batch reaction modelling of the geochemical evolution of
reprehensive aquifer mineralogies. Xu et al. [48] used batch reaction modelling to evaluate the
geochemical evolution of three different aquifer mineral compositions in the presence of CO, at high
pressure and found that the trapping capacity at various sites depends significantly on the mineral
composition. Marini et al. [12] gave comprehensive discussion on the thermodynamics, kinetics and
reaction path modelling about geological sequestration of CO,, and illustrated water-CO,-rock
interactions with appearance of different minerals by using reaction path model, EQ3NR’. Although
no flow transport is considered, reaction path model is still a powerful tool in evaluating interactions
of water-CO,-rock, since the problems concerning geochemical reactions are very complex and case
dependent and careful evaluation of simulation results could provide further insights into

sequestration mechanisms and controlling geochemical conditions [47].

Hydrodynamic model: The hydrodynamic model is mainly used to study the flow of multiphase
fluids in various dimensions, including hydrodynamic trapping, solubility trapping and capillary
trapping, without considering geochemical reactions. Various simulation tools have been developed
to describe multiphase transport in geological formations, such as black oil/compositional reservoir
simulators used in the oil industry and simulators used for geothermal, nuclear waste and

groundwater studies. To predict the distribution of injected CO, in the Utsira sand, Sleipner,
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Lindeberg et al. [37] used ECLIPSE to predict the growth and migration of CO, accumulations, and the
results are quite similar to seismic images. Ulker et al. [49] investigated the effect of phase
behaviour on the performance of the CO, trapping in depleted gas reservoir and aquifers, and found
that the solubility trapping strongly depends on brine salinity, density between gas and brine, and
critical gas saturation. Jessen et al. [50] used Eclipse 300 to simulate various schemes, which could
increase CO, storage during the EOR process, and they suggested that the application of horizontal
wells and partial completion of both injection and production wells could improve the contact of gas
with the entire reservoir volume in the presence of buoyancy and mobility effects. Spiteri et al. [51]
discussed the influence of relative permeability hysteresis on geological CO, sequestration by
performing 3-D simulation with in-house simulator and figured out that accounting for trapping and
relative permeability hysteresis of the non-wetting CO, phase is essential in order to correctly
characterize the migration and final distribution of the injected CO,. Oldenburg et al. [52]
investigated the large scale deployment of carbon sequestration with enhanced gas recovery by
using TOUGH2. The simulation results showed that significant amounts of CO, can be injected to
produce significant quantities of additional natural gas and injection of CO, at the bottom of
reservoir could inhibit the mixing of CO, and natural gas due to density effects. Although
hydrodynamic models do not consider the geochemical reactions, they are still the main tools used
in the oil industry concerning with EOR processes and CO; injection into aquifers. Because abundant
experiences on commercial reservoir simulators can be directly used to the projects related to CO,

storage and mineral trapping is a relatively long-term effect compared with the other mechanisms.

Reactive transport model: The reactive transport model is a combination of the previous two
models, which is used to quantify the long-term fate of CO, as well as other aspects during
geological storage and the most challenging to perform [46]. There are two families of simulators
that are most widely used nowadays: TOUGHREACT, the enhancement of the multiphase fluid and
heat flow code TOUGH2 by introducing geochemistry [53], and the commercial simulator, GEM-GHG,
a combination of a black oil simulator and a geochemical batch code designed for simulating CO,
trapping mechanisms [54]. Both simulators have integrated the dissolution and precipitation
processes with their feedback on porosity and permeability [46]. Xu et al. [55] presented a 1-D radial
model to simulate CO, disposal in deep saline aquifers at Gulf Coast sediment with TOUGHREACT. In
this case, a detailed mineralogy was selected representative of the Gulf Coast formations, and
porosity modification due to the mineral reactions was estimated for 10000 years [55]. Pruess et al.
[47] evaluated the capacity of different rock-forming minerals to sequester CO, with TOUGHREACT

and concluded that for most cases with practical interest in aquifer disposal of CO, the total amount
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of CO, that can be sequestrated is of the order of 30 kg per m® of aquifer volume. Audigane et al. [56]
simulated the injection scenario and storage period of CO, injection at the Sleipner site by using
TOUGHREACT, and figured out that solubility trapping, other than mineral trapping, is the dominant
storage mechanism at the Utsira sand formation. Calabrese et al. [57] evaluated the CO, storage in a
depleted gas reservoir with GEM-GHG, and found that the key determinants of storage capacity are
injection rate and purity of gas. Thibeau et al. [58] studied specific mineralization pathways and their
CO, mineralization potential in Utsira sand formation with CEM-GHG. Their results [58] showed that
carbonates path way first have net dissolution of dolomite, and then the dissolution of illite leads to
the precipitation of chalcedony and kaolinite, and the CO, mineralization takes 10000 years to reach
a stable state. Kumar et al. [59] used GEM-GHG to investigate the migration and growth of CO,
plume in the deep aquifers and performed a detailed risk analysis about the CO, leakage based on
reservoir and operation parameters. Reactive transport model is an ideal tool to simulate CO,
sequestration in aquifers with considering all trapping mechanisms. However, there is almost no
reactive transport model suitable for the CO, EOR process, which includes multiphase flow (oil, gas

and water), and geochemical reactions simultaneously.

4.2.3 The application of geochemical and solute transport models on CO; injection into

aquifers and CO, EOR process

In 2008, Gaus et al. [46] have conducted a comprehensive literature study on the domains
concerning geochemical and solute transport modelling for CO, storage. In their study, four areas
have been proposed as experiment, well integrity, near well injectivity and long-term CO, storage.
However, the short-term CO, storage, especially aiming at CO, EOR process, is not included. In this
section, all of the above five domains are addressed, and previous plot regarding the catalogue of
four domains, based on their own spatial scale and timeframe of interest [46] has been extended, as
shown in Figure 65. Based on the individual focus of each application domain, various models should

be adopted and improvements are still needed.
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Figure 65 Application domains of CO, injection into aquifers and CO, EOR process

Experiment: modelling of laboratory experiments allows for the calibration and validation of newly
developed model and acquirement of specific chemical or physical parameters. Due to the duration
and time scale of experiments and the complexity of geochemical reaction, the developed model can

be only calibrated with the interactions which have short-term impacts (in Figure 65) [42].

Batch experiments, which access the mineral trapping capability and change of porosity in porous
media, are usually conducted and modelled to further understand trapping mechanisms and
importance of various minerals under different reservoir conditions. Gunter et al. [60] conducted
and modelled a batch experiment, containing reactions between CO, rich solution and glauconitic
sandstone. After one month experiment, little reaction was observed, which occurred due to the
fast-reacting carbonate minerals and the simulation results indicated that reactive surface area is an
essential parameter in accurately predicting experimental results [60]. The differences between the
model and observations in batch experiments highlight the need for thermodynamic and kinetic

data with respect to CO, induced geochemical reactions at relevant P-T conditions [46].
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Core flooding experiments focusing on geochemical reactions are modelled with emphasizing the
variation of sample’s porosity and permeability, but not the propagation of dissolution patterns,
mainly because of difficulty in modelling the formation of worm hole. Wellman et al. [61] calibrated
their reactive transport model with experimental data. In their study, CO, and water were injected
simultaneously into the core sample, with recording the periodical change of sample’s porosity and
permeability, and the whole experiment lasted for 111 days. Afterwards, the data has been used to
calibrate their model, developed from TOUGH?2. Izgec et al. [79] carried out similar experiments on

carbonate core, and used CMG-STARS to simulate the change of permeability in the sample.

