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Understanding the petrophysical properties of reservoir rocks is crucial for hymmocar
exploration and productionReservoir rock is one of the main sources used to derive
petrophysical properties by laboratory measuremdis.ewlution of Digital Rock Physics
(DRP) in recent years has added vital improvement in core characterization and in providing
high quality advanced Special Core Analysis (SCAL) measureni2Rf.is ablgo estimate
petrophysical properties in sandstone nesies by means of digital models. For carbonates, it

is difficult to capture the full range of the pore structure with a single imaging technique due

to pore sizes over broad range nm to cm.

Thisresearclaims tostudy the flow characteristics of rocksngDRP Six sandstone outcrops
samples were chosen for this study in order to cover diffetaotdgy types. In addition, six

carbonate samples from Middl@& reservoir were selected.nultiscale imaging approach
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using Xray computer tomography CT, 30ray microtomographic C&ndX-ray Diffraction
(XRD) was carried outAfter laboratory measurements, thieole samplavas scannedsing
X-ray CT with 1 mm resolution. Aubplugis then extractetbr high resolution scanning.-X
ray micreCT is used to scan the sphug at a resolution of 4 um. At this scale, pore
connectivity isrevealed from top to bottom. PerGeos software is useidualize, analyze and
process the 3D image3hen theconnectedporosity of the segmented poreés estimated

Lattice- Boltzmann method (LBMis usedo simulate fluid flow.

From this study, ti was shown that the suggested DRP techniques could be a reliable
complement for routine laboratory experimerRResults from onventional laboratory work

with image based sintions showed a good agreememt addition, he most important
factors, which influenced the results, were image resolution, representative sample size and

proper simulation seip.
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Chapter 1

INTRODUCTION

The oil and gas industry is constantly shifting between remarkably prospering and
tremendously unprofitable periods. Relying on this cycle and believing that a challenging
year will be always followed by successful onbas been the reason iaaintain the
enthusiastic approach of the companies in the past two decades. Nevertheless, it is also a
fact that the fast changing cycle has become slower, more and more unstable and that the
two periods are no longer equivalent, in terms of either idurar outcomes. Becoming

aware of this trend is causing deep changes in the way of thinking in the industry.
Reduction of the costs is a natural and inescapable consequence. More than ever, the
priority is to develop reliable technologies and methodsnpréve old ones, so that they

can truly provide effective information and hence minimize and eventually eliminate the
uncertainty prior to every important decision. This approach will be a benefit for the
projects about to begin, but is focused mostlynmprioving the efficiency of the once
already in course since the risks to start new projects are increasing due to less accessible

reservoirs.



Information about the reservoir can be obtained at different scales froes#goirscale

down to thepore scde. Seismic mapping provides a thidienensional picture of the
reservoir at theeservoirscale and information about structural and textural variations.
Most importantly, seismic maps can be used to identify trapgassible hydrocarbon
resourcesWell logs measure petrophysical properties at the meter scale, where physical
properties such as radioactivity, resistivity, hydrogen index, and density are measured
alongthe wellbore at varying depthEhe information obtained from logs is subsequently
convated to other properties such as fluid saturation, porosity, and permeaisilig
empirical correlationsCore samples and core plugs provide millimeter scale information
and smaller samples provide a nanometer scale or pore scale picture of therrésarvoi
conventional reservoirs, routine and special core analysis methods provide mineralogy,
porosity, pore size distribution, permeability, resistivity, saturation information, relative

permeability, and capillary pressures.

Well log measurements are often performed through exploratory wells using measurement
techniques to analyze larger scale changes in formation rock properties and to begin
developing an understanding of the unique geometry and rock properties at certain
locations within the field. The well log measurements can then be combined with seismic

measurements to identify certain formation layers and potential areas of concerns within
the reservoir. Similar regions from well logs can then be used to develop refsomsar

characteristics used in selecting cores samples for laboratory measurements. Following



core and plug measurements; this data is then used to populate the predictive models with
expected fluid flow properties for both the reservoir host andfeealations for better

accuracy and injection operations optimization.

Reservoir characterization is one of the most important steps in exploration and
development phases of any prospect. It combines the results of different analyses to reduce
the risk anduncertainties and to enhance understanding of reservoirs. Obtaining
information about the characteristics of a reservoir is vital for the petroleum industry to
understand and assess the reservoir. The data for reservoir characterization is obtained from
various sources such as well logging data, geophysical data, well test data, core data, etc.
Cores are carefully studied in special laboratories at different conditions to determine
different important experimental properties that characterize flow andjstoegacity of

the rock. In reservoir characterization, it is crucial to understand the mineralogy and the
shape of the hydrocarbon bearing rocks. One crucial step unfortunately still associated to
countless uncertainty is the characterization consideredgiven field, namely its rocks

and their properties. The rocks composing one petroleum system are source rocks (where
the hydrocarbons are generated), reservoir rocks (where the hydrocarbons are accumulated
after migration from the source rock), seatk® (the ones acting as a cap and preventing

the hydrocarbons from escaping) and overburden rocks (all the layers of rocks deposited
above the seal). These rocks differ greatly from each other, conversely a full

characterization is usually demanded onlyttmarock of interest, which conventionally is



the reservoir rock, therefore the source, seal and overburden rocks tends to be neglected
from a characterization point of view. Reservoir rocks are generally sedimentary, in their
great amount sandstones aadbonates. Porosity, pore size distribution and average pore
diameter, as well as pore connectivity and formation factor are important parameters of
any porous structure. Correctly estimated, they play a significant role in determining
transport properte of reservoir rocks, since to have accurate predictions of absolute and

relativepermeability

An exploration and production project has several phases, the first phase being called
exploration when geological studies and geophysical methods determfomtatons of

the sedimentary basin with potential for hydrocarbon accumulation. Then a pioneer
exploratory well is drilled and through mud gravel analysis, geophysical profiling
measurements, formation production testing and core analysis confirm theusetion

of hydrocarbons in the target formations. If hydrocarbon accumulation is confirmed, the
assessment phase is initiated by checking reservoir connectivity. Still during the evaluation,
the reservoir is modeled using geophysical seismic data aadcd#écted from all
exploratory wells to determine the volume of the reservoir rock. With information on
reservoir rock volume and petrophysical data from the characterization of reservoir rock
samples such as porosity, it is possible to estimate theneodd hydrocarbons within the
reservoir. The evaluation phase ends with the reservoir flow simulation. The simulation

requires other sample characterization data, such as permeability, to determine the location



of development wells, as well as to calculfitdd production curves that determine

whether the project is economically viable.

This demonstrates that the characterization of reservoir rocks becomes a fundamental
component in a hydrocarbon exploration and production project, since the information
obtained will inform critical project decisions. Traditional petrophysical analyzes have
complex routines, such as cleaning and removing saturating fluid from within the core
sample, which can take months. The proper characterization reservoir cap roales requ
numerous experimental techniques ranging from field scale formation interpretation all the
way down to individual pore scale fluid flow behavior tests. Multiple scientific disciplines
are involved in these processes and the development of experiteehtatjues continues

to provide more accurate system predictions in shorter periods.

