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ABSTRACT

This research aims to enhance our understanding €@ @teractions with the
reservoir oil and brine andonsequentlyimprove themethod for monitoring andrackingCO»
distributionwithin the reservoir via fvave velocity responsén a seismic surveyl he research
was motivated pthe growing importance @O utilization forenhanced oil recoveifEOR)
andsubsequerdequestratianAs for theoutcome this studyquantifies the effect a0, mixing
with reservoir fluidson theelasticreservoir propertie® further evaluate the hypothefiism a
previous studyOduwole2022 thatshowedthat not accounting for compositional changes in oil
during CQ; injection would lead toraunderestimation of the magnitude of the bulk modulus of

the actual response.

This study uses a compositional reservoir simulator softad®] (from Computer
Moddling Group, CMG)to simulateCQO; injection and its subsequent effeotsthe fluid and
petrophysicapropertes, specifically, ther e s e rbullomodufus an@coustic velocit. This
researclemployedtwo different fluid systems toompae a heavieil compositionwith a
lighter compositiod bothin miscible and immiscibleonditionsto determine the effect of fluid
segregation during floodingdditionally, the study compardwo different approaches that
implement Gassmann fluid substitution calculations to estimate bulk modulus and acoustic
velocity based on theompositionaleservoir simulation resuttablack oil approach of

Gassmanriluid substitution calculationand acompositionabpproach.

As for numericaimodeling andolution several issueseedcareful attention. The first
one is the fact tha€O, dissolves in brine substantially, and the second item is the grid

orientation effecon the positiorand distributiorof the fluid-displacing front.For instancein



this thesisa nine-point finite differenceapproactwas implementethstead ofa five-point finite
differencein the solution of the flow equationhe lattedistortsthe injection fluid frontdue to
the highker mobility of the displacing phase comparison with reservoir fluidg addition,

accounting foICO; solubility in brinedelays the displacingfront andreduceghe concentration

of CO, dissolved irhydrocarborphases.

The findings of tis study show that in a thrgghase system, the velocity change is
predominately influenced by ttseipercritical CQphase. However, treipercriticalCO,p ha s e 0 s
density and bulk modulus are significantly influenced by the components from the oil phase.
Heavier oils result in th€0O, absorbing more heavy components, whereas lighter oils lead to the
supercritical CQabsorbing more lighter components. Thereforestipercritical CQphase
density varies from the injection site to the production as it mesilizfferent componenfsom

the oil phase

Thechanges in saturated bulk modulaspusticdP-wavevelocity, andacoustic
impedance are initially significantly different whére Gassmanhblack oilapproach is
compared to theompositionabpproachThes differencesaremore pronouncetbr miscible
conditions tharfior immiscible conditionsThis is a result of theupercriticalCO, mixing within
the oil phase at th@isplacementront, which the black oilGassmann approachincapable of
capturing.This leadgo an underestimatioof the location of the front that is behind the actual
front in years for the miscible model and months for the immiscitaditionally, due to the
increasing purity of thenjectedCO; as time elapses, the moslstart aligning with each other

despite thehanges intheoil density and bulk modutu
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CHAPTER 1

INTRODUCTION

1.1 Overview

With the increaimg importance of reducing emissiogkobally, there is also an increasing
demand for finding and refining methods of slashing carbon emis§i@hsequestration and
utilization aremethods that could support the current lifestyle of the global population as they
allow for the use of fossil fuels while also removing the side eftdqisoducingCO,. Thus,

improving the monitoring methods related to£&@questration is vital

Oduwole(2022)showedthatthe changing oil composition during G@hjectionfor
enhanced oil recovery (EORgs effecd onthereservoirseismic responsaterpretationShe
used the Gassmaiguation to showhatnotaccouning for theoil compositionachanges can
leadthe forwardseismicmodelsto overestimat the bulkmodulus and Rvave velocity of the
fluids. Because a blaekil approach of the Gassmafianid substitution calculatiooreates an
assumption that the oil composition is not getting heavier while it is increasing in density due to
the mobilization of its lighter components by the injected.d@us, this effecinustbe further
investigated anduantifiedto allow the development dfetter trackingand monitoring

techniques foCO, plumesin EORor carbon sequestratigmocesses

This research will focus oevaluatingthe effects of fluid segregation and hdawnpacts
seismic response duectbanges in elastic properties duri@@- flooding. Building on the
foundational work of the previous literature, this study will employ a-doaiposition

framework.The research will contrast heavier oil with lighter counterpartsiscible and



immiscible conditions to dissect segregation effects oeshimatedulk modulus andP-wave

velocity responses.

In addition, the research will focus on highlighting important reservoir compositional
modeling parameters that are often overlooked. The first and most important parameter during
CQ; flooding is changing the simulatiorumerical parametefsom a fivepoint finite difference
approactto a ninepoint finite differencdor the numerical solution of the flow equatiofi$is
allows the model to become more accuratgnmulatingthe behavior of the fluid displacing
front. Furthermorethis work highlights the importance of accountingtfog solubility ofCO, in

thebrinewhen running these simulation models.

Theresearch aimto track the compositional changes cause@®@yon models that
differ in their oil compositionmiscibility condition,andCQO; solubility in brine A 3D
compositional model using CMG GEM can help simulate a field case to investiga&t®the
effects. Generating data that is then used in a Python code to calculate the new bulk densities and
the saturated bulk modulus using the Gassnjuation. Thus, this will pave the way for

understanding the seismic significance.

1.2  Objective of Study
The primary objective of this study is to investigate the effec®®finjection on the
bulk modulus andP-wave velocity of oil reservoirs with heavier and lighter oil compositions.

Specifically, the study aims to address the following questions:

A How doeshydrocarborcomposition segregation duri@0; injection influence the

elasticseismicproperties in heavier and lighter oil reservoif$fts study evaluates



miscible and immiscible reservoir conditions and two different approaches to calculate

the elastic properties using the Gassmann Equation.

A How dces the traditional approach of tBassmann Equation that considers only phase
saturationgthe blackoil approachyiffer to a compositional approach in implementing
the Gassmann Equation? This study aims to quantify the differences between the

compositional and traditional approaches in the Gassmann Equation implementation.

A How does considering the G®olubility in brineaffectthe prediction of composition

reservoir simulation models in terms of theation ofthe displacement front?

1.3  Significance of Study
Addressing the questions holds significant importance for several reasons. Some of the

significance that the study hopes to achieve:

A TrackingCO,-Oil Compositional ZonesFheintegration of compositional reservoir

simulationwith seismicmonitoringtechniques will enable more convenient tracking of
the COx-0il compositional zone andO; storage locations within the reservoir. This
capability is crucial for monitoring and verifying the effectivenes€©f flooding

operations.

A Integration of Reservoir Engineering and Geophysical Monitofihg: study emphasizes

the importance of integrating reservoir engineering with geophysical monitoring. This
interdisciplinary approach enhances the ability to monitor reservoir changestmesal
leading to more informed decisignaking and improved magement o0, injection

projects.



14  Thesis Organization

This thesis is organized into several chapters, each dedicated to a specific aspect of this
study. The chapters will cover aspectshaintroduction, literature review, methodology,
results discussion, conclusigand appendix. This is to ensure that a logical flow of information

is given so that there is a comprehensive understanding of the study.

Chapter 1 covesrthe introductiorandpresentshe overview, objectives, and
organization. Chapter @nsists of diterature review orCO; flooding, solubilityin bring fluid
substitution, angrevious work Chapter 3 will present the sap of the fluid model, reservoir
model, andPython codeChapter 4 will cover the results and discwbere the findings will be
interpreted Chapter 5, the conclusion chapter, summarizesgbentiafindings and the
significance of them while also suggesting areasuiure research. The appendicehich
include supplementary material that supports the whiatussiorand the Python code used for

data processingre appended #ie end.



CHAPTER 2

LITERATURE REVIEW

2.1 CO2Background

CQO: can be arnvironmentatoncernas it is considered a greenhouse gas. Being a
greenhouse gas means that@d@a b sor bs | i ght reflected from th
into the atmospheravhere the heat remains trapped instead aipasg into space. This causes a
heating effect on the Earthdés atmosphere that
CQO: in the atmosphere is currently at 418.5 ppm, which is 100 ppm higher than its level,in 1960
which was around 315 ppm (NOAA 2023). This means that in just 63 yeaatntbsphere's
carbon dioxide increasday 33%. Thus, a solution is needed to lower carbon emisgions

mitigate the effects of global warming.