Well integrity: To develop a well for production, cement would be filled in the annular space
between the casing and rock, and when the well is abandoned, the open hole would typically be
filled with a series of cement plugs [62]. The cement, used to ensure the wellbore and formation
integrity during the injection and long-term storage, is threatened in acidic environment caused by
CO, injection [42]. The well failure (possible leakage paths, shown in Figure 66), induced by
deterioration on cement, is considered as one of the major risks for release of CO, to the surface
during the CO, storage [63]. Therefore, the geochemical impacts of CO, injection on well integrity

must be precisely evaluated and defined by both experiments and modelling.

Well Casing

Cement
Fill

Formation
Rock Cement

Figure 66 Potential leakage pathways along existing well: between cement and casing (paths a and b),
through the cement (c), through the casing (d), through fractures (e), and between cement and formation (f)

[63]
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Benge [64] discussed the current selections, identified industrial methods to enhance the seal, and
reviewed material selection methods that include stress modelling of the wellbore environment.
Barlet et al. [65] performed a comprehensive study on the degradation of cement with injected
supercritical CO, under downhole conditions. In their study, based on the data relating cement-
strength loss, CO, penetration and the evolution of cement chemistry and porosity with time, it was
found that Portland cement is not resistant enough to wet supercritical CO, and new CO, resistant
material must be adopted. There are few studies dealing explicitly with well cement degradation
modelling for CO, storage applications [46]. Jacquemet [66] performed experimental analysis and
numerical simulations on the reactions between brine-CO,-H,S and cement-steel system under high
temperature and pressure conditions. In his study, the cement carbonation and the steel
sulphidation were found to be the main reactions, and 1-D simulations without considering well

geometry were performed to reproduce the experimental results.

Near well injectivity: Modelling on well injectivity mainly focuses on the large pressure variation due
to the geochemical reaction occurring near wellbore zones during the injection period. After the
start of CO, injection, reservoir rocks near well bore zone are seriously flushed by large quantities of
supercritical CO,. The brine acidified by dissolved CO, could cause carbonate dissolution, which will
increase the porosity and permeability. On the other hand, dry CO, also induces desiccation of the
brine remaining in the pore space, which will lead to the precipitation of salts and sulphate minerals,
blocking pore, and diminishing injectivity [46]. These two reserve processes could result in large

pressure variation near wellbore zone.
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Figure 67 Conceptual diagram of the reactive zones around the injection well as derived from coupled
modelling. The different radius (r1, r2, r3, r4) are dependent on CO, injection flow rate and rock properties.

[67]

In Figure 67, the conceptual diagram of the reactive zones around the injection well is shown.
Closest to the injection well, Zone 5 is fully saturated with dry CO,, which could react directly with
minerals [66]. Zone 4 is a transition zone, which is featured with low saturation of high saline pore
water. With continuous CO, flow from the upstream (Zone 5), massive salts could precipitate in the
pores, where saline water stay. In Zone 3, the pH of saline water is buffered by pressure of CO,
phase, and mineral dissolution-precipitation happens at the same time. There is no CO, phase
available in Zone 2, and only acidified aqueous CO, rich solution existing and reacting with rock

matrix. Finally, Zone 1 is still in initial conditions.

To date, comprehensive simulation on investigating near well injectivity under reservoir conditions is
still few, and the impact of brine desiccation process on well injectivity has not been thoroughly
addressed [35]. André et al. [68] used TOUGHREACT to perform simulations on both CO, saturated
water and pure supercritical CO, injection into deep aquifers in the Paris Basin with considering
desiccation process. Their results [68] indicated that CO, saturated water is more reactive than
supercritical CO, and can dramatically damage the reservoir structure. When the pressure is
sufficiently high and under a continuous dry (without water vapor) CO, flux, an evaporation process
starts leading to the precipitation of salts and possible another secondary minerals [68]. They also

found that although dissolution could induce around 5% increase of porosity in the most part of
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reservoir, the mineral precipitation during desiccation process appears to be the main important

factor on the limited modification of well injectivity [68].

Long-term CO, storage: CO, long-term storage with considering the geometry of reservoir has been
the most successful application of reactive transport modelling. Most of the models focus on the
prediction of the ultimate fate of injected CO,, the change of chemistry in water and the effect of
CO, on the cap rock. The compromise between the number of geochemical reactions and complexity
of geometry decides most models are performed in 1 or 2 dimensions. Xu et al. [69] performed 1-D
simulation to predict ultimate fate of CO, after long-term storage and reproduce the change of
water chemistry obtained from selected observation wells during CO, injection. In their study, more
than 17 minerals have been considered and the model can be successful in reproducing the
observed increases in aqueous Fe concentration. Bacon et al. [70] simulated CO,-SO, injection into
deep saline formations in 2-D, and concluded that addition of SO, in the injection could lead to the
precipitation of anhydrite near the well and mineral trapping mechanisms had no significant effect

on the rate of carbon sequestration in 100-year period.

When the number of model grid increases due to the complexity of layers and geometry, the
identification of dominant geochemical reactions becomes more difficult and the resolution of
gridding should be reduced. White et al. [71] simulated CO, injection into San Rafael Swell, Utah. In
their study, a complex geological model has been introduced with considering 40 different layers in
sedimentary sequence including potential reservoir and seal formation. They developed 2-D reactive
transport model which consider time period up 100000 years with two different meshes [71]. The
model with fine gridding mesh was mainly used to simulate flow transport without geochemical
reactions. The one with coarse gridding was applied to modelling selected CO,-brine-rock

interactions due to the requirement of computing time.

For modelling on long-term CO, storage, the number of geochemical reactions considered and the
parameters regarding kinetically controlled reaction are essential to the accuracy and validity of
simulations results. Several researchers have performed simulations based on the same case,
Sleipner CO, project. However, their results are different or even contradictory with respect to
certain conclusions on the long-term behaviour [46]. Both Thibeau et al. [58] and Franeul et al. [72]
performed simulation on CO, injection in Utsira aquifer at Sleipner in 3-D with geochemical
compositional simulator GEM-GHG. However, they have different conclusions about the importance

of mineral trapping mechanisms. Thibeau et al. [58] considered a comprehensive mineralogical
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description and concluded that significant amount of CO, could be trapped in mineral. However,
Franeul et al. [72] only considered the carbonate mineralogy in the geochemical reactions, and

claimed that no obvious precipitation was detected.