The properties that allow a full characterization of one rock can be distinguished in several
types, namely mechanical (el astsityctexture)n st ant
chemical (chemical composition, reactivity), mineralogical (mineralogical composition,
morphology), electrical (conductivity/resistivity), acoustic (compressional and shear
waves velocity), magnetic (magnetic susceptibility, saturation etemgion). A reliable

estimation of these properties has direct implications in the correct evaluation of the
reserves of one reservoir, as well as in the plan building of drilling operations and
production phases and in the proper understanding of gdusmecovery. In other words,

adequately characterized rocks are crucial in every stage from exploration until
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abandonment of a field, therefore every effort in the investigation of rock properties related

issues must be always of great significance.

Eachtype of the enumerated properties is essentially important for a specific application
and when speaking of reservoir rocks characterization, the two most significant parameters
are porosity and permeability. Porosity will define how much hydrocarbonsbean
entrapped in a certain reservoir, while permeability will dictate the ability to extract
hydrocarbons. Porosity depends in a great matter on the way the rock was formed,
nevertheless pogbormation processes like dissolution or fracturing can contrilbaite
change the primary porosity. Permeability depend on how much the pores are connected
between each other to form paths where fluids can move and is in close association with
porosity, yet the correlation is not necessarily linear because disconnessdqutribute

to the total porosity but not to the fluid flow. Moreover, other variables like capillary

pressure and type of fluid also influence the permeability.

Recent advances numerical modeling and simulatiomethods in computer tomography

CT imagng technologies brought a new technique termed as Digital Rock Physics (DRP)
or Digital Core Analysis (DRA). This technique is aiming to enhance and complement
conventional laboratory techniques for characterizing rock characteristics. It characterizes
the rock samples by obtaining higésolution images of the rock microstructures.
Acquired images can be used to qualitatively describe the rock characteristics by obtaining

some descriptive image parameters. This type of description is useful to insetetrtied
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structure of rock sample and assess its heterogeneity. It assists many laboratory tests to
select representative rock portion from whole plug or -phug for performing
measurements of rock properties of interest. In addition to qualitatiwesenainages from

CT scanner can be used to extract quantitative information about rock characteristics after
some image analysibigure1-1 shows the flow propertiesomputed from 3D images of

the rock microstructure.
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Figurel-1: Rock and flow properties computed directly from 3D images of the rock microstr{t}ure

DRP can be used to complement core analysis datam alternative when coretdas
inaccurate or unreliabl]. In DRP, a twe or threedimensional image of the reservoir
rock is collected usim X-ray CT at the whole core and core plug scale or SEM at the

smaller scales. These images are used in advanced numerical simulators where properties
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such as composition, porosity, pore size distribution, permeability, relative permeability,
capillary presure, electrical resistivity, and thermal conductivity can be predicted. As a

result, some studies correlate different properties with one another at differenfZcales

Determined rock characteristics can be dynamic or static rock properties. Typical DRP
workflow entails scanning rock sample with CT scanner at desired resolution, processing
acquira raw images to eliminate imagjartifacts, exacting pore network by segmenting
enhanced images into solid and pore phases and lastly estimating petrophysical properties

from extracted pore netwofk]i [10].

The use of DRP involves three steps:

9 Digital imaging to create a digital representation of a rock in 2D and 3D at a scale

and resolution that will resolve rock features such as pores, organics, and grains.

1 Digital image processing tategorize pixels/voxels in 2D and 3D respectively,

with similar properties.

1 Digital rock analysis to digitally model the desired rock properties using the

digital image of the rock.

DRPmerges modern microscopic imaging techniques and advanced nusieridations

of the properties of the rock. Digital rock analysis is a technology under constant



development, and several studies have indicated that it offers significant value for
delivering fasttrack special core analys|g], [11]i [14]. Digital rock modelling is an
evolving technique for nedestructive description of the pore scale within rock sample.
Analysis of the petrophysical properties, after the imaging technaneesisualization of

the core sample gives a thorough understanding of the reservoir rock §Ebhple

The principle ofDRP is image and computemage the pore space of natural rock and
computationally simulate physical processes in the reguttigital object to arrive at
porosity, permeability, electrical, and elastic propertiesoAceptual challenge associated
with this principle is that of spatial scaiewhile the porescale imagegroduced by
scanning are thosd# mmsized rockfragments, the goas to confidently use the rels at

a much larger scale, approximataheters or higherThis challenge arises fimo the fact
that natural rock ifieterogeneous at all scales anekhce, there is no guarantee that-mm
scale properties arrelevant to those at a muletiger scale. Even such basic property as
the total porosity may strongly vary withinnam-sized volume and certainly within an

inch-sized plug.

One of the key challenges of digital rock analysis is capturing the whole rgpge izes
within one pore scale model. Capturing a representative elementary volume (REV) of a
reservoir rock is essential to predict rock properties. The represented volume in a
discretized 3D model is the result of the number of grid cells and thefseach grid cell.

Higher resolution models will require increased number of grid cells to maintain the REV.
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A multi-scale imaging and modeling approach will allow for a range of representative
volumes, hence a range of resolutions according to thecmdplexity. Integration of
multiple 3D models, each model representing a finite range of the pore size distribution,
allows for characterization of the complete pore system. Miorosity, in DRA often
referred to as partial volume porosity, is affected the resolution during image

acquisition.

In some cases, the direct CT method may not be reliable, e.g. in carbonate reservoir studies
due to their submicron structures and the similarity raX absorption for calcite and
dolomite[16]. There are several approaches to reconstruct 3D porous media from 2D thin
section imagesThe practical importance of using peseale modeling is related to
estimation of suchmacroscopic parameters as capillary pressure, absolute and relative
permeabilitieswhich areimportant data in every reservoir model. With therrent
development otomputational methods in imaging, digital c@malysis can become a

good alternative aéxpensive laboratory experimerfsirthermore, it is possible to use the

same digital model severaines to simulate different displacement scenarios.

Rock physics numerical simulation based on digital core tdogpdias become one of
the important means of petrophysical research. The digital core model is the basis of digital
core technology. Scholars have conducted extensive research and proposed various
modeling methods. Digital core modeling is focused ondbrstruction of core pore

structure. Due to the large span of core pore size, it can be from nanometer to millimeter.
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The singleresolution digital core model cannot fully describe the core pore characteristics
X-ray computed tomography G3 one of the rst widely used techniques for digital core
modeling, it is used to reconstruct digital 3D models of rock samples from which porosity
and pore network are estimated. The tool is able to reproducedilreasional models of

the internal structure of the aged objects and differentiate, within the volume, between
materials with different densities. The potential of this technique for the Oil and Gas
industry was realized back in the early
explored, due to the comafational advances. As one might already presume, applied to
rocks characterization, mici©T can be used to image the internal structures of rock
samples, distinguishing between material and pores and most importantly, reproduce that
structure in a digiied volume. Hence, with this tool the porosity of a sample can be
determined accurately, with the additional advantage thattire @ore structure will be
asseszk and numerically described, including not only pore and grain sizes but also
discrimination between connected and isolated void spaces and quantification of the
grain/pore interface area. Porosity quantification is not the only outcome of such an
approach, once having such a detailed quantification in a digital format enables one to input
the rumerical model in existing software aperform any kind of simulatignthereby
estimating other rock parameters like permeability, capillary pressures, mechanical and
acoustic propertieS he difference between a mie@r obtained digitalolume and any

other digital volume obtained by specifically designed software programs is tifiatrties
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is a real digital copy of the rock as it is obtained by direcioaymetion ofthe sample and

not a probabilistic structureke is the case of simulati@btained rock volumes.