In 2019 the U.S. averaged around 12.23 million barrels per day of oil produced,3and
million barrels were fron€O; injection. This neansCO, EOR onlycontribute2.5% ofthetotal
U.S.oil production (Wallace 2021, Geary 2020). However, it is estimatedhibaitilization of
CO, for EORwill increase aseservoirs deplete with increasing oil demgmaviding an
incentive to conduct EOR techniques to increase produdatditionally, CQ flooding
achieveghe incentive to increas®l from underperforming reservoirs while also allowing the
site to be used for sequestratmnCO, (Kuuskraa et al2013).However, despitbaving a
minimal percentage of production, the cleam,@(ection is even lower because out of the 3 Bcf
purchased in 2019 for CO2 EOR, only 1 Bcf was from industrial souandshe othexwere
from naturalCO; sources. Thus, this makes the already @@ EOR of 2.5% a lower value of

0.8% considerin@€O; that is helping the environment. Nonetheless, fui@e plans are mostly



going to be conducted using industrial sources as the dema@@f@oars and trends have
already proven that GQrom industrial sources went up by 30% in 2019 compare®id

(Wallace 2021).

2.2 CO2EOR

CO: flooding is an emerging EOR technique that is currently afrtme of the
environmental agenda becauiskeelpsboost oil production while also allowing for the potential
of reducing emissia This process is called Carbon Capture Utilization and Sequestration
(CCUS) where carbon is captured from industrial emission sources, utilized to increase oil
production in declining oil fields, and ti&&0, is then permanently sequestered in the geologic

formation(Thomas 2008).

There are multiple injection strategies employedd@ EOR depending on the reservoir
attributes.The conventionamethods that are employed include continuG@s injectionand
water alternatingO, gas(WAG-CQy) injection. Continuous gas injection f60; is when a
continuous stream @O is steadily injected into the reservoir to mobilize the oil. In contrast,
WAG injectioninjectsgas for a period and then alterrsatenith waterinjectionto improve
sweep efficiency and reduce gas channeling. Production igtiamcedlue to the increassl

flow from the CQ interaction, whicthelped its mobilizationTlhomas 2008

Themost conventional techniques usedi@. flooding are the WAGCO; and
continuousCO;, flooding, both of which havéheir advantages and disadvantages depending o
thepurpose of the injection. A simuiah study by AlGhnemi et al. (2024) on a light oil
carbonate reservoir analyzed WATD, and continuou€O; flooding. The authareport that
as expected, the WAGO:; flooding had a better sweep efficiengghich caused it to produce a

higher amount of oil than continuoG@®, flooding. The numerical simulation demonstrated that



WAG-CQ; can yield up to 75% more incremental oil production than continG@isnjection.
However, the gross and e, utilization ratios were lower in the WAGO:; injection,
indicating that less C£s required per barrel of oil produced, but less @&3equestered
Consequently, the continuo@®, injection achieved 83% mof@O, sequestered than the

WAG-CQ; injection.

CQzinjection is considered an EOR method due to its ability to faeilit@mobilization
of oil, leading to higher productio@Q; interacts with the reservoir oil by dissolviirgo it. This
causeghanges to the ogropertiesvherein,the oil undergoes a process called oil swelling,
which increases the volume and simultanequsiyuceshe viscosity and density of tod.
Subsequently, oil swelling causes the oil to have enhanced mobility and rp&tiveability
within the reservoir, leading to higher production (Mehanal.2017).Heavy oils tend to have
mobility issues due to their lower viscosity; consequeliy; enhancemeris critical to
improving heavy oil productiorCO, causes an exponential decline in the viscasitye olil
(Zhu et al.2018. This exponential decline can be visualizedrigure2.1, which is a laboratory
experiment that captured the viscosity reduction foeayoil sample and a dead oil sample to
illustratethe viscosity reductionf oil whenCQO: is injected(Chen et al. 2013). It also
emphasizeBow most of the viscosity reduction happens at the start of the injection period. Chen

et al. (2013) alsalaimsthat there was a 54% volume increase in response to the injection.
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Miscibility is anessentiatoncept inCO; flooding as it can significantly enhance
recovery oncea pressure threshold is met. Once the miscibility pressure threshadd, ighich
is referred to as the Minimum Miscibility Pressure (Mife oil and the injected Cbse their
interface and can miat all proportionsas they become fully compatible wigach otherUsual
oil reservoirsgdo not require high pressures during@ection as they dwith other types of

gas injection to achiev@O, miscibility, but this depends on the oil gravi{fjhomas 2008).

However,CO, usually does not achieve miscibility upon first contact with the oil.
Instead, it undergoes a process called multiple contact miscibility (M@hre the oil an€O;
gasarenot immediately miscible and slowly mix througkeries oimasstransfer processes
with CO, dissolving in the oil and hydrocarbon components vaporizing into theuei they

achieve a homogeneous state where the interfacial teremshes This means that tHeéO,



gradually mixes with the oil to reach miscibilityausing it to have a transition zone when being

injected inmiscible conditions (Thomas 2008).

In contrast, for immiscible injection, t&0, dissolves in the oibut partially because
the interfacial tension is still present, preventing complete mixing. Although not as efficient as
miscibleCQ; injection, it is still an effective method that can reduce viscosity by more than 10%

through the process of oil swelling beca@® has a high solubility in oil (Fakher et al. 2020).

2.3  Compositional Modeling

Computer Modeing Group (CMG) offers a collection of software solutidos
petroleunreservoir simulations. GEM @ne of the compositional modeling software solutions
that was created for advanced compositional reservoir simulations. This software can capture
scenarios involving Oz injection, as it is highly influenced by the composition of the oil. Thus,
userscanperform a detailed analysi$ the interaction between ti&0, and the different

components of the hydrocarbahsit GEM encompassd€ompuer Modelling Groum.d-a).

For compositional modelith CMG GEM, the approach is differenwith the model
accouning for theconservation oéach componerih thegas and liquidchasesEquation2.1
shows the residual term for thecomponentvhich iterates throughll thecomponentswherei =
1, 2,....nc, with nc representing the total ndrar of component§ his equation treats each
component individually and looks thte first term making up the equation describes the
component flow within the oil phasyy looking at the pressure and density differences
Afterwards, the second term looks at the component flow within the gas plasle adds an
additional term for capillary pressupetween the oind thegasphasesThethird term looks at
thesource/sink term for injection or production of ttemponent. Lastlythe fourth term

represents the conservation of mass where it uses an impdittibd of tracking the changes per



grid volume. The summation of all the terms is equal to zero to respect the laws of
thermodynamic$Computer Modelling Group n-db).

The second equatidooks at the water interactionsingthetermnc+1 which adds an
additionalcomponento thetotal amount oEomponents$o represent the water separatdijis
is becausevaterbehaves differently than the hydrocarbon components. Equafiamayzes
the behavior of water within the formation by starting with a term that looks at the water flow
which includesapillary effects between the water and the oil in addition to the pressure and
gravity differences. The second term is the source/sink term for injection and production. The
third term is the conservation of mass to consdreeamount oEomponents of wateirhe

summation is equal to zero as to respect the mass consef@dioputer Modelling Group nd.

b).
[k JY 0 o [ ®0 Y ©Q o WEQ [ ©wO N
Wl &0 0 nQ ph8 R (2.1
r K'Y o WLuE | w0 1 Wl OO 0 T (2.2)

Traditional fivepoint finite difference simulations often yield inconsistent results due to
grid orientation. In contrast, the nipeint finite difference method developed by Yanosik and
McCracken (1978) addresses these discrepancies. Thadiivemethod only allows movement
to adjacent grids, while the nipmint method includes diagonal movement, reducing unrealistic
channeling in the x and y directiohscause of higher gas mobilitfhis refinement reduces the
error between grid orientations to a 1.5% difference in recovery curves. Furthermore,-the five

point method is unreliable in scenarios with unfavorable mobility radiosh as gas injection in
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oil reservoirs Thus, incorporating the nif@oint finite difference method is crucial for avoiding
unrealisticfluid distributionsin gas injection simulations

Henr y06s dssemiatonsept & meservoir modeling agjitantifiesthe solubility of
a gas in liquid mixtures. The law states the proportionalith@tomponent fugacity to its
concentratior{Equation2.3). This can accurately predict the behawibcomponents in mixtures
(Danesh 1998). Additionally{ e n rcgn8tant is experimentally measured and is a function of
temperature angressurgindependent of concentratidn.the reservoir simulatoGMG GEM,

the solubility ofCOy in brineis calculatedat a specific temperature and brine salinity usingtLi

al. (1986)methodandHe nr y6s Law constant correlation.