Both Johnson et al. [73] and Gaus et al. [74] evaluated the security of CO, storage at Sleipner and
modelled the change of porosity of caprock by simulating the migration of CO, to the top of
reservoir. Johnson et al. [73] found that after 20 years, the decrease of porosity in the shale cap rock
is an important mechanism for its self-seal and maximizing local carbonate cementation. However,
this conclusion was proved by Gaus et al.’s results after 3000 years [74]. The uncertainty in their
results is due to the fact that they used different values for specific surface area and further reactive

surface area of minerals, which are difficult to measure or estimate.

Short-term CO, storage: As shown in Figure 65, CO, EOR process in oil industry can be considered as
short-term CO, storage, since its duration could be more than 30 years (CO, EOR projects has been
conducted in the Permian Basin of Texas for three decades.). There are several ways to increase the
capacity of CO, sequestration during the CO, EOR process [50] [11]: (1) Partial completion of
injection and production wells, (2) Using horizontal wells, (3) CO2 could be injected into the aquifer
instead of into the oil zone above, (4) Using WAG (water-alternating-gas) scheme, and (5)
Repressurizing reservoir with continuous injection of CO, after oil production until the initial
reservoir pressure is reached. The simulation of above five methods in the CO, EOR process can be
handled by the hydrodynamic models with existing reservoir simulator as ECLIPSE 1000 without

considering any issues in geochemical reactions [50].

However, the introduction of geochemical reactions into the simulation of CO, EOR process is
significantly important. Firstly, as shown in Figure 65, during the whole period of CO, EOR process,
water and CO, are continuously injected through wells. Therefore, near well injectivity could affect
the efficiency of CO, EOR process in practice. Secondly, the alternation of porosity and permeability
in reservoir formation owing to the geochemical reaction could possibly influence the fluid flow in
porous media. Finally, the long-term monitoring of reservoirs after CO, EOR requires the information
regarding to the change of mineral assemblage during that process. The question mark in Figure 65
indicates that there is a gap between CO, EOR process and long-term CO, storage. Because the

former excludes the geochemical reaction, while the later considers it in predicting mineral trapping.
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In Table 12, the importance of geochemical reaction in short-term CO, storage, as CO, EOR process is
discussed based on the literature research (conducted by the author). The literatures are mainly
based on the CO, injection into aquifers, since the geochemical reactions could be similar to those in
CO, EOR process. Although the simulation results are very case dependent due to their differences in
mineral assemblage, geological formation and storage time, the importance of geochemical

reactions in short-term CO, storage still can be evaluated by the parameter, “30 years /Total”, in the

last column.
Table 12 The importance of geochemical reactions in short-term CO, storage
Total maximum 30
. Temperature . .
Reference Formation simulation consumed years
Pressure . .
time (years) mineral /Total
. ¢}
V\:‘Tl[t7e1<]at San Rafael Swell,Utah 5:1* *C 10000 Feldspar 15%
. )
Bacon et al. Rose Run f.orr.na.tlon, 5*4; *C 100 Calcite 82%
(70] West Virginia
Copper bridge formation, 63°C . o
West Virginia e 100 Calcite 76%
Xu et al. Firo formation, Gulf 59°C 100 Calcite >67%
[69] Coast 152 bar Siderite >70%
Thibeau et 28.5-37.6°C Calcite >15%
Sleipner, Norway 81.1-108.31 1000 .
al. [58] bar Dolomite >20%
Nghiem et . 50°C . o
al. [54] 118 bar 100 Calcite >65%
Calabrese . 45°C Calcite and
200 >18.5%
et al. [57] 140-170 bar dolomite %

In Table 12, the name of formations and their temperature and pressure are listed. Since there are
more than 15 minerals involved in each case and they have individual kinetic reaction rate, only the
mineral consumed most in the first 30 years is selected as criteria. The last column, “30 years/total”,
represents the percentage of the amount of minerals consumed in first 30 years in the amount used
during the whole simulation interval. 30 years is chosen as longevity of Short-term CO, storage
project, since CO, EOR projects have been conducted in the Permian Basin of Texas for three

decades.

In Table 12, although the parameter, “30 years /Total”, ranges from 15%-82% percent for different
minerals in various cases, it still indicates that geochemical reactions, especially regarding to calcite
and dolomite, are necessarily considered in Short-term CO, storage project, because their

consumptions in first 30 years could significantly affect the quantification of mineral trapping in

long-term storage.
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In conclusion, all five application domains are important when it comes to evaluating the impact of
geochemical reactions on CO, storage, such as CO, injection in aquifers and CO, EOR process.
Especially, the introduction of geochemical reactions into modelling on CO, EOR process is essential
for the long-term monitoring of the reservoir and evaluation on the impact of mineral trapping

mechanisms during the CO, storage.

4.3 Mathematical modelling on coupling miscible flow and geochemistry for

CO, EOR process

4.3.1 Introduction

In 2004 [2], the data on the utilisation of EOR processes in US indicated that thermal methods and
gas injection are the two most common techniques in EOR, and more than 60% of gas injection is
applied with CO,. Due to the global warming, the need to stabilise CO, concentration in the

atmosphere will reinforce the trend towards increased use of CO, as common injectant for EOR [2].

Mathematical modelling on CO, EOR process has been developed for several decades, together with
the growth of this EOR technique. Most of models have emphasized on the multiphase flow
transport in the porous media, phase equilibrium and its influence on the final oil recovery. Since
1970s [8], the effect of phase equilibrium on the carbon dioxide flooding has been the main focus of
modelling on CO, EOR process. In 1986, the mechanism on the development of miscibility between
CO, and oil, through a combined condensing /vaporizing process, was discovered by Zick [4]. Then,
the parameters, which could affect the development of miscibility during CO, EOR process and
further on oil recovery, become main emphases in modelling work. The effect of the aqueous phase
on phase behaviour of CO,-oil system has been addressed by Nutakki et al. [77], Pollack et al. [78],
Turek et al. [79] and Chang et al. [25]. Shyeh-Yung [6] discussed the effects of pressure on miscible
and near-miscible displacements of CO,. When the reservoir conditions is close to the critical
conditions of CO,, an extra fluid phase could appear, Guler et al. [26] used a compositional EOS
simulator to evaluated the oil recovery for both three-phase and four-phase cases. Kohse et al. [81]
used a compositional reservoir simulator to model asphaltene precipitation and deposition during
CO, EOR, which can result in plugging of the formation, wellbore and production facilities. However,
the geochemical reaction in the CO,—water-rock system has seldom been addressed by previous

researchers.
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As the CO, EOR process has been considered as an important approach for long-term CO,
sequestration (discussed in Section 4.2.3), the geochemical reaction is necessarily to be considered
in the models. Therefore, in this study, the investigation on how to simulate CO, flooding including
both three-phase flow and geochemical reaction by using COMSOL was performed. First, the
development of both analytical and numerical methods used in the reactive transport modelling is
discussed. Then, Since COMSOL has been used to simulate EOR process only for immiscible flow [82],
to test if COMSOL can be applied to situations with component exchange between phases and
reactive transport with multi-species, two simple EOR processes, gas flooding and polymer flooding,
and reactive transport with dissolution of carbonate, were tested. Then, we established a model on
miscible CO, flooding with consideration of mineral dissolution and change of geophysical properties.
Finally, the model was applied to simulating CO, flooding in chalk both on reservoir scale and lab

scale.