In sandstones, it is common to encounter homogeneous pore structures as the rock itself is
composed of grains with approximately similar sizes, compacted in a regular manner. On
the other hand, in carbates there are sediments of great range of sizes, clustered by
volumes of same grains size or different sizes mixed together. Due to this, enormous
dissimilarity between grains, the porosity of carbonates is associated to structures a lot
more complex thain the case of sandstones. To asshese complex structures it has
always been a great challengéhe numerous existing laboratory measurements can
provide an average value for the porosity of one rock, but is an excessive simplification to
describe suta composite system with a single value. A far more sophisticated assessment
is required to attend the industry demands, construcéalistic threedimensional 3D
models of the pore structure and describing numerically the pores size, the connection
betveen pores, the grains size, fractures, channels and every feature responsible for
porosity. The advances in computational power and the trends in software and
programming make possible the multipart mathematical calculations associated to such
numerical @scription, and the introduction of existing imaging tools is able to provide the

three-dimensional realistic models.

For carbonates, it is difficulto capture the full range olie pore structure with a single

imaging technique due to pore sizes overald range nm to crfll7], [18]. Developing
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relationships between the porosity dhav properties for carbonate reservoirs remains an
area of active research, dominly to the complexity of carbonate structures becatise
their dual porosity18], [19]. Image registration techniquesihich involvesthe use of
multiple images at various resolutions combine higkresoltion data fromscanning
electron microscopy (SEM) with lower resolution micro CT dat. Imageregistration
techniques, however, are dependent on computationally intensive algofRhimto
combine the porosity data at disparate length scales. To overcome this challeage,
recently amethodology to determine the micpmrositydirectly from micro CT data of
Indiana Limeston§22]. However, it has seen limiteapplication to othecarbonates. To
determine the porosity of rocks from micro CT or SHMa, the greyscale images need to
be converted to binary images (representing rock sprattgore space) through a process
called thresholding. The literature lacks a systenthtieshdding technique applicable

broadly to micro CT and SEM data of carbonates.

1.1 Problem Statement

There is a lack of methods in the industry to assess and quantify accurately the pore
structure of core samples. This research aims to address this problem,eantheus
advanced tools Xay computer tomography CT, 3D-rdy microtomographic CT and-X

ray Diffraction (XRD) tostudy the flow characteristics of rockBhese techniques are

chosen due to their ability to compute 3D volumes of the imaged samples. Cdbpling
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Micro-CT slices with an image processing software has invaluable advantages. It permits
creation of threalimensional maps of fluid occupancy and estimation of the volume
fraction of each phase using phase segmentation techniques. It can also bgeserhte

pore network models, illustrating connected porosity and pore size distribution. The data
produced from these imaging and characterizagchriques wastilized to understand

the material phases, grain structure, and porous network. Badeslmorous structure the

flow chaacteristics of the rock wa®btained using numerical sination. Flow

characteristics waglidated using laboratory techniques.

1.2 Research Motivation

This studyaims to exract necessary information by using advanced imaging techrtmues
build a reliable porescak model that can be used to predict important reservoir properties.
In addition, it can be interesting to estimate how good the results obtayneeposed
numeircal solutions match with available experimental measurem&dtsanced imaging
techniques is used to reconstruct digital 3D models of rock samples from which porosity
and pore network are estimated. Attempting to study the potential oftdudseques fo
precise flow propertiesdetermination, the results are compared with Hatooy

measurements of through experimental methods.
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1.3 ThesisObjectives

After a careful survey of the literature related to this topic, presented in the next chapter,

several reseancgapswere identified. Theéhesis objectiveare as follows
1- To study flow characterists of rock using DRP technology by:

a) Obtaining digital images of rock using imaging techniques.

b) Processing digital image® estimate the connected porosiiging PerGeos
software.

c) Estimating absolute permeability of rocks using LatBodtzmann Method

(LBM).

2- Validating the flow characteristics of the robly comparing simulated results with

experimental results

1.4 Methodology

The goal of this research is to prove that imaging techniques methods for estimating
petrophysical properties of rock samples is a potential candidate to complement common
laboratory methods due to its additional ability of providing a tdiseensional poe

network. Laboratory measurements of porosity and permeability is performed on the same

samples imaged bypay computed tomographic scanner. Core sampdesimaged using
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X-ray CT to quantify the heterogeneity of the samples and toid@ze of the pasons
wherea subplugis extractedrom the core samples. PerGeos software is used to process,
segment and analyze the 3D digital images obtained after scanning {pleigsiland the
connected porosity is estimated. LattBeltzmann method (LBMyasusel to estimate

the permeability of the suplugs. Results obtained from numerical simulatiovese
compared with laboratory measurements for validation. The aim for this work is to present
a simplified workflow that can produce meaningful inputs for rogknty and reservoir
characterization using a set of hardware and software faglgel-2 represents principal
procedures of the study starting from imaging whole-phugs to determination of rock

properties.
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Imaging core-plug using X-ray CT

-

Sub-plug Extraction

-

Imaging Sub-plug using X-ray
Micro CT

-

Image Processing using PerGeos
software

=

Image Segmentation using
PerGeos Software

-

Image Analysis using PerGeos
Software

(=

Estimating connected porosity
from the segmented 3D model

(=

Estimating absolute permeability
using LBM

Figurel-2: The applied Digital Core Analysis workflow
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Chapter 2

LITERATURE REVIEW

To identify and quantify reserves mature and greefields, reservoir characterization is
important. The traditional tools for evaluating the characteristics of the reservaielire
logging and core analysis but parameters such asafiary pressure functions, relative
permeability and other macroseoparameters required to model flttirdnsport occuing
in hydrocarbon production are obtained from experiments, wdehoften difficult to

perform.

A new approach known as digital rock physics
internal struture and to use this for rock characterization. DRP is a rather new technology
combining computerized tomography (CT) and oth@a)Xscanning technologies to create

high resolution, 3D images showing pore spaces and connections between pores. It offers
non-destructive investigation methods to examine the inner workings of the sakples.
suitablesoftware programsuch as PerGeasinbe used tduild a threedimensional image

by stacking the individual slices one on top of the other. The process to recidtml

model is called reconstruction.
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Combining digital rock methodology with computational fluid dynamics (CFD), leads to
porescale simulation, which allows prediction of physical properties of rocks independent
of classical rock analysis methods. €@p of that, the numerical investigations are free
from physical and chemical changes in core material occurring during experimental
processes. Fluid transport modeling through porous media has been extensively studied in
the past, however, the length sainvolved and the complexity of pore structure make

such studies mathematically and numerically challenging even up to the present day.