Q"0 (2.3)

He nr y Gisessentiam the numerical modeling @O, sequestration. The study by
Rathmaier et al. (2024) created a dynamic reservoir model in CMG laaSkt on &D seismic
model on Mount Simon Sandstone. The study found that about 19% of the ij&ptedll
dissolve in the brine over the simulation period. This highlights the role of solubility trapping
and its importance to be included in simulation models. This ensures that the numerical

simulation reflects a more realistic behavioGdd, in the reservoir.

Li et al.(1986) developed a seriesexjuationghat relate the cubic equation of state
(Peng Robinson EO$) a chemicahssociation theory. The equation of state was fitted to
experimental data omethane, ethane, propaneyutane, Fpentane, foctane, nitrogen, carbon

dioxide, and carbon monoxide. The author claims that the fitted Peng Robinson EOS with

Henrydos | aw is applicab%andéameassura ofl0® MPaecThat ur e

centrale quati on used to calculate henryods | aw

Equation2 4.
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2.4 Fluid Substitution

Predicting rocksseismic velocity response changes after changing the fluid from initial
fluid to final fluid is a fluid substitution problem. It is an important issue because it helps extract
fluid effects onseismic velocity and can help create predictions about respavisel,play an
important part imeservoir monitoring. These problems are solved with equations that depend on
the assumptions and the situations. The most basic equation is the Gassmann Fluid Substitution

equationwhichworks with the saturated bulk modulus (Mavko 2020).

The Gassmangquation relates the bulk modulus of a rock to its pore, frame, and
saturatindgluid properties. The importance of the Gassmarnhasa direct prediction can be
madeby calculating the saturated bulk modulus after fluid substitution. The Gasdfgaation
is listed in Equatior2.5, which defines the saturated bulk moduluss§iand is an essential
relationship to understanding how fluid type and saturation levels can affect the seismic response
of the subsurface. In a reservoir with diffat fluids and saturations, itv#al to incorporate
these differences in the Gassma&guation thus, Equatior2.6 provides the step for accounting
for all the different fluids in the system in a harmonic averaging method (Smith et al. [2R003).
this case, harmonic averagingl cause the gases to overtake the liquids as they have a smaller

bulk modulus.

0 0*° — (2.5)

b B — (2.6)
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Additionally, another fundamental equation for relating the saturated bulk modulus to
velocity is the bulk density equation listed in Equaoh Similarly, just as with the Gassmann
Equation, for different fluids in the medium, Equat®@8 shows the summation method to
incorporate different fluid densities. Furthermore, since CMG does not directly calculate fluid
bulk modulus, Equatio.9 shows a fundamental equation that is used to derive the bulk
modulus of the fluid from the compressibility of the fluid. With this, all the necessary
components can be calculated to find the seismic velocity response from EgjRaland2.11

(Smith et al. 2003).

" D % " %o 2.7)
" B Y (2.8)
o — (2.9)

A — (2.10)

o — 2.11)

To understand how seismic velocities willdffected as they travel through a medium,
theacoustiampedance equation (Equati@ri?) is employed. The equation estimates wave
reflection and transmission as it looks at how the wave interacts with a boundary. Thus,
employing it is essential to further understanding how changes in the fluid will look like to

seismic waves (Smith et al. @B).

AN (2.12)

13



2.5 Case Study: Weyburn

The Weyburn projeatan serveas a case study as it demonstrates the integration of
geophysical methods, particularly seismic monitoring, with reservoir flow modaspecially-
since it was an EOR project turnedseguestrationiThe Weyburn wasidcovered in 1954 with
1.4 billion barrelf original oil in place and undgoingWAG-CQO; from the year 2000.
Afterward the IEA GHG initiated a projetb test the feasibility of turning it into a storage
location while undergoing EOR (Meadows and Cole 2048)nerous studies have been
conducted orthe Weyburrthat havaused seismic monitoringlongsidereservoir flow models to
enhance the interpretation. This integratiowital for ensuring accurate and efficient operations

that fulfill requlatory requirements.

International regulatory agencies requX®; storage site operators demonstrate
conformity betweemonitoredand simulatedC O, plume behaviorThis helps ensure th&0; is
properly stored not just by the structural and stratigraphic sitdsylvasidual, dissolution, and
mineral trapping (Kidhn et al. 2013)addition, the models are usually calibrated continuously
with monitored data. For example, in M&yburnfield, repeated 3D seismic surveysovided
comprehensive images of tb&» plume. Thisae ded i n visualizing the

migration which helped calibrattheir reservoirflow models(Chadwick and Noy 2015).

Full conformity betweemnonitoredand simulated plume behavior is challempbecause
noise and resolution affect the monitoring détieaddition reservoir simulations are constrained
by geological uncertainties and the simplification inherent in numerical models (Oreskes et al
1994).Understandingvhatcan realistically be achieved under these conditiontak For

example, performance criteria such as footprint area, lateral migration distance, plume volume,
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and similarity index are employed to assess the quality of conformance between monitoring data

and reservoir simulations (Chadwick and Noy 2015).

White (2008) conducted a comprehensive geophysical monitoring as part of the
WeyburrMidale CO, Monitoring and Storage Project. During Phase | (20004) of the
project, a variety of static and tirta@pse seismiavere employed to document the response of the
reservoir to the injection &0,. The objectives of the monitoring were to tr&R, saturation
and distribution andssesshe interaction of injecte@0O, with reservoir fluids. In additiorthey
weredetermining the pressure variations, identifyafytrend flows, and ensuring the
containment o£0O, within the reservoir. The surveys performed at the Weyburn helped identify
significant timedelay anomalies and amplitude differences associated with certain parts of the
reservoir unde€Q; injection. Upon simulating a reservoir flow model to examineGe
saturations, it was found that the anomalies were due to porosity differences and fracture

channeling.

Davis and Benson (2008pntributed to the storage project by using higbolution,
time-lapse, multicomponent seismic data monitoring the i@@he WeyburnTheir work
focused on characterizing the fracture zones within the reservoir. The study revealed that natural
fracturessignificantly affectfluid movement within the reservoir. Multicomponent seismic
surveys helped achieve detailed monitoring of the fractliterefore, ceating a fracture
network by integrating the shear wave anisotropy intogbervoir model helped improve the

accuracy of reservoir simulatioasd understand the severity of the channeling for. CO

The Weyburn project serves as an excellent example of the importance of integrating
geophysical monitoring with reservoir engineering. This was the case because it was an EOR

project converted to sequestration. The project highlights the accuracy adade@® flood
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monitoring and prediction by coupling the different departments. [Eads to a project that is

compliant with regulatory requirements and enspreper CQ storage.

2.6  Previous Work

Previous work by Oduwole (2022) investigated the seismic response changes due to
variable oil component saturation, contrasting it with models treating oil unifoksly.
research, focusing on the Bell Creek Field, leverages the use of GW&@predict depletion
patterns. Afterward, the Gassmann fluid substitution equation is incorporated to calculate the

new fluid bulk moduluswhich can be used to estimate thevgve impedance.

The workflow of Oduwolg2022) started with a CMG EM reservoir simulation. The
simulator was run on a$potwell pattern across a stratified geological model consisting of a
group of layers representing a siltstone matrix and a group of layers representing a sandstone
matrix, with each group having a distinct porosity and permeability. The oil in the reservoir has
anAPI gravity of 3P, and water is assumed theirreduciblesaturation The authors observed
that the oil components wedéesplaced at different rategs summarized in Figu&2, where the

heavier components of oil were less depleted than the lighter components.
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The CMG model results were used to generate compressibility and density values for
fluids, which are then used in the Gassmauation (Equatior2.5) along with data derived
from the logs. However, not all the grid blocks were sele@atly 25 blocks were used to
represent the entire fieldo compare the effects of these component separations, the traditional
Gassmaniquation only considered the saturation change of the fkhech the CMG model
generated with a base constant value for the fluid bulk modulus used for {mectyaing

supercritical CQ) and the oil. The improved Gassmdtguation used a bulk modulus that
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considers the change in saturations and the compositional change ofwhih diie difference
between the two summarized in Fig@r8, where it shows that the composition effects decrease.