4.3.2 The development of both analytical and numerical methods used in the reactive

transport modelling

Modelling on flow accompanied by chemical reactions and mass transfer is central to a wide range
of applications [83], such as Alkaline flooding, acidizing wells and non-equilibrium seawater injection
in the oil industry and remediation of contaminated soils and aquifers in environmental engineering.
The analytical methods used in the reactive transport modelling not only offer the further
understanding of mechanisms but also provide reliable data to validate numerical models. Numerical
methods are most commonly used nowadays to solve reactive transport problem in multi-

dimensions and with complex reactions.

Analytical methods: Based on the complexity of problem and the type of reactions, various
analytical methods can be used. The method of characteristic (MOC) and the coherent theory are
powerful tools to solve the first-order hyperbolic equations, and are most widely used techniques to
solve reactive transport equations. MOC provides a way to transform hyperbolic partial differential
equations (PDE) into ordinary differential equations (ODE), which can be easily integrated along
characteristic directions. The coherent theory was originally developed by Helfferich et al. [84] for
chromatographic phenomena. He also used the MOC to show that a state of coherence will
ultimately be attained for homogeneous systems of nonlinear equations with arbitrary starting
conditions [85]. In practice, especially when solving Riemann problems involving uniform initial and

boundary conditions, the coherent theory is easier to use and has boarder application areas. Pope et
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al. [17] and Lake et al. [18] discussed the cation exchange in chemical flooding with considering the
effect of dispersion and polymer/surfactant adsorption in porous media by using the coherent
theory. Later, Helfferich [21] has successfully extended his theory to the reactive transport with
precipitation/dissolution waves under local equilibrium assumption (LEA). In his study [21], the
system with three ions and two precipitates are considered and the results have been proved by
Bryant et al. [6]. However, when more ions are considered, this method becomes too complex and
the validity has not been confirmed. At the same time, Novak et al. [86] proposed a new method to
solve precipitation/dissolution waves (under LEA) occurring during reactive flow with use of
coherent condition and ruled-based mineral sequences. In his methods, although the multi-species
and multi-reactions system can be included, the determination of the proper solid sequence is the
most difficult task, which becomes worse with more complex system. Araque et al. [8] extended
Novak et al.’s work [86] to geochemical reactions with precipitation/dissolution waves under non
local equilibrium assumption (NLEA). In their study, the MOC and travelling wave coordination were
used to solve the problems regarding to the simple precipitation wave and the dissolution wave
individually, and the relationship between problems under LEA and NLEA are emphasized. A
simplified approach to geochemical modelling based on their work has also been proposed, which
can speed up the calculation 10 to 50 times and trade-off for the simplifications is the need to
determine the LEA wave velocities [87]. Later, Zuluaga et al. [88] also use travelling wave to model
the experiments on water vaporization for gas injection. Xu et al. [89] use the similar method as
Araque et al. [8] to validate the TOUREACT code by analytical solutions on simple dissolution
problems. Although the application of analytical methods is seriously limited by the complexity of
problems, they are still effective and fast for solving specific problems under certain assumptions

without the loss of accuracy, and can provide validity to numerical solutions.

Numerical methods: Due to the complexity of reactive transport processes in porous media,
modelling their dynamic behaviour is a challenging task. In the early times, local equilibrium
assumption is widely used in transport reactive modelling, which has been one of the most
fundamental tenets of hydrothermal and metamorphic geochemistry and petrology [23]. The system
of equations with LEA in 1-D can be simultaneously solved with Newton Raphson method [19]. With
the development of quantitative models for kinetic controlled reactions and requirement of multi-
dimensions, models become more complex, and therefore different numerical approaches are
available to model the coupled processes of mass transport and water-rock-gas interactions in
porous media [22]. The first is the sequential iteration approach (SIA), which solving flow transport

equation and chemical equations separately and sequentially until the convergence is reached [90].
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The approach could handle large systems with large set of chemical species, and therefore becomes
the most widely used. Steefel et al. [91] discussed the approaches of modelling of reactive transport
in porous media including the introduction of system of equations, application of finite difference
methods and finite elements methods in 2-D, and use of SIA. They pointed out that SIA could have

convergence difficulties in specific problems.

Walter et al. [92] argue that in problems dealing with entirely with LEA, there is no need to iterate
between transport and chemical reactions, in which a single time step consists of a transport step
followed by a reaction step. This approach is called sequential non iterative approach (SNIA), also
called the operator splitting approach. Later, Xu et al. [93] compared the SIA and SNIA approaches
and their results indicated that SNIA could substantially save computing time compared to SIA while
its accuracy is generally good, although very dependent on space discretization, time increment size
and the nature of geochemical reactions. Clearly the potential errors associated with SNIA originate
from its assumption that the flow transport is sufficiently rapid and the reactions only begin after
the physical transport is complete. Strang et al. [94] proposed his famous method, ‘Strang splitting’,
which involves entering the reaction step between two transport steps. In the geochemical
simulator, TOUGHREACT, developed by Xu et al. [95] used both SNIA and SIA as approaches, since
the difference between SNIA and SIA are general small, when the stability condition is satisfied (The

Courant numbers are smaller than one.).

The last method is called the fully coupled approach, in which all transport and chemical equations
are solved simultaneously. Although the fully coupled approach is considered as the most stable
approach, it is rejected in the early time [22] as being too CPU time and memory consuming.
Relatively little discussion of the fully coupled approach has appeared in the hydro-geochemical
literature. Another obstacle is that the required numerical solution method for fully coupled
approach is very demanding. In 2004, Nghiem et al. [54] proposed a fully coupled geochemical
compositional Equation-of-State (EOS) compositional simulator for the simulation of CO, storage in
saline aquifers, GEM-GHG. The success of fully coupled approach depends strongly on the
application of efficient sparse solution techniques (Incomplete LU factorization) and robust solution

method (GMRES iterative method).

4.3.3 Numerical tests with COMSOL

COMSOL Multiphysics is a finite element analysis and solver software package for various physics
and engineering applications, especially for coupled phenomena, or multiphysics [96]. It includes a

complete environment for modelling any physical phenomenon that can be described by using
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ordinary or partial differential equations. COMSOL version 3.5a includes 12 modules organized into a
unifying multiphysics simulation environment [96]. At the same time, COMSOL also allows for
building coupled systems of PDEs, which can be entered directly by general form and coefficient
form or using the so-called weak form. COMSOL also offers an extensive and well-managed interface
to MATLAB® and its toolboxes for a large variety of programming, preprocessing and postprocessing

possibilities [97].