Reservoircharacterization is essential foryanil company to model its hydrocarbon
reservoirs and improve oil regery. It is an integrating process, where static and dynamic
reservoir rock properties are integrated to create a representative model of underground
formation. Successful reservoir characterization requires an accurate and representative
data measured alifferent scales and sources. Reservoir rocks or cores are one of the
sources of data, which plays an essential role in the quantitative and qualitative description
of a reservoir. Cores are cylindrical rock samples, which are extracted directly from the
interested underground formation. Derived petrophysical properties from these rock
samples represent characteristics of the underground formation. Normally, properties of
cores are carefully studied in laboratories at different conditions. These mepeitude
porosity, absolute and relative permeability, and capillaressure. DRfhas been a
technology breakthrough for the Oil and Gas companies explotforys[8]. Reservoir

modeling and performance forecasting require a vast amount ofigiion in order to
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make educated decisions. Biased spatial sampling, insufficient amount of data and usually
long periods for a comprehensive core analysis campaign can obscure and/or delay critical
information to the decision makers. Digital rock chanazégion has a great potentiality to
increase our ability to reduce reservoir uncertainty by increasergntiount of information

from subsurface rock samples. Recent advances in imaging techniques, computational
hardware and numerical simulation softwdr@e opened a possibility to obtain this
information from realistic digital rock inges. DRPhas advanced in modern years
depending on numerical simulation of physical experiments in pore space, and can be
conducted on small rock fragments such as dritirqgs [23]. DRP has been used to obtain

the transport properties, electrl properties and elastic properties of reservoir r{t¥§

[31]. Since its early development stage, this technology has been tested against the
experimental protocols with very good statiast agreemen{26]. However, this new

technolog is still complex, expensive and conducted by a reduced group of specialists.

The X-ray microtomographyechnique for reservoir rock characterization deepens the
study of oil reservoirs and mineral deposits. With a simpler methodology for sample
preparadn and 3D imaging, Mick&€T enables key information such as porosity and
permeability to be measurepliickly and accurately, and is a ndastrutive method. In

this sense, MickCT characterization provides direct volumetric data acquisition, 3D

guantitaive analysis, shorter analysia, etc.
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High-resolution computed tomography enables the visualization and characterization of
the internal structure of objects in three dimensions. As it is a technique of rapid acquisition
of threedimensional data an@quires no more rigorous and delicate preparation (such as
hydrocarborcontaining rock cleaning, impregnation, roughing, polishing, etc.), it is often
used in qualitative and quantitative geological survey testing. In addition, the method

provides numeridalata, which can systematiocalkead to objective conclusions.

2.1 Properties of Porous Media

2.1.1 Porosity

Porosity is an intensive property of a porous medium. It relates the internal voidvspace
to the bulk volumeV/y, that the porous medium has. This edso be determined knowing
that the bulk volume of the paus structure is made uplafth the void space and the space

taken upby the solid structur¥'s.

%0

2.1)

£ -

Mercury intrusiortechnique rely on having a fully connected pathway to a pore in order to
be observed, whereas imaging and fluid movement detection techniques are capable of

recording pores with no connectivity to the main pore space.
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2.1.2 Single Phase Permeability

Singlephasgermeability measurements are often one of the first characteristic parameters
measured for any particular rock selected for scientific study. Henry Darcy initially

proposed the concept of permeability in 1856 after experimenting on the flow rate of water
through columns of sand. Through his experiments, he found that the flow rate of water
varied linearly with the hydrostatic pressure caused by an upright column of water. These

results were then used to form the general formafr cy 6 s L a w:

B —30 "Q (2.2)

Where:

g is the volumetric flux of fluid passing through the porous media

o

0 kisthe absolute permeability

o

W is the dynamic viscosity of the fluid

o

} isthe density of the fluid

o

g is thegravitational vectar

o

30 is thepressurdifference

Permeability varies widely across different core samples from extremely high permeability

rocks and packed | oose particle beds on
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permeability raks in the sb-nanodarcy scaleCorrelations have been developed
attempting to relate porosity to permeability in flow in porous samples, but the complexity

of flow within the sample pore space caused by tortuosity, pore geometries, and other
effects often lead taliscrepancies. Even rocks with the same porosity are capable of
showing permeabilityds that are orders o f

development of correlation for unique rock types.

One traditional technique to meastine permeability of aock sample is to placefxed
pressure gradient across the sample and then measure the flow rate of the fluid passing
through the core. The permeability of the sample can then be found by using Darcy law
following integration across the length of the &é@nd neglecting gviational effects

found to be:
Q —— (2.3

Where:

o Listhe length of the sample

o P1andP: being the pressure upstream and downstream of the core, respectively.
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2.1.3 Two- PhaseCapillary Pressure in Porous Media

Whenever there is an interface between two different fluids, there exists a pressure
difference between them caused by the tension of the separating surface. This pressure
difference between the two phases, known asap#lary pressure, has been expressed as

the YoungLaplace equation:

C
|
|

(2.4)

Where P; is the capillary pressurg, is the interfacial tension, and; and R> are the
principal radii of curvature for the interface. Since the Yoeluaglace equation only
considers the two fluids, an additional element is needed to take into account the effect of
the solid surface itself in order to begin to understand the fundate®f multiphase flow

in porous media. Each of thesgeraction terms are given és for the interfacial tension
between the solidnd norwetting phasehydrocarbons o€0y), Usw for the interfacial
tension between thekd and wetting phasevéater or brine){low for the interfacial tension
between the wetting and nevetting phases. The distinction between wetting and non
wetting phases stems from the attractive forces between the solid and each individual
phase, where wetting phases have ghéi attraction to the surface than moetting
phases. Water being the wetting phase and the surrounding air theettimy phase as

shown inFigure2-1.
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Figure2-1: Diagram of droplet of water on a glass surfi8

The edge of the drop hits the glass at a certain angle that corresponds to equilibrium all of
these surface tension elements, that when

equation:

0éE+ —— (2.5

This contact angld can then be used in extrapolation to multiphase fluid flow behavior.
Taking this idea of contact angle and applying it to the analysis of a fluid interface inside
of a narrow cylindrical capillary, the radii of curvature terms previously seen can be
eliminated to something more easily determined as the radius of a cylinder r through which

a fluid is flowing given as:

25



C, WE i —
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C

2.1.4 Relative Permeability

Relative permeability is a topic that has been studied in depth for several decades as it

contains the major concepts behind the recovery of hydrocarbons from reservoirs. The

permeability of individual phases has been foundaity throughout the production cycle

of reservoirs and can be effected by numerous fluid and rock interactions. Relative

permeability is defined as a modifying term i
E

d — T 2.7)

Where:

o Kis the absolute permeability of the rock formation
o0 K is therelative permeability of fluid,jwith the rest of the subscripteteyms

being specific for fluid pnly.