Using the new K modulus, thewave impedance can be calculated with the new vedscit

TRADITIONAL GASSMANN (Only S, effect).
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This research aims to signify the seismic response to fluid segregation in reservoirs,

focusing on howchanges toil compositioninfluences elastic seismic properti&uilding on
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the work of Oduwol€2022), this study wilbecontrasting heavier oil with lighteil to study
thesegregation effecis different flooding conditiondn addition to including the effects of
incorporatingCO, brine solubility and using a ninpoint finite difference solver rather than a

five-point finite difference solver as was the case in the previous work.
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CHAPTER 3

METHODOLOGY

This chapter outlines the methodological approach adopted in this study, detailing the
generation and analysis of the fluid models and their properties and the setup for the reservoir
simulation. Commercial tools such as PVTSim Nova 5 and @M are employed to
represent the reservoir fluid behaviors and interaction with the injé&@edlheseare then
exported into a simple geophysical simulator that uses the Gas&gaation to create a link
between the changes in fluudmponentand their respective bulk modulldsgure 3.1

summarizes the flow of work the methodology will follow.

Figure3.1 Flowchart summarizing theethodology
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3.1  Fluid Model
This section details the development and analysis of the fluid models using commercial
software PVTSim Nova 5. PVTSim Nova 5 is an advanced reservoir fluid PVT simulator that
uses empirical generation of fluid properties compatible with GBEBI. These models are
crucial for correctly simulating the behavior of different oil types unde€theinjection
scenarios. The process includes generating fluid models, determining the reservoir fluid
propertiesand combining the fluid components into representaisezido componenis a
lumped compositiofior simulation efficiencyi.e., reducing the number of equations needed to
model thecompositional fluid flowprocess)
3.1.1 Fluid Model Generation
To create a comparative analysis of different fcodhponentransport duringzO;
injection, two fluid models were created using a Gaussian distribution to ensure realistic fluid
behavior. The selecte®PI gravities 24°API for the heavier oil and 32API for the lighter oi)
were chosen. Figures 3.2 and 3.3 show the compositieach of the fluid models. TheP|
gravity was calculated by taking the liquid components at standard pressure and temperature.
Afterward, thefluid compositionsvere combined after C6 insevenpseudo components
following, according to Danesh 1998r simulations 6 CO; flooding. A summary of the
combination can be found in Figgr&.4 and 3.5 for the 24 and 34P1 models respectively.
This lumping process combines the components that behave similarly to each othewithhelp

the performance of the simulation while also respecting the behavior of the components.
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3.1.2 Reservoir FluidProperties

As for the reservoir properties of the fluid, a PT diagram is generated to show the
reservoimphasebehaviorestimated foeach fluidmodel The generated PT diagram can be seen
for the 24 °API and 34 °’API modelskigure 3.6. These diagrams are crucial to understanding
the bubble point, dew poirdnd critical point constraints on the reservoir and how the

componentsféect the fluid's behavior
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Figure3.6 24 and 34 °’APPT phase behaviatiagrans.

The figures explain the behavior of the fluid in reservoir conditions. Since most reservoir
temperatures do not exceed #80both models will exhibit a black oil reservoir fluid behavior.

This is because the mod& Pl is low at stock tank conditions. The shift in the critical point
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between the models of 2API and 34°API is because of theifference in the concentration of
heavier components.

The MMP is a keyparameter taletermine the simulation constraints that set the
conditionsfor either miscible ormmiscibleCO; flooding. The MMP is generated directly from
PVTSim Nova 5 calculations. Leading to the results of 2950 psi and 1526gpsctivelyfor
the 24 and 33APImodel s6 MMP. Bot h saoetigal raserwoietengperatueet at
of 150°F.

The rockfluid modelwas developed using CMGEM software to simulate the relative
permeabilities and fluid interactions. Figur& 8hows how the oil and water interact with the
rock where the residual water saturation is 28f@ the residual oil saturation is 18#aking it
a waterwet rock. As for the gas, Figure8%hows the interaction between the liquid and the gas,
where the gas residuséturations at10% Thegas cannot go below a liquid saturation 0%6

is thatthe gascannotdisplace the liquids after a certain saturation.
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3.2  Reservoir Simulation Setup

The reservoir simulator is run using CMG software GEM for compositional modeling.
Furthermore, the program was enhanced by changingutherical parametesettings from a
five-point finite difference to aine-point finite differenceto correct the gagncluding
supercritical phasaistribution and displacement frolaication duringhe gagincluding
supercriticalphase) floodingrocessThe results from the fluid properties are exported from
PVTSim Nova 5 directly into CMGEM.

Six different models were developed to study@ flooding process. The models start
with a 24°AP1 and a 32API mode| which then branch off into miscible amdmiscible
conditions ofCO; flooding. Subsequently, solubleCO; in brinemodelis includedfor one
immiscible andniscible case fathe 24°API fluid to analyze the effects abnsideringCO»-
water solubility into the model. FigureS3ummarizes theimulationcasesonsideredor each

model.

Models
Heavier oil / T Lighter oil

Miscible | Immiscible Miscible ¥~ Immiscible

Insoluble Soluble Insoluble Soluble

Fi g3 eSummary of tmoded e ataw atshh eh esatvuideyr o | ref el
WPI oil and | ighweét oil tefmesondgiioyasr@&serri
CQand the sol@Q@btfistog urbeflarnrsg t o

Assuming a constant reservoir temperature compositional reservoir simulator

calculatesas primary variablethedistribution ofreservoir pressure amdhasesaturatios foroil,

gas(including supercritical phasednd watephasedy solving the flow equations for each
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componentAt each time step, the compositional simulator also performs thermodynamie vapor
liquid equilibria calculations to determine changes in the composition of the phestsmass
transfer processes between the liquid andigakiding supercritical phasphasesThe phase
composition is used to calculate fluid properties sudateasity and compressibilitfrhe
injection of CQ disrupts the thermodynamic equilibrium of the reservoir fluids promdtiag
mass transfer of components between tresebAfter performing the compositional
simulations the datas exportedand additionatalculationsare performedn Python

The CMG model initialization is summarized in Table, 8vihere all the data that is
constant throughout the different models remain the same. The other data that differs from one
model to the other are discussed in later segments. One of the most important details is that the
model will be an inversBve-spot patternas illustrated in Figure 301 This is because the
injectorwell is the center of the study. Therefore, it makes more sense to have the injector be in
the center of the model. As for the jgaitt area is extended to 80 acres, while USERIEOR
projects inject 40 acres. Sequestration projects use longer spacid@g@ aces, which will help
create a larger area to conduct the studyaaadd early influences from production.

Furthermore, the prodtion wellscan producérom all reservoidayers, but the injector
only injects at the fourtfdeeper)ayer since th€ O, couldflow upwards due to gravity
segregationCQO; injection beginsafter the first year gbroductionto create a slight decline in
pressure and displace some of the oil close to the producer. Additionally, there is an attempt to
keepCO; above supercritical conditionslowever, it Wil not be used as a constraint but rather
through injection rate as the model is allowed to drop below superc@ti@atonditions before

CQO injection.
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Table3.1 Common data used in tleservoirmodelingfor all six modesk.

Pattern Inverse 5-spot -
Area 80 acres
Well spacing ~1350 ft
Reservoir Thickness 10 ft
Block size 44.4x44.4 ft
Layers 5 #
Temperature 150 F
Porosity 0.16 fraction
Permeability I, J 20 mD
Permeability K 2 mD

29



Producer 2

Producer 4 Injector Producer 3

Producer |

Fi gBlreeReservoir modeilnvcéoinssginsetpibng eafn.an

3.2.1Reservoir Simulation Model Setup 24°API Miscible

The 24°APImi sci bl e model 6s set up colhdbbdtlgmr at i on
hole pressure is maintained above the MMP pressure by placing a constraint on the production
wellsto keep theressure above 2600 p$he initial bottomhole pressure i8200psi, with an
injection rate of 0.6 MMSCF/d, 3.85% pore volume injected, and a production liquid rate of 400

bbl/d. The minimum BHP for production is 800 psi.
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Table3.2 Listing the data used imereservoir simulatiotfior the 24°API miscible model.