The applications of COMSOL have been illustrated by various researchers

(http://www.COMSOL.com), and there is also a default library of redefined model for specific

applications in each module (Acoustics Module, Chemical engineering Module, Earth Science
Module etc.). COMSOL has been applied to simulate EOR process in previous study. Diaz et al. [98]
build a black-oil model to simulate the water flooding through sandstone by using COMSOL. In their
study, for numerical implementation using a finite element method, the black oil model has been
reformulated based on phase pressure and total velocity. Bjgrnara et al. [99] tested various equation
system formulations for modelling two-phase flow in porous media to find out the fastest and most
robust one. Carrizales et al. [100] simulated heavy oil recovery by Electromagnetic (EM) heating with
COMSOL. Currently, there is no commercial simulator available to simulate this process. In their
study, only oil phase is considered in their model and the temperature and pressure profiles after
three years of EM heating was obtained. However, most of them focus on two phases without
considering miscibility between them. Therefore, COMSOL must be tested if it can be applied to

situations with component exchange between phases.

Gas flooding and polymer flooding were tested in sequence and to evaluate the performance of
COMSOL in modelling miscible flow and transport-reactive flow. The two examples are taken from
the existing publications [101] [102]. In all the following description, we use subscripts i and j to
represent components and phases, respectively. The two examples are input into the COMSOL, by

using the PDE Modes and the coefficient form.

4.3.3.1 Gas flooding

In gas flooding, component separation happens while flowing. The transfer of components between
flowing phases strongly influences displacement performance. A 1-D two-component gas/oil
displacement is studied here. The details of all assumptions and solutions can be found in reference
[101]. Here, only main equations and important steps, which could be similar as those used in our

own model, are displayed.
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The transport equation for the gas component and the saturation equation are,

d d
(/)a(sg/)gmg’g + Sopogo) + %(:I:g_y/)gug + 2g.0potlo) =0 (33)
Sg+ S =1 (34)

where, 7, ; is the molar fraction of gas component in the gas (g) or oil (o) phase, S; is the saturation,
pjis the molar density. ¢ is the porosity. Without consideration of capillary pressure, phase flow

velocity u;, becomes,

ke OP

35
e (35)

Uj; =

In eq. (35), k is the absolute permeability, k,.; and 1 are the relative permeability and viscosity. P is

the pressure. The flow velocity can be written in terms of fractional flow functions, f;, defined by,

uj = fiu= fj(uo, + ug) (36)

In eq. (36), u is the total velocity. The relative permeability for oil and gas can be expressed as, for

gasl
krg =0, (S, < Sye)
kyo = MZ(S <8, <1-25,) (37)
e 1- S!l(: - Sur ' 9 g o
kg =1,(Sy > 1= Sy)
for ail,

kro =0,(1 =S, < Sor)
k. — MQ(S <S8, <1—S,) (38)
o 1- S.‘/(' - Sm' ' ge g o

ko =1,(1= 8, >1—8,.)
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In egs. (37) and (38), S, is the critical gas saturation, S, is the residual oil saturation. By

substituting egs. (35), (37) and (38) into eq. (36), the fractional flow for gas phase f, becomes,

fe=0, (S.q < S.qC>

P ( (Sy = Sge)?
! (S.!/ - S.{/t')Q + (1 - S{/ - S(,,,.)Q/M

> , (Sge <8y < 1= 5,) (39)
fg =1, (Sg >1- Sor)

In eq. (39), M is the viscosity ratio between oil and gas. For this example, we assume S,. = 0.05,

Ser =0.1and M = 2.

Under the assumption that the molar density of gas component, p,, is constant in two phases and

we have,

PegCq,j = Pilyg.j (40)

where ¢, ; is the volume fraction of gas component in different phases. By substituting eq. (36)

and (40) into eq. (33) , we obtain

0 0
(/’E(Sycmy + SoCq,0) + “%(Cmyfg + ¢gofo) =0 (41)

By introducing dimensionless parameters,

Uin;t T U
= = up = 42
A A (42)
and with up = 1, eq. (41) becomes,
ON, OF,
—+—=0 43
or ¢ (43)

where N, is the overall volume faction of gas component, N, = Scq, 4 + Socg0, and Fyis the
overall fractional volumetric flow of gas component, F, = f,cy 4 + foCg.0. TO compare the results
with the analytical solution, P is assumed to be constant, and correspondingly ¢, 4, and ¢, , are

constant in the isothermal process. We assume ¢, , = 0.95and ¢4, = 0.2.
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In solving the system of hyperbolic equations, which represents the advection dominated problems,
the standard Galerkin schemes used in COMSOL will produce spatial oscillations. Therefore, an
artificial diffusion coefficient D=1x10"* is introduced at the seconder-order partial derivative to avoid
oscillation. The initial condition for N, is 0.05, the left boundary condition is NV,=0.975, and the right
boundary condition is Neumann type condition with q=g=0 (q and g are parameters in

COMSOL).

T
Analytical Solution
COMSOL Salution |

=
fu]

=
~

=
=
T

=
w

Overall volume fraction of CO 2 NCO
[
m

=
a

o

Figure 68 Comparison of analytical solution and COMSOL solution in gas flooding

In Figure 68, the results from COMSOL agrees well with those from analytical solution by using MOC
at 7=0.6.

4.3.3.2 Polymer flooding

In polymer flooding, polymer is added to water to increase its viscosity so as to mobilize more oil.
However, the polymer can be adsorbed on rock surface, and the decreasing concentration of
polymer in water will affect the flow of water phase. The process is characterized by the coupling
between adsorption and flow transport. The details of all assumptions and solutions can be found in

reference [102].
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The transport equations for 1-D polymer flooding are,

¢£&+u%m:0
ot ox
P o (44)
d)&(slr(/ + (cs') + u’%(.)‘w(/) =0

where cis the concentration of polymer in water phase. ¢s is the concentration of adsorbed

polymer. By using dimensionless parameters in eq. (42) with up=1, eq. (44) becomes

05![‘ afll' _

or "¢ =0
P o (45)
a_T(Su'C + Cs) + a_c(fu'c) =0

The relative permeabilities of oil and water, k.., and k,.,, are

kro = (1 — )(1 + 2¢))

46
Erw = 0.25¢)° (46)

Swr and S, are the residual saturation of water and oil respectively. Here, S, and .S, are set to 0.2

and 0.3 respectively. The viscosity of water phase is assumed to be a linear function of ¢,

fhw = (1 + o) (47)

where 10 is the initial water viscosity, 3 is constant. The viscosity of oil, 1,, is constant. f, can thus

be expressed by,

_ krw _ 1/)3
B Frw + kroﬂw/ﬂo B W + a(l + 60)(1 - ¢)2(1 + 21/))

fu,‘ (48)
where a = 4410 /11,. The equilibrium relation for the polymer adsorption on rock surfaces is often

given by the Langmuir isotherm
NKc

s = 49
“ 1+ Ke (49)
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where N and K are constant. In eq. (47)-(49), the constants, /i, is set to 40 cp, 10 1cp, 34 L/g, N
0.6g/Land K 10L/g.

An artificial diffusion coefficient D=2x10" is also introduced here. The initial and boundary

conditions are

7=0: 5, =0.6, ¢c=0 g/liter
(=0: S, =10, ¢=1.0 g/liter

Figure 69 and Figure 70 show that the numerical results from COMSOL agree well with those from
the analytical solution by using MOC at 7 = 0.4, in terms of both the water saturation, S,,, and the

polymer concentration in water phase, c.