The relative permeability of an individual fluid varies from unity, being the highest
amount of flow possible to zero, where only the other fluid is able to flow through the

system. Relative permeability is typically referred to as a function of the atuod
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the material, with the zero relative permeability points for each given fluid being the
irreducible saturations found within a porous structure. At any given point along these
relative permeability curves, it is also possible to maintain fluid #bwoints above
irreducible saturation with the remaining rftfowing fluid left at residual saturation
impeding the flow of the other fluidtigure2-2 shows a typidarelative permeability
graph for a watewet system with the flow of oil and water taken from experiments by

[33] and compared to a network model for fluid f[8&], [34].
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Figure2-2: Relationshighetween the saturation of each wetting andwetting phase and the relative permeability of
the fluid, along with predictive models computed using network modg8iig
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2.2 Mercury Intrusion Porosimetry

Two of the most common techniques in the oil and gas industry are Mercurydntrusi
Porosimetry (MIP) and gas volume expansion for porosity. Mercury intrusion porosimetry
can be used to investigate the specific characteristics of a rock samples pore network
structure. In MIP, mercury is pressed into a dried sample saturated, inseisvitd low

pressure air vacuum as the wetting phase. Pressures can often exceed several tens of
thousands of psi and mercury can begin to enter pores on the nanometer scale. The use of
mercury intrusion methods does require the destruction of the rocglesdollowing

analysis due to the toxicity of mercury that remains in the sample.

The mass of the sample is recorded before being loaded into the sample cup and the weight
of the empty sample cup is recorded prior to being loaded. The sample is plaeed und
vacuum down to 5QmHgmercury is allowed to fill the container to atmospheric pressure.
The sample and sample cup are removed from the machine and their mass recorded again
to find the mass of mercury that has entered the samplawgLiphe densityof the mercury

}ngthen used to find the volume of mercury that has been injected into the sample cup. This
initial volume of mercuryVhg,i is taken to be the amount of mercury that fills all of the
spaces surrounding the sample in the precisely measusg volume of the sample cup

VP or what carbe shown to be the bulk volume ¥f the sample:

28



O O O O - 238

The sample is then placed in the hjgiessure hydrauliconfining cylinder where an oll
hydraulic fluid is used to press the mercury into the remaining pore space. The volume of
mercury that enters the sample is recorded via conductance of the mercury down a metal
coated capillary tube. As pressure is increasegtmentally, mercury enters smaller pores
found in the samples pore network until the maximum pressure of the instrument is
reached. The volume of mercury entering the pore space is recorded for each pressure
increment after a predefined machine stibivait-time. This waittime allows relaxation

to occur within both the sample and machine components that may have occurred from

temperature or sample structural changes.

The porosity of the sample is then computed knowing the final volume of mercury that
entered the porous sample by assuming that this is the void space within the sample. This
assumption is only partially correct, as there are several areas of ambiguity in recording
such measurements. First, that this method has no way of detecting wtedrp@res

within the sample that may be prase other techniques such agray imaging. If there

is no throat leading to a pore, there is no way of the mercury entering the pore. MIP is

defined tobe an open porosity technique
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2.3 Imaging Techniques

Seveal methods exist that do allow for the characterization of porosity from direct
measurements. Initially the study of thin sections allowed for the hand segmentation of
samples, later to be developed into digitalization methods, and further advanced mith mo
recent threalimensional imaging techniques. Imaging of reservoir rock samples is

performed at a range of scales and resolutions, as illustrafeglire2-3.

Seal Peel Core plug Micro plug Thin Section
CT-scanning @ JCT-scanning ﬁ WUCT-scanning ﬁ BSEM imaging
(200 pm res.) (20umres.) (2-4 um res.) (< 1pmres.)

Figure2-3: Scales and resolution in DRA. Decreasing sample size and increasing image resolution towards right, from
the cm scale to the subicrometer scale
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2.3.1 Thin Section Analysis

The first of thesemethods to be considered is the direct visualization of the pore space
through thin sections of the rock sample. This is an extremely time intensive in the
preparation of samples. This has partially improved with the advancement of digitalizing
the thin setion samples allowing for computational segmentation, rather than
segmentation donby hand[35] Thin section examination is a standard technique of
analysis under a petrographic microscope for almost all rock types, since it care @rovid
valuable information about mineralogical composition, textural and structural features of
rocksand soils. The best resolution that can be achieved by petrographic microscopy is
restricted by thavavelength of visible light, or scalled diffraction beaier, which is

aroundm([8]. 23 ¢

In thin sections, some grains may appear as dark brown or black due to their opacity.
Opaquaninerals do not allow any light to go through them even when thin slices (normally
30-¢ nthickness) had been cut. The most typical opaque minerals are oxides and sulphides,
particularlyiron oxides (hematite) and iron sulphides (pyrite). In these cases, it is important
to highlight thepore space. Colored dye (e.g. bluexgpeacuum impregnation) is uséal

assist in theletermination of porosity and to stabd the material
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2.3.2 X-Ray Computed Tomography

Medical X-ray computed tomography (CT) technology began gaining large success and

i mpl ementati on i n onhferthe gaodcigncets Begad doutilizedha d s o
technology to their own advantaf$¥]. Using the transmission of-Kays through a given

sample, a series of images is collected as the source and detector rotate arcamglthe s

or the sample can be rotated a movable stand within thergy beam of the source and

detector. After collecting these images, complex mathematical operations@aila full

3D reconstruction of the sample to be cortgade Based on the principle ofpdys ability

to be transmitted through various materials following Bemmbert law of transmittance

[38], the external surface alongtwiall interior features can be extracted. The technique

gained further acclaim due to its ability to image interior features with no damage to the
sample as most other technigues result in eit

properties or coplete destruction of the sample being required during or after analysis.

0 00 (2.9)

Where:

o |isthe absorbed energy

o

lo is the incident energy

o

M is the attenuation coefficient

o

t is the thickness of theample
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From equatior{2.9), the absorbed energy will increase in thicker objects and in locations
of the object with higher attenuation coefficients. When speaking of rock samples the
equation implies that the denser grains of the sample will attenuaécemergy than less
dense grains and void spaces of the rock will not attenuate any energy. Hence, a clear
distinction between pores and material is observed in the projections, and different types

of grains can be distinguished.

Since its introduction tahe petrophysidaresearch community, Xay tomography has

been used extensively for reservoir description and fluid flow visualization. The principles
on which all future breakthroughs were made are expressed in a number of early papers
that span each dhese areas. One of the very first to demonstrate the usefulness of
computer tomography ni reservoir characterizatiorby documenting the Xay
characteristics of mineral solid89]. The physical gnciples of using xay imaging to

study rock physics and developed an industry standard practice of measuring 3 phase fluid
saturation using CT scanning through the use of dopddlsOne of themost powerful
applications of Xray tomography is its use in providing quantitative descriptive data of
analogue core samples. One of the earliest applications of this was imaging fluid invasion.
The abilities of second, third and fourth generation CTirsees in measuring mud invasion

in Berea sandstonpll]. The development of more advanced CT machines and the
emergence of 3D reconstruction allowed fractarealysis of unique detail through

mapping the internal features and fractures of a core se{B¢riEarly efforts were made
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to directly measure the porosity of homogeneous core samples usirlg soan
techniquesModerndualscan CT machines for accurately measuring fracture and matrix
porosity by scanning whole core samples from two wells, measuring their porosity, and
correlating with preexisting wireline density logg42]. Building on this existing
knowledge, many authors haverstudied the capabilities ofPdy tomography in core
characterization.The ability of CT technologywas recordedo interpret data from
acidizing trails and to visualize the creation of wormh. The usefulness of CT
technology in measuring the porositysbfale formations was reportgt#]. It wasproved

that the porosity measuring process has the accuracy to detect changes in porosity due to
gas injection (C@ and HS) in carbonateRl5], andverified the ability of CT technology

to quantify the extent of skin damage in a dd&j.