API gravity 24 °API
CO, EOR type Miscible -
Top Depth 7500 ft
Bottomhole pressure

3600 psi
(initial)
Injection rate 1.1 MMSCF/d
%Pore volume injected 4.47 %
Production liquid rate 400 bbl/d
Production minimum BHH 2600 psi

3.2.2Reservoir Simulation Model Setup 24°API Immiscible

For the 24#API immiscible modelas summarized by Table 3tBe production pressure
is maintained below the supercritical pressur€©% to avoid reaching theil bubble point The
initial bottomhole pressure is 2400 psi, with an injection rate of 0.6 MMSCF/d, 3.85% pore
volume injected, and a production liquid rate of 400 bbl/d. The minimum BHP for production is

800 psi.
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Table3.3 Listing the data used imereservoir simulatiotior the 24°APIl immiscible
model.

API gravity 24 °API
CO, EOR type Immiscible -
Top Depth 5000 ft
Bottomhole pressure

2400 psi
(initial)
Injection rate 0.6 MMSCF/d
%Pore volume injected 3.85 %
Production liquid rate

400 bbl/d
surface
Production minimum BHH 800 psi

3.2.3Reservoir Simulation Model Setup 34°API Miscible

As summarized by Table 3.4, the 3P| miscible model featureSO, EOR at a top
depth of 2300 ft with an initialeservoir pressure of 1100 p$he injection rate is 1 MMSCF/d,
with 5.93% pore volume injected and a production liquid ra#d0fbbl/d. The minimum BHP

for production is 1100 psi.
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Table3.4 Listing the data used imereservoir simulatiotior the 34°API miscible model.

API gravity 34 °API
CO, EOR type Miscible -
Top Depth 2300 ft
Bottomhole pressure

1100 psi
(initial)
Injection rate 1 MMSCF/d
%Pore volume injected 7.91 %
Production liquid rate 400 bbl/d
Production minimum BHH 1600 psi

3.2.4Reservoir Simulation Model Setup 34°API Immiscible

In the 34°APIlimmiscible model, as summarized by Table 3.5, the top depth is 2300 ft,
and the initial bottomhole pressure is 1100 psi. The injection rate is 0.4 MMSCF/d, with 7.41%
pore volume injected and a production liquid rate of 200 bbl/d. The minimum BHP for

production is set at 800 psi.
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Table 3.5 Listing the data useid thereservoir simulatiotior the 34°APIl immiscible
model.

API gravity 34 °API
CO, EOR type Miscible -
Top Depth 2300 ft
Bottomhole pressure

1100 psi
(initial)
Injection rate 0.4 MMSCF/d
%Pore volume injected 7.41 %
Production liquid rate 200 bbl/d
Production minimum BHR 800 psi

3.3Python code seup

A Python code was developed to process results from the reservoir simulation cases in
terms ofcompressibility, saturation, and density of the fluid for each time$tepcode
implemented calculationssing the Gassmarttquation toestimate théulk modulus, velocity,
andacoustiampedancdor eachcell of the reservoir model
3.3.1Grid Cell Processing

The Python code will take in the grid cell by cell from the exparedrvoir simulation
resutsf i | e and create a 3D array with the format
willbethexa x i s a n d-ax&.jFigure 34 shows an iljstration of the outputs that start
from {k, 0, 0} to {k, 43, 43} for the selected {k} valugwhich goes from O to,4epresenting the

five layers of the formation.
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Figure3.11 Showing the grid setp for the Python code with grids {0,0}, {0,43}, {43,0}, and
{43,43} representing the production nodes and {22,22} representing the injection nodes.
3.3.2GassmannBlack Oil Approach Assumptions

Oneissue that ariseshen determining the fluid phase properties for the Gassirank
oil approachs getting thecorred fluid propertyassumptions to represent the oil and gas
(including supercritical phase)his is becausthe pressure changes from year to year by
multiples during floodingwhich creates a need to find a constant védu¢he fluid properties
that changes with the pressure change. The best approach to minimize the errdgagshann

black oilapproachs to use a cell that is not flooded throughout the entire flooding period to
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represent the oil and a cell that is almost 100% @@eto represent theupercriticalCO.

Thus, the best representative cell for the oil is at the edge of the layer at grid # {22,0}, and for
the COp, use the injection site directly at the block as that contains the Qi@est the reservoir

at {22,22}. Checking th€0O, density with NIST data, the error rate ranges from 1 to 10% by
using this methodwith the highest error being around 2208200 psi ranging from 5 to 10%

and the resdf the pressuresmngingfrom around 1 to 4%.

3.3.1 Equations Seup

To start with the Gassmaritquation, the compressibility is firsbnverted to bulk
modulus by taking the inverse of compressibility (Equation. 31if is done for the water, oil,
and gagincluding supercritical phasepmpressibility. The fluid bulk modulus is then calculated
using Equation 3.2onsidering the saturation of the phag&f$erwards, thesaturated rock bulk
moduls is calculated using tli@assmaniquation(Equation 3.3 With the assumption théte
bulk modulus of thelry porous rock fram, "Q is 12.25 GPd4Zhang et al. 199%ndbulk
modulus of the mineral matri3Q is 36 GRawhich are values typical for a sandstone reseyvoir

with around 5% or less shgl®mith et al. 2008

- (3.1)
b B — (3.2)
0 R — (3.3)

Before calculating the velocity, the overall density needs to be calculated using Equation

3.4. As for the Rvave velocity, since the shear modulus data is not available, simple algebra is
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needed to create an equation that only uses bulk modulus and density. This is done using the

relationship between thewave velocity and Svave velocity.

" 0 % " %o (3.4)

To derive the Rvave velocity, the followindgzquations3.5 and 3.6are used:

A — (3.5)

O — (3.6)

Given the following ratio between theviave and the -8vave for sandstondviavko 2020):

— P (37

Adjusting the Swvave equation to solve for the sheawdulusfrom Equation3.6:
6 Zm
Afterwards,substituting the Rvave to Swave ratio into theshear modulus equation:
T M

Then gplyingthe previoughange®n Equation 3.60 the Pwave equatioisted inEquation 3.5

Simplifying:
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The velocity can now be calculated directly from the saturated bulk modulus and teosigh

Equation 38:

o @ — (3.8)

Finally, the impedancepds calculatedvith the followingEquation 39:

O (39)
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter will discuss the results for each ofsilkenodels. The models consist of 24
°API miscible, 24°APlimmiscible, 24°API miscible withCO,-brine solubility, 24°API
immiscible withCOp-brine solubility, 34°API miscible, and 32APIimmiscible. The miscibility
conditions refer t€ O, with the oil and unless mentioned otherwise, the models do not have
COy solubility in brine Creating an analysis on both miscible and immiscible in this study is
important to help study the response of differing vaporization of components between the
injected fluid and the oil. Allowing for an examination of how compositional changes within the
oil are influenced by varying mechanisms.

All the models were simulated using a njpint finite difference simulator. This is
becausdeforeusing a ningoint finite difference simulator, the simulation resshewed
unrealistic behaviors where the injected fluid was moving in a straight line from the injector
towards the boundaries that are away from the producers. Therefore, the movement was
motivated by the square cell geometry of the model rather than the présgufeom the
production. Furthermore, its pattern was not circular at the sttré oifjection, which is
unrealistic. The errors could be minimized by turning the geometry by 45 degrees, but since
CMG allows for running the model in a nipeint finite difference, this issue was avoided.

The results will be differentiated from the original oil composition for the models.listed
Thus, the word o0diff er emfer®é&e chasenydaecdmparédttolthet h e

first yearbeforeinjection.
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4.1 Miscible 24°API

For the heavier 29API miscible model, three pointd interestare used{4,4}, {8,8},
and{19,19} on thefourthlayer. These points argelectedo create a quick comparison of the
data and to be representative of the conditions surrounding them. The criterion for the selection
is for the points t@epresent conditions fane neatproduction{4,4}, thesecondhighest point of
difference for thdront of advance of the injected flu{8,8}, and the neainjection{19,19}

conditionsfor the 24°API miscible model.

Table 4.1summarizes kegata used to analyze the first model. This data includes the
time of breakthroulg, which isdeterminedvhenthe production wells stareadingCO: in their
production figuresbove a cutoff point of 75%tay. Subsequently hielocation of the C@

displacementront is based on a cutoff point 8% global CO, mole fraction.

Table4.1 Summary of the data for the 2API miscible flooding modeht years of
flooding with the differences referring to the difference in value between the compositional
model and the black oil model.