08 ,

: : Analytical Solution
075k e ....... COMS0L H

Water Saturation 5
(]
in [
[Ey] (s3]
S

0.4 i 5 :
a 0.2 0.4 D& 0.4 1
Dimensionless Distance x

Figure 69 Comparison of analytical solution and COMSOL solution in polymer flooding, .5,
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Figure 70 Comparison of analytical solution and COMSOL solution in polymer flooding, ¢

4.3.4 Modelling of carbon dioxide flooding in North Sea chalk reservoir

4.3.4.1 Description of the system and equations
When CO, is injected into oil reservoirs, three phases are present: oil, CO, and water. The water
phase contains ions and dissolved CO,. As suggested in the section 4.2.3, the main mineral reaction

for calcite considered here is
COs(aq) + HoO 4 CaCOz(mineral) <= Ca’" + 2HCO;
To simplify the system, the following assumptions are used:
This process is isothermal;
Only COs is dissolved in water;

Chemical reaction has no influence on the molar density of water phase;

No capillary pressure and diffusion are considered;

LA A

Molar density of single component in the different phases is same;

The mass conservation equations are Oil component:

124



Chapter 4. Geochemical Transport in Porous Media for CO, Injection into Aquifers and CO, EOR Process

d 19]
e So o —(uopo) =0 50
57 (#Sopo) + 7 (uopo) (50)
CO, component:
0 (68,0 + 65 )+t puicos + tighy) = —R (51)
ot gPg wPwl COz,w o Uy P C Oz w UgPg) = m
Water component:
19] J
&(¢Suva:EHQO~w) + %(ulupwaQO,w) = 7Rm (52)
Calcium component:
9] d
E(ﬁbsw/)wmcﬁ‘hw) + %(“u'/’w”"(?(ﬁﬂrw) = R (53)

In the above equations, ¢ is the porosity, S; (j = o, g, w) are the saturation of oil, gas and brine
phase, p;is the molar density of different phases, x; ;is the molar fraction of componentiin the
phase j (i = COQ,HQO,CLL2+,HCO§), ujis the Darcy velocity as described by eq. (35). The

relative permeability £, is

Fnj = S} (54)
The neutrality condition requires
2Tca24 0w = THCOF w (55)
The molar fraction should sum to 1
LCOsw + Tcartw T Tcoy T TH0w = 1 (56)
The saturations are subject to the constraint
Sw+ S+ S, =1 (57)

The porosity change is given by
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0(1 - ¢) Pm

ot =-R, (58)

where p,, is the molar density of mineral. R,, is the reaction term, and can be expressed by
R,, = Sprpm, since the r,, is the reaction rate per unit bulk volume of rock when the pore space is
filled with water, manipulation by the water saturation .Sy is required to obtain the proper rate when

part of the pore space is occupied by gas [54]. r,, is expressed as,

-1 ‘ 2
40y p4Cat b0 cox
K,

T'm = kmAm(l - ) (59)

where £, is the rate constant, A,, is the specific surface of mineral, Ky, is the solubility product,

and a; is the activity for aqueous components. Here we assume the activity of water is 1.

The absolute permeability changing with porosity is expressed with the Kozeny-Carman equation

(54],

K [\ [1-¢"\°
KO~ \ g0 1—¢
where K9 and ¢V are initial absolute permeability and initial porosity respectively.

In our system, xco, 4, Can be treated as a function of P. Therefore, there are total 8 independent

unknowns, So, Sg, Su, P, THy0,10 TCa2+ THcor ¢ for the 8 independent equations, egs. (50)-

aw !’

(53), and (55)-(58).

4.3.4.2 Solution method

The approach is similar to the one used in the multiphase reactive geochemical simulator,
TOUGHREACT [95]. The solution method is shown in Figure 71. At each time step, the pressure
equation and the flow equations are solved initially. Then, the solute transport equation is solved
with known pressure and saturation. Finally, with updated chemical reaction term, the porosity is

calculated.
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»Time Step A t

|1. Solve Pressure Equatinn|

|2. Solve Multiphase Flow Equatiun|

|Pre&eure, Saturatiun|

|3. Solve Solute Transport Equatiun|

|Update Chemical Reaction Term|

|4. Update Purusil],r|

INew Time Step A t |

Figure 71 SNIA solution method used in the model

Pressure equation and flow equations

By applying eq. (40), fractional flow functions, f;, and the assumption that the molar density of

single component in various phases is the same and molar fraction of C'a?* and HCO; ineq. (56)

are neglected due to their small value , in a way similar to that in gas flooding, eqgs. (50)-(52) become

where

9 )
O \Fo a Ho =
af(G )+ Ozzr(u )=0
9 )
E(Gq) + %(UH.(/) - _Rm

0

d
o7 (Gw) + 1z (uly) = =Ry,

ox

Go = PpcolNo = PpeoSos
Ho = peolo = peofor
Gg = ¢pegNg = Ppeg(Sy + SwCcosw)
Hy = pegFy = peg(fg + fwCcosw)s
Gy = ¢pewNw = pewSw(l = ccoyw)s

Hu' = f)u'Fu' = f)c'u'fu'(l - cC'()-Lll')

(60)

(61)

(62)
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Peor Peg AN ey are the molar density of oil component, CO, component, and H,O component,
respectively. They are constant in the model. cco, . is the volumetric fraction of CO, dissolved
in the water. GG; is the overall molar concentration of each component based on the grid bulk

volume.

By deleting the molar density in eqgs. (60)-(62) , and adding them together, we obtain the

pressure equation

0 [ kkyo kkvy Ekpp OP 1 1
Ox Ho g fw O Pcg Pecw

Only two flow equations in egs. (60)-(62) are chosen to be the flow equations.

Solute transport equation
In the system described here, since cco, . is constant at a certain pressure, molar fraction of CO,in

water zco, and the updated molar density of water phase are,

Pw = ﬂ(‘ch'()ng + /7('11‘(1 - CC()Q.U') (64)

By substituting egs. (59) and (55) into eq. (53), and we obtain

2 .3
4[)W‘L'Ca2+.b

d d
E(djsw,’)wxca?huv) + %(UwaICGH,w) = kamAm(l - ) (65)

TC0y,bKsp
where the activity coefficient of components are assumed to be 1 and thus the kinetic reaction term

can be expressed by molar concentration of components.

Porosity equation
With the updated reaction term, R,,, porosity can be solved by eq. (58), and further the

permeability can also be updated.

Following the solution method in Figure 71, the above equations are implemented into COMSOL by
using the PDE Modes, the coefficient form and solved sequemtially by segregated solver. UMFPACK
(Unsymmetric Multifrontal Sparse LU Factorization) is used to solve Jacobian matrix. There are

totally 1000 grids has been applied and at each of them, second-order elements was chosen.
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4.3.4.3 Validation of the model
A finite difference code for 3-phase immiscible or miscible flooding without chemical reaction is used
to validate the model. By using dimensionless parameters in eq. (42), egs. (61) and (62) become

dimensionless:

ONy | OF,

g ac =0 (66)
0N1n aEn _
ar a 0 (67)

The initial condition is N¢=0, N,,=0.4, and the boundary condition is N,=1, N,,=0. The parameters

are cco,,w = 0.05, pig = 0.1cp, po = 0.8cp, and 1, = lep.