The visualization of fluidflow constitutes one of the most predominant uses of CT
technology in the hydrocarbon industry. This requires the use of radiopaque tracers
(dopant) to monitor the movement of fluids within a rock sample. The dopants provide
sufficient information of the antrast between the different liquid phases inside the rock
sample, and allow quantifying the distribution of fluid saturation inside the s48gjle

The use of computer tomography in special core analysis (SCAL), includiestigating
miscible displacement, measuring relative permeability, and determining core porosity
[47]. Many authors built on the foundation set by these early researchersaaad

transformed computed tomography in to an indispensable tool for the industry.
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The pore sizes of almost all rock samples are below the minimum voxel size resolution
achievable with most medical graderdy scanners. To overcome this limitation, meldica
image analysis can use the change in CT number before and after saturation with different

fluids, usually water and air, to determine the porosity of a given region within a core.

A CT number is a calculated reference scale based attémeiation feedick from the X
ray detector, scaled so that water gives a CT number of zero and air is usuailyo@éar
Reference scans are thus needed for both the pure water signal and pure a@csiged

without the rock sample in place and Huale of CT number is computf38]:

¢ p 0—— (2.10)

Where:

o U isthe attenuation of the reference phase
o U isthe attenuation of materipl

o Kisa scaling constant.

The CT number values are determined for both water and air, and complete core scans are
recorded for air and water saturated cores. The porosity of the core can then be determined

by using values d@t00% saturation for both of the different phal$&, [48].

(92}
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Where:

o wsandasare for the water and air saturated sample, respectively

o wanda are the pure reference values for the phases

The detection of sample porosity in extremely tight porous samples has been achieved with
doped brine$49] and gag50] with increased Xay contrast compared to water. The use

of medical CT equipment can be used in a similar manner to porosity determination in the
investigation of fluid flow behavior and saturti estimation in relative permeability
studieg[51]. Gas migration pathways through water saturated synthetic silt samples have

also been successfully studied usinglioal CT scanning equipmefi2].

X-ray computer tomography (CT) is a very valuable tool for characterizing the internal
structure of different materials at differeatales. Due to its practicality and Ron
destructive approach, the CT scan has been used in a wide range of research disciplines. It
allows visualizing the pore network, and to perform qualitative and quantitative analysis
of 3D object. CT scans have beeid@&ly used in the core analysis of sedimentary rocks. It

is used to study grains density, porosity variation, fracture distribution, bedding
characteristics and hetgeneity of long core samplfs3]. However, such resolutions are

not enough to fully capture the pore structure of sedimentary rocks. The advancement in
technology has contributed to increase the resolution of the CT scarre8slia micre

CT and naneCT scans have been developed to improve image quality.
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2.3.3 X-Ray Micro Computed Tomography

Advances in Xray computerized tomography technique at the micrometer scale has also
recently all owed f or t Ipagespacer Vith voxelcapsahilites i z at |
down to a fraction of a em, the direct 1| ma
computation of both open and closed porosity based on connef&#jtivicro-computed
tomography (micro CT) is a powerful tool for characterizing, in three dimensions, the
internal structure of rock corersgles through nowestructive examination. The collected

data is used to extract a pore network model, which is a geometrical representation of the

pore space as a seridgpores connected by throd&b].

The technique is based on the principle aefay imaging, in which several radiographs of

the object analyzed are recorded at different angles of rotation.ifBagles are used to
compose a three dimensional representation through computational processing. The sample
is positioned between the-bdy emission source and the detector and is then rotated to
acquire projections at various positions. These projecti@praportional to the amount

of radiation reaching the detector, which varies according to the differeayt 2itenuatio

coefficients of each material.

The pore network model provides the fundamental pore scale structure of the rocks, in
terms of the pe size distribution, throat radius distribution, pore coordination number
(representing the connectivity of the pores to one another), and thtogmoee distance.

The invasion of a fluid through the material can then be simulated through invasion
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percdation simulationstodee r mi ne t he r @hisknforsnatipnasrcmaabtd i | i t y .
the development of realistic characterizations of the pore geometry and saturation profiles
that lead to improved system scale simulations. Micro CT and the extraceedgiwork
models have been used widely fmtroleum[6], [56] and gologic[57], [58] studies to
characterize the pore geometry, permégtaind porosity of sandstoifigd] andoil-bearing

carbonate$60].

The pore sizes found in many sealing formations are often dtiWlikis image resolution.

The X-ray contrast between fluids can also be used to show specific fluid flow and
saturationbehavior within individual poref61]. Limitations exist between the desired
resolution of the recorded tomogram and total imaged volume requiring careful
consideration for desired sample observations. Subklwesolution information can also

be extracted similar to medical CT techniques determining the porosity of samples with
pore size far below imaging limitatiofis4]. Investigations have also been carried out to
characterize previously fractured systems to observeptvase fluid flow behavior. Due

to the larger physical size ofstem fractures, the exploration of miged imaging capable

of capturing fluid saturations and aperture size is posfide Advances in nan€T
systems have recently been able to extract nanometer scale features from porous samples,
but with a limitation on the recorded tomogram volue®. There are two main types of
micro-CT devices that are uséaimaging of geological mterials. Thalesktop miro-CT

scanner and synchrotronrdy setup. Thenain differences between them are related to the
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resolution limit and rotational angle forsample360 deg. for desktop and 180 deg. for
synchrotron, due to having two parallel beamthe latter casg86], [64]. Theintensityof

X-rays reaching detector, among other factors, depends on the $amsléckness,

composition andlensity. At the time when the rotational angle reaches 360 deg. (or 180
deg. for synchrotron), several hundreds of radiographs are registand further
transformed into &D volume by applying appropriate reconstruction algorithm. This data
volume represents a 3fbstribution of the linear attenuation coefficient values that can be
viewed as gray scaleAfter that, it isnecessary to apply filtering to smooth, reduce noise
and improve the contrabetween pores and grains of the obtained injagg Although

most of the desktop scannean typically provide a resolution between 2 &microns,

the best achievable image resolution is around 700 nmit had been obtained by using

synchrotron micreCT [36].

Micro CT 3D images arbased on the Xay attenuation of the scanned material, which is

a function of both physical density and effectivensitonumber of the material the-bays

pass througlb4] with the advantage that the 3D images are pratiucgout damaging

the samplegd65]. Figure 2-4 and Figure 2-5 shows examples of Mict@T scanner
applications in carbonate rocks. These tools have demonstrated their ability to capture pore
structures at micro and nano scalése applications of the Cqmted Tomography in the
hydrocarbon industry are mainly concentrated in the scanning of porous media without

compromising its physical integrity or wettability-rdy computed micrdomographs can
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i mage rock samples with a eareoxgeband upwards. o f appr
Acquisition of pore size information below this resolution will require other sources of

imaging. Scanning electron microscopes (SEM) are widely used for reservoir rock analysis,

and is especially valuable with the possibility to ségi highresolution 2D images into

the 3D volume generated from micro ClThe 2D images could be BSEM images f

improved segmentation or QEMcan data for supporting mineralogical analyses.