Breakthrough Timelapse 4 yearsand3 monthsof flooding
Layer of interest 4

Frontline at snapshot (Yedy {6,6} 3%

Grids ofinterest {4,4} {8,8} {19,19}

Figure 4.1illustratesoil density, gagincluding supercritical phaségnsity, pore
pressure, and oil saturation at tbarth layer during the @4 year of injectionQil density
distributionin the figure changdsecause of C&injection. The difference between points {4,4}

and {8,8} shows that theil density at théront doesnot decrease mugclas it only dropped from
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56.7 to 56.5 ILt3. After {8,8}, the density continues to drdput then it increases the closer it
gets to the injector at {19,19eaching a high 63.5 IbfftThe increase in density is attributed to
the CQ mixing which mobilized most of the lighter and intermediate oil components, thereby
leaving behind the heavier oilss for the pressure distribution, from {4,4} to {8,8he pressure
difference is 246 psi and 321 psi between {4,4} to {19,19}. This shows that the pressure drops
steeply around prodtion wells. This may cause some readings to be affeespecially values
that use the black oil assumption since the pressure is changing rapidlyl. Sdtaration

reading shows no changes to tilesaturatiorahead othedisplacementront, which makes it
impossible foithe traditional black oil application of Gassmann motietsapture the details of
thedisplacementront as it relies on saturation changesy. Thesupercritical CQdensity

shows that it is exchanging components with thdexalding to a distribution of its density that

gets heavier at the front.

Figure 4.2 shows the bulk modulus of the oil andercritical C@and the responding
saturated bulk modulus for both the compositional and the black oil niodkeé figure, it is
observed that the oil bulk modulus decreases significan{8;&kt from the original modulus
shown in {4,4}due to CQ dissolution. In contrast, the bulk modulus increases at the injection
site{19,19} as oil losexompatibility with the CQ Thesupercritical CQbulk modulus is
higherat{10,10} andgetslowertowards the irgction As for the comparison between the two
modelsthe compositional model captures thex@&ect on oil, while the black oil model
underestimates tHecation of the C@injectionfront due tothe black oil modehot accounting

for mixing at the front.

To assess the difference on the displacement front, previous timelines are analyzed. This

analysis aims to demonstrate how neglecting the compositional mixing front can lead to an
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underestimation of the displacement frontos
showing that the displacement front is at point {10,10} coincides with the compositional

approach when it was at 2 years 6 months of flooding. Thus, not accoumtihg foixing front

has caused the model to underestimate the location of the displacement front by approximately 1

year and 6 months.

Figure 4.3 shows the-Wave velocity and impedance for the compositional and
traditional models. It is observed that the velocity significantly changes for the oil phase at the
front compared to the undisturbed oil phatke difference is even higher in the velocity case
because the density is now betcansideredvith the bulk modulus. The impedance shows a
similar response because there is a greater emphasis on the density due to the nature of the
equation. It is also observed that theplacement fron not being captured as expected by the
traditional modelHowever, the neainjection region is almost the same in its resppegen

thoughthe oil densig and composition have significantly changed.
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Figure4.3 Showing the summary results for the miscible 24 °API miscible condition at year
4 of flooding for (a) velocity difference for the compositional model, (b) velocity difference for
the black oil model, (c¢) impedance difference for the compositional model, and (d) impedance
difference of the black oil model

As for the 24#AP1 model aftethe breakthroughpart of the results is represented in
Figure 4.4 The first observatiofrom the oil density ploshowsthat abreakthrough has
occurral. In addition, the oil density has becomere dens@ear the injectiomas a result of the
mobilization due to C&favoring the lighter components more than the heavier comporents

for the pressure, is smaller in the difference between the points from {4,4} to {19di8¢e it
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is now onlyaround 212 psiThismeans that it is a smaller factor in this case thdhe previous
caseregardingts effect on the result§hesupercritical CQdensityis still heavier further from

the injectionsite,but it is losing that attribute as the injection contindesddition, the oll

saturatiorhas not yet shown a breakthrough because the breakthrough happened by the oil that is
miscible with thesupercritical C@ which becomes part of the oil phase. Furthermore, the oil
saturation in th near injection significantly differs from the otheshere it is8% saturation and

contains only heavy components.

The bulk moduli change iflustratedin Figure 4.5. The oiandsupercritical CQbulk
modul showsa change similar to the one observed within the oilsapercritical CQdensities
On the other hand, the saturated bulk moddhes not reflect those changes when comparing
the saturation model to the compositional model. The only observed difference is that the
saturation model does not show tadreakthrough has been achieyatiich means it isagging
and has been for almost a ydaespite that, the changes in magnitude due to the compositional
changes are barely noticeable in the model where tha gagincludes thesupercritical CQ)
and an oil phase. Looking at the calculations of the fluid bulk modulus change, it is observed that
the effects of the changesthre composition of the oil causing it to be a lighter oil and the effects
of the gas becoming a heavgmpercritical CQcancel out and lead to a result where the analysis
can be mistakenly concluded that there are no differences. As for the section in the middle, closer
to the injection site, the differences are caused by the facthtre is a significant difference
between the oil and treupercritical CQ, andthe supercritical CQdominates the fluid bulk

modulus equation.

Going on to the velocity and impedanod-igure 4.6. The velocity and the impedance

show a similar result to the bulk modulus. The slight differdseteveen the numbers, as
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opposed to the bulk modulushere they were almost similar in values, is because the density
used does not change as easily to cancel out as the harmonic averaging done by the fluid bulk
modulus calculation. However, the differences arersiiflior, especially considering that the

total impedance value for the reservoir is around 8.3 million.Ray!l
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Figured4.4 Showing the summary results for the miscible 24 °API miscible condition at year
6 of flooding for (a) oil density, (lgupercritical CQdensity, (c) pore pressure, and (d) oll
saturation
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6 of flooding for(a) oil bulk modulus, (b¥upercritical C@bulk modulus, (c) saturated bulk
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4.2 Immiscible 24°API

The grid representation for this model chosen is {4,4}, {9,9}, and {19,19}. The reason
behind the {9,9} is because it is directly at the front of the flood. Block {10,10} will be chosen to
represent theupercritical C@models. The {4,4} and {19,19} are chosen because #heyhe
near producer and near injector sites as previously likedayer will be the first for all the
models because that is whéie breakthrough occurs. This is a direct result of the immiscible

conditionsthat caue gravity segrgation to take effect.

Table 4.2 summarizgsart of theresults of the immiscible 22API mode| which include
the chosen representative grittsetime of breakthrough, the layers of interest, tdrekxtert of
thedisplacement frontit is observed that thfeont took six years aneightmonths. Furthermore,

there is a steep decline in the £§lobal mole fractiorat thefront, unlike the miscible model.

Table4.2 Displaying a summary of the data for the®2d| immiscible flooding model at
year6 of flooding.

Breakthrough Timelapse 7 yearsand 8 monthsf flooding

Layer of interest 1

Displacement fron&t snapshot
{9,9} with 4% CO»
(Year6)

Grids of interest {4,4} {9,9} {19,19}

The initial set of figures for the immiscible GBOR flooding in the 24 °API case are
presented in Figure 4.7. This figure indicates that the pressure difference from the near injection
site to the producer is 138 paithough the conditions are not miscible, oil density changes are

still occurring but not as pronouncediashe miscible case. This is a resulinaiking between
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the oil and thesupercritical CQ, where thesupercritical CQpicksup the light and medium
components. It is observed that the density gets heavier behind the front and lighter at the front.
This is because the areintermediate componentisatget mobilized after the lighter

components. From the saturation point, the displacement of the oil is less than that of the

miscible case.

Figure4.8 shows the bulk modulus changes. Before looking at the result of the Gassmann
Equation which gives the saturated bulk modulus, the oil bulk modulus argutrexcritical
COz bulk modulus changes can help give an idelaoav the model will react. Upon analyzing
the figures, it is concluded that the oil bulk modulus is getting lighter throughout the flooding
regime and heavier near the injector. This is becausg@hés dissolving with the oil enough to
cause the bulk modulus to drop by almd¥¥b However, the displacement of the components is
causing the injector site to increase in bulk modulus as the heavy components become the
remainder of the oil. Theupercritical CQbulk moduluson the other hand, is similar to the
density decrease in the injector becausestipercritical CQis losing its capability of mixing
with the oilatthe same scale as it used to. In addition, the yellow ring afterward is the heaviest
because the lighter components are the first to be mobilized, followed bgatg components
in the back. This leads to a phenomenon whersupercritical CQstarts light, then heavy, and

light again at the front.