If the injection velocity is constant, the results from COMSOL agree well with those from the 1-D
solver, as shown in Figure 72 at7 = 0.2. As before, a diffusion coefficient D=1x10" has been

introduced to avoid oscillation.

1 , : , , : , : : .

: : : : : : — —=1-D Solver, S
DAf i (RPN O P T 9 {l
" : : : : —— 1-D Solver, 5,
nahly---- ........ ......... ......... ........ ........ ..... COMSOL, Sg H
hoo 5 : : : 5
07 _'I‘ ..... ........ L L ........ R ..... COMSOL, SW i

Phase saturation

Figure 72 Three-phase flooding without reaction

4.3.4.4 Simulation of reservoir scale flooding
The model is used to simulate field scale CO,flooding in a 1-D chalk oil reservoir, which only has

water and oil phase initially. The pressure and temperature in reservoir are 385 bar and 115 °C
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respectively. In this case, the CO, is injected with constant injection rate and the oil in the reservoir
is assumed to be n-decane. The simulation parameters are listed in Table 13. The initial and

boundary conditions are listed in Table 14.

Table 13 Parameters used in the simulation

Property Unit Value Description Property Unit Value | Description
Equilibrium Chemical
CCOy,w,c 0.02 volumetric gas k., [54] | mol/(m?s) | 1.6E-9 reaction
water ratio rate
- . . : Reactive
o cp 0.7 Oil viscosity A,,[54] m?/m?3 10000 Surface area
. . Solubility
w C . W ksp[54 1E-
1 cp 0.6 ater viscosity sp[54] 5 oroduct
Initial
Hg cp 0.06 Gas viscosity KO m? 3E-15 absolute
permeability
Deo ]n()[/lng 4900 Molar d§n5|ty of ¢0 03 |n|t|é|
oil porosity
Molar
Mol ity of .
Pew mol/m3 | 54000 olar density o Pm mol/m?® | 27100 | density of
water .
calcite
Peg mol/m?3 | 16000 Molar gaesnsny of

Table 14 Initial and boundary conditions

Initial Boundary (L) (R)

u *Ek S5e-7m/s *okk

P 385 bar s o

Gy 3.792 mol /m? 16000 mol /m?>

G 6467.25 mol /m? 0 mol/m3 S

ame as

‘rm'-’f‘w 0.0001 0 initial

@ 0.3 0 condition

S 0.4 0

Sy 0 1

The model has been used to simulate the CO, flooding in Chalk reservoir for 400 days. The
change of saturation profiles and the molar concentration of calcium in the water phase are
shown in Figure 73. The molar concentration of calcium m¢,2+ ,, has increased more than
twice than the initial value, indicating the necessary consideration of geochemical reaction
in the simulation of CO, flooding on reservoir scale, especially when the assessment of long-

term storage continues later.
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Figure 73 Saturation Profiles and m..,>+ at 200 days

Figure 74 and Figure 75 show how the gas saturation profile moves with time and the profile of
molar concentration of calcium, m¢,2+_,, from 100 to 400 days respectively. In Figure 74, the gas
front will break through after 500 days. In Figure 75, molar concentration of calcium mc 2+ ,,

becomes constant and the kinetic reaction reaches equilibrium even at early stage, indicating that

the dissolution of calcite for reservoir scale flooding can be treated as an equilibrium process.

T T
100 days
200 days ]
00 days
400 days

Gas saturation S

an 100 120 140 180 180 200
Distance m

Figure 74 S, from 100 to 400 days

131



Chapter 4. Geochemical Transport in Porous Media for CO, Injection into Aquifers and CO, EOR Process

12 T T T ! T T T T T
L) 5 ; w00 days
1‘] ......... ......... : QDDdaYS_
300 days
400 days
A0F i ....................... aeeeeed
o : §
E oob i ; ]
B :
E § 5
.:.g [<] TP ........ ............................................... a
£ : :
7o ........ Y P R REH TETTTITTTITITE N J
=] T RS o J
5 1 1 I I

i ; i i ; i
0 20 40 =] an 100 120 140 160 180 200
Distance m

Figure 75 m¢ 2+ ,, from 100 to 400 days

Influence of equilibrium phase composition

In Figure 76 and Figure 77, the influence of equilibrium phase composition, cco,.w.c, on the fluid
transport and geochemical reaction are illustrated. cco,,w,c represents the critical volumetric ratio
between gas component and water component in water phase. The larger cco, ., indicated that
more CO, can be dissolved in the water. In Figure 76, the increasing dissolved CO, retards the
progress of gas front, and further delays the breakthrough of injected CO,. In Figure 77, the molar
concentration of calcium is increasing with larger cco,.w.c, indicating more calcite has dissolved in

the water .
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133



Chapter 4. Geochemical Transport in Porous Media for CO, Injection into Aquifers and CO, EOR Process

20 , ! : , ! : ! : r
: : : : § : : —0.02
\: § : : 0.05
: : - ; ——0.08
15 e

3
m_. {molim?®)

5 | | | i 1 1 | 1 i
0 20 40 =] an 100 120 140 180 180 200
Distance m

Figure 77 Influence of equilibrium phase composition on molar concentration of calcium at 200 days

Effect of geochemical reaction on flow transport

In our model, the influence of geochemical reaction on the fluid transport can be evaluated, as
illustrated in Section 4.3.4.2. In Figure 77, although the injection period of CO, EOR process is shorter
compared with long-term CO, sequestration, the geochemical reaction could also influence the fluid
transport as it modifies the porosity and permeability of reservoir formation. The geochemical
reaction could also retard the movement of gas front. Further, the influence of equilibrium
composition on fluid transport can be explained by increased amount of dissolved gas in water

phase and more dissolved CO, reacting with rock formation together, as shown in Figure 76.
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Figure 78 The effect of geochemical reaction on flow transport in reservoir scale simulation
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4.3.4.5 Simulation of lab core flooding

As comparison, the model was also used to simulate CO, flooding in a chalk core in the lab
experiment. The core length is 120 mm, and the diameter is 1.5 inch (38.1 mm). The injection rate
under experimental condition is 1 cc/min, corresponding to an injection velocity of 1.5E-6 m/s, and
the rest parameters used in this simulation are the same as simulation of reservoir scale flooding.
Figure 79 shows the influence of kinetic reaction on the increase of the concentration of calcium

M2t o Mea2+ o INCreases with time but its value is far below the equilibrium value, 11.7 mol /m?,

indicating that the dissolution of calcite is limited for short injection time at the Lab experiment.
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Figure 79 m¢ 2+ ,, from 0.5 to 2 hours along the core

Influence of reactive surface area

Since reactive surface area is a complicating factor when introducing kinetic controlled reactions
[103]. Figure 80 and Figure 81 illustrate the influence of reactive surface area, A,,. For A,,=1E+6
m?/m>, the molar concentration of calcium M2+ 4 almost reaches equilibrium, while for A,,=1E+4

m?/m?, the change of mc,2+ ,, is almost negligible.
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In Figure 81, the effect of A,, on the porosity is illustrated. Its change is almost negligible even near

the equilibrium condition.
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Influence of equilibrium phase composition

In Figure 82, even on the core scale, the influence of equilibrium phase composition on flow

transport is still clear, with retarding the movement of gas front.
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Figure 82 Influence of equilibrium phase composition on gas saturation
Effect of geochemical reaction on flow transport

In Figure 83, the movement of gas front is not clearly affected by the geochemical reaction. This

observation again confirms that the effect of geochemical reaction in CO, at core scale negligible.
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This thesis includes both an experimental study on CO, flooding experiments with X-ray CT scanning,

as described in Chapter 2 and Chapter 3, and a simulation study for miscible gas flooding coupled

with geochemical reaction, as described in Chapter 4. The major achievements and important

conclusions are summarized below, together with a section for possible improvements that can be

made in the future.