Investigation of pores down to the nasiale will require addibnal imaging techniques,

such as FIBSEM imaging.

(€)) (b) (© (d)

Figure2-4: Micro-CT scanner applications (a to d) textural heterogeneity study in carbonat¢6®jcks
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Figure2-5: Micro-CT scanner applications: Multiscale analysis of rock im§g§jéls

2.3.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is another technique that has been developed for the
imaging of pore spaces within extremely tight rock samples. SEM is capable of some of
the highest level of magnification possible for pore space imagding.SEM is used
investigate the type of clay minerals present in the samples and to study the effect of these
minerals on porosity and permeability changdse use of SEM systems allowed for the
imaging of individual clay platelets in different clay miner§@8]. SEM provides

resolution down to several nanometers. Images are produced by scanning the sample with
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a highenergy electron beam. SEM uses a teglrgy electron beam to interact with a
conductive specimen. The electron beam is decelerated by the specithearabe
visualized using secondary electrons emitted from the sample as in back scattered
electrons, or using photons, as in electron dispersive spectroscopy. IrelS&hn
dispersive spectroscopy, specific microscale features of the sample canyzedihat

their chemical composition. The most common SEM approach is to detect secondary
electrons that are emitted by atoms excited by the electron beam due to their low energy.
As a result, very high resolution can be achieved. An additional advancemtre
technique came from the incorporation of a high precision milling beam capable of
removing extremely small layers of material away from the sample surface. This is
accomplished in most machines with a focused ion beam (FIB). The focused beam of ions
is used to remove very precise amounts of material in several repeating layers alternating
with SEM scanning of the surface. These series of images are then combined to build
complete 3D reconstructions of the milled volumes similar to those recreatedCWit
techniques, although the sample is destroyed with the milling procesSHNBImaging
techniques can then be used in a similar manner to CT imaging techniques for the analysis
of porosity and pore network of samples, only with a much smaller obseohaahe.

While thin-section analysis, SEM and focused-beamSEM can provide two
dimensional images of the microstructure, micro CT is the only experimental technique

that can provide high spatial resolution data in tuiegensions.
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Further improving te imaging limitations beyond that of the mig€€d@, SEM systems are
capable of capturing features down to a few nanometers. These systems often contain
several ways of measuring a sample response to the bombardment of electrons via an
electron beam. SEM stggns can directly image pores within seal formation samples at the
nanometer scale. The SEM system can be further enhanced with a focused ion beam used
to mill away sample material in a very controlled fashion. A focused ion besainning

electron microsope (FIBSEM) can be used to collect a series of surface images in
sequence as material is milled away to allow for the reconstruction of a 3D volume of the
explored region at extremely high image resolutions. This technique can then be used to

directly image even the tightest of pore spaces.

The use of FIBSEM imaging in the analysis of shale pores has shown several unique pore
shapes. Heterogeneities within the shale pore space are important in understanding fluid
flow behaviors within samples, givingse to the use of mulicale imaging techniques in

order to incorporate results on numerous imaging length Jé8les

2.3.5 X-Ray Diffraction

X-Ray Diffraction (XRD)is a versatile method used in characterizing crystalline materials
and determine their structur&RD is a nondestructive analytical method to analyze
material properties like phase composition, structure, texture and many more of powder

samples, solidamples or even liquid samplédost minerals are csalline and scatter-X
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rays in a regular, characteristic way dependent on their crystal stru¢RIPemeasures
the intensities of a reflected area and from the results, obtioeiiclevel spacing oftte

crystal can be calculated

In 1913, Bragg describedffilaction and interference of Xays in a crystal as reflections

at the atomic planes of the crystal lattice.

¢ _ Qi Q¢ — (2.12)

Where:

0 nis an integecount of the number of incident waves

o _ isthe wavelength of the incident ray

o

dis the spaing between the atomic lattices.

o

dis the angle between the scattered waves and the incident wave.

2.3.6 X-Ray Fluorescence

X-ray fluorescence spectrometry works onghiaciple of ionization of elements resulting

in the emission of electrons at energies correlated to the elemental composition in weight
percent. The investigated material, in a powdered and pressed samptashsidgected

to a collimated Xray beam tht excites the orbital electrons, which are subsequently
emitted. The emitted waves scatter and are counted by a detector. The frequency, at which
the scattered waves influence the detector, as the sample passes through a 360 deg. rotation,
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indicates the er cent age by wei ght of t he -ragyampl e 6

fluorescence spectrometry provides a detailed elemental mineral composition of the bulk
sample[70]. Quantitative analysis by XRF delivers very reproducible results, which can
be reported as element concentrations, compound concentrations or other concentration

related functions.

X-ray fluorescence spectrometry al&equeacyi ant
of the chemical composition. It relies dretdiffraction of a collimated Xay beam off a
sampl e. The approach relies on the angl e

equation (2.12).

2.4 Image Analysis

Once any form of image is collected from a rock sample, image analysis becomes an
extremely complex and delicate procedure to extract information from sample images
because of the influence of humans on the .dataconcept that initially seems

straightforvard, image analysis is notorious for the amounts of user influence on results.

2.4.1 Image Preparation

The first step to building a pore network model is to obtain a ridrecan image from a
relevant sample. Micr€T is an X-ray imaging technique in 3D with aery high

resolution. Employing digital images for computational modeling ensures that the models
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capture the pore morphology of the real materials, such as pore size distributions, pore

scale heterogeneity, and spatial correlations.

2.4.2 Image Noise and Artifects

Image noise occufsom the transposing of physical phenomena digitizations through,

in the case of the micy@T instrument, a scintillator andchargedcoupled device (CCD)

camera to collect digital images. Image noise can domnea variety osources, from the

cable transferring the image from the CCD, to an eimothe processor, to internal
component 6s interfer ence inerferehce romsafle noise her f or m
from each projection is processed along withttiie signalm forming the tomographic

slices of the imaged sample, complete withdbimbined noise of all the projections. Noise

is a random occurrence within images, anthis way, the collection of a larger number

of projections allows for a higher sigaanoise ratio (SNR) to be reconstructed in the

tomographi c sect i oaseisincansisteataviththe pexktoj ect i onoé s

2.4.3 Image Filtration

Image filtering may be employed to counteract the effects of image noise in both qualitative
andquantitative analyses. The key parameter is to reduce the amount of noise that is found
in pictures, while preserving all informati@ontained in the image signal. The random
distribution of noise throughounages makes this an extremely difficult proble solve

where complex patterns aedtremely small features in images are often blurred due to
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the denoising techniqueshese filters include Gaussian smoothing, anisotropic filtering,
andnontlocal means filters, along with otheiifferent algorithns have varying results,
as one would expect. The very simple Gaussraonothingdfilter has the effect of blurring

all features found within an image, whereastain filters have been designed to be edge
preserving. An anisotropic filter uses th@me bluring technique as Gaussian smoothing,
but with the designation of a grey valgeadient threshold not to exceed, as foundhat t
edge of different phase& nonlocalmeans filter is extremely effective at feature and edge

preservation, but comes withe @st of being extremelgomputationally expensive

2.4.4 Image Segmentation

Themain approaches applied in image segmentation are simple thresholding based of the
grey values of produced images, or watershed segmentation algorithrasholding
segmentation redis on the simple principle that a given material, locatgavhere within

an image, should have the same CT number. In this way, a simptietised cut off point

is designated between phases, and the grey values above andhielbaundary are
assignd to certain phases. At this point, the concept of noise becemwmedingly
important, as noise within a given material will assign certain erroneous foixieéswrong

phase. In light of this, image filtering is applied before segmentationattemptto avoid
designating materials incorrectfWateshed segmentation begingth the user selecting

grey values for certaiphases, but only small portions of each phase are selected where it

is certain there is onlgne phase present. Then the gradiergref values is computed
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across all of the imageand the initially selected portions of the phases are allowed to
growing a manner similao water spreading in a hilly terrain. The predesignated phases
then meet at the higgradient areasma the images segmented alonthese various

boarders into individugthases.