Figure 4.8 illustrates the change in bulk modulus. The oil bulk modulus for this model is
getting lighter throughout the flooding regime and heavier near the injéb@supercritical
COz bulk modulus shows a similar pattern to the density because of the different components
that it is picking up. The near injector region is losing more of the components that it can easily

mobilize to thesupercritical CQphasewhich is causing it to become lighter and purer. As for
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the Gassmann Equation results, it is observed that the difference between the black oil model and

the compositional model @negrid block which is less than its miscible counterpart.

To assess the difference on the displacement front, previous timelines are analyzed. This
analysis aims to demonstrate how neglecting the compositional mixing front can lead to an
underestimation of the displ acegmepant{ld,0lont 6s |
indicates that 5 years and 7 months of flooding have elapsed. This finding suggests that the black

oil Gassmann model is behind the compositional approach by approximately 6 months.

A similar conclusion is made for Figure 4véhichlooks at the velocity and impedance
between the two models. Only at tisplacementront do the changes occur between the black
oil and the compositional model. The velocity does not place as big of an emphasis on density;
therefore, the difference seems to be small. As for the impedance, despite the emphasis on

density, the differencesre still negligible outside of triisplacementront.

Figure 4.9 examines the velocity and impedance for the compositional and black oil
models. Despite the emphasis on density, the results and conclusions are similar to the bulk
modulus. However, unlike the miscible model, the near injection sites in gagldter more
than they did in the miscible case. Tladelieved to be a result of more of the components
being taken into theupercritical CQphase which hasan overall effect on the bulk modulus

than in the miscible case.

Similar to the miscible case, aftiie breakthrough, the compositional model becomes
more identical to the black oil model and will continue to d@s the flooding continue$his is
shown in Figure 4.10wvhere the bulk modulus feupercritical CQand oil andhe resulting

saturated bulk modulus for tlkempositional and black oil models are shown. The injection is
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getting sufficiently similar between the two casekereas the movement lafjhter components

is causing some changes at the {8,8} paant effect not reciprocated by the miscible case.
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Figure4.7 Showing the summary results for the miscibl€ 2RI immiscible condition at
year6 of flooding for(a) oil density, (b}supercritical CQdensity, (c) pore pressure, and (d) oil
saturation
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Figure 4.8 Showing the summary results for tinemiscible 24°API miscible condition at
year6 of flooding for(a) oil bulk modulus, (b$upercritical CQbulk modulus, (c) saturated
bulk modulus of the compositional model, and (d) saturated bulk modulus of the black oil model

54



{444} = 0.43 gpa o {444} =15.1 wea
(949} = 0.43 cpa

99} =21.2 wea |

{19419} = 0.93 Gpa {19419} = 15.3 wmpa
| |

10

. (bSupercr i tBuclakl
(a) OiModRid luls Modul us

{4}{4} =-3.04 GPa {44} = -3.05 GPa
9)9} = -3.03 gpa '
B15 = -0 e (9}(9} = -3.09 era
19191 =-3.14 Ggpa - {1919} = -3.14 GPa

(c) Saturated (d) Satwurated
F (Bl ack Oil)
Figure4.9  Showing the summary results for the miscibl€ 2RI immiscible condition at

year 6 of flooding fofa) velocity difference for the compositional model, (b) velocity difference
for the black oil model, (c) impedance difference for the compositional model, and (d)

impedance difference of the black oil madel

=-3.20

55



{4)(4) = 44 /s

{4Y4} = 39 m/s

{940} = -85 m/s

{10410} = -349 m/s

-100

{1919} = -355 m/s

-150

{(19}{19} = -356 m/s

=200

=250

=300

(a) VOl ddietren (b) V®liddierence

=350

{4{4) = 95K Rayls

{949} = -199K Rayls

=200

{19419} = -907k Rayls

=400

Z, (k Ravls)

=500

(dmpedance Di (d)mpedance Diff

Figure4.10 Showing the summary results for the miscibl€ 221 immiscible condition at
year8 of flooding for(a) oil bulk modulus, (byupercritical CQbulk modulus, (c) saturated
bulk modulus of the compositional model, and (d) saturated bulk modulusdatheoil model

4.3 Miscible 24°API1 Soluble

This model follows the same formatting as the miscible 24 °’API model to spot the
differences between a model with@®: solubility in brineand with. Thus, the grids selected
remain {4,4}, {8,8}, and {19,19} with the layer selected representing tiverth layer. Tablet.3

summarizes theelections and othéndings,and the first observation is that ttisplacement
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front has been delayed by a month.addition, the position of the displacement frawais
behindin locationin the case where G@olubility in brine is considered as compared to the case

where CQ solubility in brine was neglected.

Table 4.3 gives a quick summary for parts of the reabitsitbreakthrough and
displacement frormdvancement. The breakthrougtcurredafter four years and four months of
flooding. lllustratinghow the inclusion o€0O; brine solubilityhas delayed the breakthrough by a
month for the miscible cask addition, for thesnapshot chosen for Figure 4.11 to 4.13, they
were shot at year 4 of floodinghe table lists the actudisplacement frorat the fourth year of
floodingto be at the grid {7} where cubff of 3% CQO; mole global mole fraction was chosen to
represent thdisplacement fronShowing the effects of including agueous solubility to delay the

flooding slightly.

Table4.3 Displaying a summary of the data for gmwuble24 °API miscible flooding model
at year5 of flooding.

Breakthrough Timelapse 4 yearsand 4 monthsf flooding

Layer of interest 4

Displacement fron&t snapshot
{7.7}
(Year4)

Grids of interest {4,4} {8,8} {19,19}

Figure 4.11 shows the figures for @lypercritical CQ water densitiesand pore
pressure. The oil density figure shows how adding the water solubility has delayed the
movement of thelisplacementront by a grid block while also reducing the intensity of the

mi xXtureds effects wit hCOintdrdete witbwatér, influereciagethe Thi s
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overall flood. Thesupercritical CQdensity also shows signs of being slowed by a grid block in
comparison to the nesoluble model. As for the pressure, it remains relatively unchanged to the
previous case. The total G@ole fractions dissolved in the water are arow#l3®4 depending

on the pressurand its bulk modulus remainsichanged. For the conditiomsthe subsequent

plots, the C@mole fraction in the water was 2.3%nd the water density increased by
approximately 0.7 Iit> representing a 1.1% increa3#is increase in density of the water
conforms with the findings of previous literature (Garcia 20@hjch indicated a change in

water densityof 2-3% when CQis introduced.

Figure 4.12llustratesthe bulk modulus of the phases and the saturated bulk modulus.
Observingthe oil bulk modulusthe reading is highghan the previous modédt.was 0.63 GPa
on the norsoluble modelwhereas here, it Baa higher reading of 0.7@Pa This is due to the
delayof thedisplacementront caused by the interactions between the oilsapercritical CQ.
As for thesupercritical CQbulk modulus, thesupercritical CQadvance is also slowed due to
the interactions. The water bulk moduhesnained unchanged eveiith the change in pressure
from preinjection to posinjection, regardless of the density increase. As for the saturated bulk
modulus, it is hard toonclude as the two blocks of {8,8} and {9,9} can be averaged to the value
recorded on the nesoluble model. Therefore, tliisplacementront changesreinconclusive
as the slowing of the advance can cause it to give different readinigthe reading was being
taken ora different date. The injection site givesimilar value to the oil arglipercritial CQ

moduli changes, whiclvere not high enough.

Figure 4.13 displays the velocity and impedance results for the compositional and
traditional moded. In these plots, it is observed that the velocity shows no change in response to

considering the water solubility with ti@&0,. However, the impedan@mphasizethe density
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which should show the effects of the increase in water defi$igychange is only 2,008yl
which is a smalthangeconsidering that the formation is in the milliooisrayl. The
displacementront is still inconclusivebecause it has been slightly slowed by the interactions

with the water, making hard to compare the two cases.

{4}{4} = 56.7 b/t
{8}{8} = 56.6 Ib/ft3
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Figure4.11 Showing the summary results for th@ublemiscible 24 °API miscible condition

at year 4 of flooding for (a) oil density, (bYipercritical CQdensity, (c) pore pressure, amtj (
water density.
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Figure4.12 Showing the summary results for th@ublemiscible 24°API miscible condition
at year 4 of flooding fofa) oil bulk modulus, (b$upercritical C@Qbulk modulus, (c) saturated
bulk modulus of the compositional model, and (d) saturated bulk modulus of the black oil model.
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Figure4.13 Showing the summary results for th@ublemiscible 24°API miscible condition

at year 6 of flooding fofa) velocity difference for the compositional model, (b) velocity

difference for the black oil model, (c) impedance difference for the compositional model, and (d)
impedance difference of the black oil model.