Conclusions for the experimental study:

A literature study has been made about that the application of X-ray CT scanning in the
petroleum industry. The technique is widely applied to acquire qualitative or quantitative
information of core properties or fluid distribution in porous media. One of the important
applications is the determination of saturations in core flooding. However, most of saturation
determination attempts are for two-phase immiscible flow. Simultaneous saturation
determination for three phases is rare in the literature and usually conducted under low

pressure and temperature conditions.

A high pressure high temperature flooding rig has been established for reservoir conditions
flooding experiments with X-ray CT scanning. With the rig, it is possible to perform quantitative
measurement of in-situ phase saturations and to accurately record the produced fluids and

differential pressure across the core dynamically.

Through a number of trial experiments, several pitfalls in saturation determination with CT-

scanning have been identified:

1. Sodium tungstate dihydrate, recommended as dopant in a previous study using dual energy
scanning in high permeable rocks, has been found to adsorb seriously in low permeable
chalk, even at low concentrations. Potassium iodide was finally selected to dope the water

phase.

2. In certain situations, a portion of CT numbers on a CT scanning slice can be higher than the

upper limit of the CT scanner. This can happen when there is high density area due to

heterogeneity and when the scanning energy level is low (e.g., at 80 kV). Image processing
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software like FPImage’ or Imagel’ will give wrong mean CT numbers. The nonlinear Huber

estimation has been used to process the CT data to get the correct mean values.

3. The CT numbers of the iodododecane doped oil phase, the Potassium lodide doped water
phase, and the high density CO, phase increase similarly when the energy level changes
from 120 to 80 kV. This makes the equations for saturation calculation ill-conditioned and
the calculated saturations sensitive to smaller errors in CT numbers. Therefore, the dual
energy CT scanning technique can not provide accurate saturation information in our

flooding case.

4. Two dopants, lead disodium ethylene-diaminetetraacetate and lead nitrate, were chosen to
investigate the possibility of applying K.q4ee of specific dopants. The results indicate that the
Kegge method does not work in our case because X-ray beams from our CT scanner are

polychromatic with moderately broad energy spectrum.

A new method, 'Pseudo two-phase flooding’, for applying CT scanning to tertiary CO, flooding
experiments, has been proposed. Using this method, the live oil and water were doped to the
same CT number so that the CO, saturation could be accurately determined by using single
energy scanning and the application of low concentration dopant could preserve the original
properties of fluids as much as possible. Two successful tertiary CO, flooding experiments with

CT scanning have been performed using the new method.

An approach of tuning concentration of dopants in different phases under reservoir condition by
using an artificial hollow core plug was proposed. The approach resolves the problem of how to
determine the CT numbers of live fluids accurately and quickly. The results of in situ saturation
indicate that the proposed way of tuning dopant concentration is one way to guarantee the

successful application of our new method in the tertiary CO, flooding at reservoir conditions

CT scanning can provide both quantitative information for the average saturation change
through the core (1-D) and qualitative insight into the saturation change in the core (3-D). The
saturation results from the CT scanning and the mass balance are in general agreement while
the deviations are probably due to the dissolution of CO, in water and oil and the incomplete

displacement of pure water by doped water before the CO, flooding step.
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In Exp. #6 and Exp. #7, core plugs from two different formations are used. Water flooding in Exp.
#6 gives very high recovery, while that in Exp. #7 gives just moderate recovery. This indicates
that two formations have different responses to water flooding, although their permeability and
porosity are similar. CO, flooding into the water flooded cores has produced a lot of additional
oils in both cases. This shows that the potential of tertiary CO, flooding to extract the remaining

oils after water flooding, especially for formations where water flooding is not very efficient.

Conclusions for the simulation study:

A literature study on importance of geochemical reaction in CO, injection into aquifers and oil
reservoir has been made. It indicates that quite an amount of calcite and dolomite can dissolve
in the first thirty years during CO, injection into aquifers. Therefore, it is worth studying the

geochemical reactions in short-term CO, storage, such as CO, injection into oil reservoir.

COMSOL Multiphysics has been used to simulate CO, flooding with dissolution reaction in the
aqueous phase. The sequential non-iterative approach (SNIA) is used to solve the proposed
equations including multiphase transport and kinetically controlled reactions Simulations on two

different scales have been tried.

For the simulation on the reservoir scale, the results suggest that the dissolution of calcite could
be treated as equilibrium reactions. The increase of CO, solubility in water phase could retard
the movement of gas front and increase the concentration of calcium. The geochemical reaction

could affect the flow transport by changing porosity and permeability.

For the simulation on the lab scale, the dissolution of calcite still behaves as kinetically
controlled reaction. The increase of CO, solubility in water phase could retard the movement of
gas front, while geochemical reaction has no visible influence on flow transport. The reactive
surface area, which is difficult to estimate and determine by experiments, could influence the
concentration of calcite significantly on the lab scale. The porosity change on the lab scale is

negligible even with the largest possible reactive surface area.

Suggestions for future work:

Regarding experimental work, the proposed method, which has been validated and applied in

tertiary CO, flooding, can be used in the experiments concerning more complex process as WAG
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injection or inhomogeneous core with fracture. Flooding with composite cores can be tried in

order to minimize the end effects and to reduce the influence from dead volumes.

The current developed model will be useful to study CO, flooding in chalk reservoir and CO,
sequestration process. The phase equilibrium between CO, and oil can be added although it is
not included by far. The geochemical model should be extended to include more reactions in
order to simulate real CO, sequestration scenarios. Other solution method can also be tried in
the future. Finally, extension of the current one dimension model into multi-dimension should

be considered.






As an effective method to cope with green-house gas emission, and to enhance oil recovery, injection of carbon
dioxide (CO,) into water flooded petroleum reservoirs has obtained increasing attention. This thesis addresses
the issues regarding CO, injection in chalk reservoirs by performing experimental work and modelling study. The
experimental work focuses onimproving the current methods for determination of in situ phase saturation during
(O, flooding in low permeable chalk at reservoir conditions with the application of X-Ray CT. The modelling study
focuses on coupling geochemical reactions with multiphase flow in CO, enhanced oil recovery (EOR) process.
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