2.5 Rock Properties Estimation from Imaging Techniques

Dualenergy  scanning method involves two-pdy beams with different energy levels
pointed at the sample to be studifthese two effects have a known dependency on the
atomic number and electron densithe qualitative evaluation of the CT images of rock
samples provides information of the heterogeneity, lithological changes, fractures, etc.,
while the quantitative evation allows quantifying the apparent density and porosity,

among other petrophysical propertjés].

Themineralogy and porosity of core plugs is correlated fremnd Zs. values[40], [72].
CT scan is valuable as it is a nondestructive technique to measure cores porosity, lithology
characteristics, andiloand gas saturations within the cor8he expressions used to

calculatg p and Zs are shown irequations 2.12 and 2.13
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Porosity and permeability airbonate rockaere predictedising confocal laser scanning
microscope(CSLM) as one of the tools. The authors introduced the Lattice Boltzmann
method as an efficient model to solve the Na@takes equations directly for flow in
complex geometries, such as psoale images of real rock samples obtained from micro

CT and confocamicroscopy imaging.The LB method describes the fluid system by
interaction of fictitious particle groups, much bigger than the molecules of real fluids, but
show the same behavior in density and velocity as the real fluid at the macroscopic scales
resice on the lattice nodes, which reside on the lattice nodes. Water Saturation as a function
of time was measured and preliminary results for the imbibition in carbonate rocks was

obtained using CT scanngi3].

A procedure based on CT imagi to better understand porosity and permeability
measurements at different depths in a core sample to a continuous measurement with depth.
The authors investigated the relationship between porosity, permeability and CT number.
As a result, a nevexponential correlation was developed to express permeability as a

function of porosity, two adjustment parameters and CT nufi@dér

Dual Energy CT imaging has been used in complex carbonate and sandstone reservoirs in
the Middle East to characterize reservoir heterogeneity and optimize sample selection for

special core analysi (SCAL) testing[2], [75]i[77]. DRP has contributed to the
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computations of reservoir properties thghuimage segmentation in 3D and direct

simulation[2], [78]i [80].

Multi-resolution imaging of carbonate rock withT Cbackscattered scanning electron
microscopy (BSEM) and focused ion beam scanning electron microscopypBNBwas
combinedto perform fultscale analysis of pore distribution. Better evidence on micro
porosity and microstructure of the samples wereiolntee d by -GlewitlgSEMg ¢

imageq81].

It became evident that carbonate rocks are characterized by a significant percentage of
porosityin submicron scalé-igure 2-6, therefore approaches of coupling mi€® with
electron microscopgnd focused ion beam electron microscdqpmchniques that image at

the nano scale) were attempf{é8],[82].

50



Figure2-6: lllustration of submicron porosity in carbonate samples. Images shows slices from the same region of the
sample imaged at (c) low and (d) higher resolut[8i$

The first work regarding quantification of porosity and generation of 3D pore networks
from micro-CT imageg83], a sophisticated software for mie@r images analysis, where

the pore network generation was based on skeletonization using the medial axis transform.
The software was applied to tomographic images of Fontainebleau sandstoresl and
incorporated an indicator kriging segmaiin. It perfornms well on relatively clean

synchrotron images later validatectthods with indicator krigin{4].

A different method was developethlled the methodf maximal balls. In this approach,
the porosity is estimated by fitting inside the voxels spheres of sequentially larger radii.
The spheres could exit the voxel and continue growing until the sphere boundary touches

a solid material85].
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Also, the method can be used to compute ploreats[86]. Figure 2-7 shows the two
methodshut in both cases, the results needed-postessing to remove excess pores and

throats.

Ball ‘¢’ is a slave for ball ‘o’
Ball ‘' is a slave for ball ‘a’ and is a master for ball ‘¢’ ‘
Ball ‘' is a master for ball '’ and it is the largest master ball |

Figure2-7: Maximal balls method for pore netwoektraction. The initial increasing sphemaodel 0f85] and the
model of[87] extended to compute throats

The skeletonization methadas comparedith the maximal balls method and showed that
the network extracted is not so siive to the method used as it is to the geometrical shape
assigned by each method for the pores. The big limitation of skeletonization methods is

that, reducing the pore to a line skeleton is unable to detect structures like frggztiires

An accurate pore network extraction also implies atuiate segmentation process.
Segmentation is the discretization of the mi&D images into void spaces and material,

applying a threshold value by which the attenuation coefficients are categorized in black
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void space or white material. It is not a lineard simple task because is made on 2D

images, and each 2D projection might be suited by a different thresholding value.

Different imaging and segmentation methods and different numerical methods for
calculation of elastic properties, singlbase fluid iow properties and electrical properties,
were comparedattempting to create benchmarks that future studies can rely on to
comparison. In their evaluation, segmentation method is specific for each case and should
be chosen according to the situation. Meexo the numerical predictions of the studied
properties are influenced by the segmentation method, as well as by the type of numerical

method used to estimate the property and by thelsasige and rock heterogenejg8].

Theeffective porositywas estimatedsing a dry/wet technique. Samples were first imaged
dry, then saturated with water, and imaged saturated. Subtracting the saturate@Tmicro
images and the dry mici@T images, they obtained the effective porosidyfferent

subtracting algorithmsvere usedand corrected the misalignment between images with
more than one correction method$e results compared well with subsequent porosity

measuremen{s8].

Carbonate samplesere imagedn two resolutions, a high resolution 1rh per voxel
acquisition and a lowesolution 42m acquisitionHigher resolution imagesere usedo
extract the pore network of the carlade sample and then up scaled the model to the less

resolution 42m acquisitionlt wasrepored thatincreasing of the apparent porosity with
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resolution, and that the estimated porosity from the mFamages is lower than the

porosity measured in labatory[86].

A multi-scale imagingnodeling workflow was proposedwhere besides micitGT
imaging and 2D scattered electron microscopy-§&#M) imaging, the authors incorporate
mineralogical idetification at the 2BSEM and micreCT imaging Figure 2-8. The

porosity from this workflow is close to the porosity determined in labor§8&jy

Figure2-8: Results of different techniques used to incorporate in a{sedie imaging and modeling workflow. (a)
Dry tomogram at 2 Bnicronresolution (b) Registered SEM (c) Porosity map from wet/dry differesicBégistered
automated89]
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