4.4 Immiscible 24°API Soluble

This model followssimilar formattingto the immiscible 24 °API model to spot the
differences between a model without aqueous solulbdityhesupercritical C@. Thus, the grids
selectedare changed only for the breakthrough, but the rest remain the {gafde{10,10}, and

{19,19}, with the layer selected representing fingt layer. In additionas observed in Table 4.4,
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thedisplacement fronttas been delayed llyreemonths due to thimteractions between the GO

and the water, delaying tligsplacementront.

Table4.4 Displaying a summary of the data for gmuble24 °APIlimmiscible flooding
model at yeab of flooding.

Breakthroughrimelapse 6 yearsand 11 monthsf flooding

Layer of interest 1

Displacement fronat snapshot
{9,9} with 10%CO»
(Year6)

Grids of interest {4,4} {10,10} {19,19}

The Immiscible soluble model will not have the same points chosen asitbbezely
any effects on the {9,9} mark, so inste§tl0,10} is a chosen representative. Starting with
Figure 4.14, it is observed that the model is almost at the same line as the previous model but
less developed on tliksplacementront. This indicates that the water has caused a retardation
effect on the flooding. The pressure difference, however, is almost 100 psi on allybioks
would lead to slight differences in the reading. This is believed to be the reason why the
supercritical CQis 0.3 Ibft3 lower than the nosoluble model. As for the oil, it is most likely
not because of the pressure since point {4,4} does not show any chiinges is an effect of
the water interacting with the GQAs for the water densityhé density is mostly at 63.5 ft/ a
0.6 Ibft3 increase from the original due to the solubility of @®awatermole fraction of 0.4%

t0 0.19%

Aside from the effects afelaying thedisplacementront, the next set of Figures barely

shows any changeB Figure 4.15, theupercritical CQand oil bulk moduli changes could be
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caused by the higher pressue for the saturated bulk modulus, it seems to be the same value.
FromFigure 4.16, the velocity is unchangéowever, the impedance shows a change of 1,000
Rayls.This is believed toesult fromthe water density as the velocities and the bulk modulus

conform with the previous findings.
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{10110} = 54.3 Ib/f® {10}{10} = 29.0 Ib/ft3
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Figure4.14 Showing the summary results for th@uble immiscible 24 °API miscible
condition at year 6 of flooding for (a) oil density, Gupercritical CQdensity, (c) pore pressure,
and (d)water density.
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Figure4.15 Showing the summary results for th@ubleimmiscible 24 °API miscible

condition at yeab of flooding for (a) oil bulk modulus, (lBupercritical CQbulk modulus, (c)
saturated bulk modulus of the compositional model, and (d) saturated bulk modulus of the black
oil model
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Figure4.16  Showing the summary results for the miscible 24 °API miscible condition at year
6 of flooding for (a) velocity difference for the compositional model, (b) velocity difference for
the black oil model, (c¢) impedance difference for the compositional model, and (d) impedance
difference of the black oil model

4.5 Miscible 34°API

The grids chosen to represent different parts of the reservoir are {4,4}, {8,8}, and
{19,19}. Where the first represents the behavior of the reservoir that is not flooded. {8,8} is
representing a part in tltesplacementront and {19,19} is for the behavior of near the injection.

{9,9} is chosen for thesupercritical CQas itlagson the front. This is summarized in Table,4.5
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which also lists theisplacement frordt the snapshots used in the later figundschis at

{6,6).

Table4.5 Displaying a summary of the data for the°24| miscible flooding model at year
5 of flooding.

Breakthrough Timelapse 5yearsand 3 monthsf flooding

Layer ofinterest 4

Displacement fronat snapshot
{6,6} at3%
(Year4)

Grids of interest {4,4} {8,8} {19,19}

The first collection of resultis shown in Figure 4.4, which shows the oil and
supercritical CQdensities along with the oil saturation and corresponding pore pressure before
thebreakthrough. It is seen that the oil density is leadindrtim while thesupercritical CQ
density islagging behind thdisplacementront. There is naupercritical CQpresent at and
after the frontwhich is why data is not shown for the same points. The oil density is observed to
be lighter at thelisplacementront due to the mixing o€O; with the oil becoming a single
phasewith most of the lighter components pemt As for the center, oil is observed to be getting
heavier despite still interacting wibO, because the lighter components are displaced away
almost completely, leaving only the intermediate and heavy components. The oil saturation has
decreased to around 40% through the displaced regions and 12% near the injector from 75%. The
pore pressure chge result@resurprising in that the drop from the majority of the reservoir is

not high There is d00psidifference between points {4,4} to {19,19} when the difference
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between the injector and the producer is almost 400 psi. This means that the pressure effect on

the data is small and will not be the driving force in change.

The results of the GassmaBquation are plotted in Figurel&for both the
compositional and black oil modelOil andsupercritical CQbulk moduliare also shown since
they are the driving force behind the Gassmiaguation changes. It is observed that the
compositional Gassmann not only capturesdiiplacementront due to the changes in the oll
properties, but it also captures the changes experienced fypbeeritical CQdue to the
mixing between theupercriticalCO, and the oil components that is occurring. This is shown by
the gradual changes seen in the results plotted in Figl®ewhere the compositional model
shows a gradient decrease from afterdisplacementront to the injectgrwhich is not
witnessed in thélack oilmodel. Thus, the traditional models fail to account for the gradient
changes seen within tisapercritical CQplume which can show a change in properties that can
range between-62%. In addition, the traditional models failed to capture where the advance is

by threegrid blocks translating taaround 12€150 ft.

Assessing the underestimation caused by not incorporating a compositional Gassmann to
capture the front. It is observed that the compositional Gassmann shdaatien of the front
at 2 years and 8 months of flooding in the {10.10} point that coincides with the results of the
black oil model at the 4 year of flooding mark. This illustrates that the black oil Gassmann

application underestimates the front by 1ryaad 4 months.

Continuing with theafterbreakthroughmodels, it is observed that the compositional
modelsmatchthe black oil modelFigure 4.20 showthat the compositional change that
influenced velocity and impedance by around 10% is now less than 2%. The compositional

model continues to get closer and closer to the black oil model as the years contirthe after
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breakthrough. Furthermore, the front gets less pronounced after breakthrough as there is less
mixing due to thesupercritical CQfollowing the path of least resistance. Therefore, the
differences between tltmwmpositional and black oil models become less pronouncedtadter

breakthrough.
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Figure4.17 Results for the miscibl84 °API simulation casat year 4 of flooding for (a) oil
density, (b)supercritical CQdensity, (c) pore pressure, and (d) oil saturation
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Figure4.18 Results for the miscibld4 °APlsimulation casat year 4 of flooding for (a) oil
bulk modulus, (byupercritical CQbulk modulus, (c) saturated bulk modulus of the
compositional model, and (d) saturated bulk modulus of the black oil model
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Figure4.19 Results for the miscibl&4 °API simulation caset year 6 of flooding for (a)
velocity difference for the compositional model, (b) velocity difference for the black oil model,

(c) impedance difference for the compositional model, and (d) impedance difference of the black
oil model
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Figure4.20 Results for the miscible 22API simulation casat year 6 of flooding fofa)

velocity difference for the compositional model, (b) velocity difference for the black oil model,

(c) impedance difference for the compositional model, and (d) impedance difference of the black
oil model

4.6 Immiscible 34°API
Table 4.6 shows a summary of parts of the results. The breakthrough time in this data set
was cutoff aB%, which leaves it at {1,11}. The points of interest ayéherefore{4,4}, {1 1,11},

and {19,19} for the unflooded reservodlisplacement frontand near injection conditions.
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Table4.6 Displaying a summary of the data for the®2#| miscible flooding model at year
3 of flooding.

Breakthrough Timelapse 2 yearsand 3 monthsf flooding

Layer of interest 1

Displacement fronat snapshot
{11,11} at5%
(Year3)

Grids of interest {4,4} {11,112} {19,19}

Figure 421 shows the densities, saturatipasd pressure changesthe CO; injection.
The pressure is higher than the critical pressufeé®f barely sustaining it closer to the
productionsite,but it is undemiscibleconditions. The oil densitglecreasesnly around the
displacementront, with the rest being closer tbe initial value, and the production siteoigy
1.2 Ibft3 higher in density. Theupercritical C@density shows a similar pattenmith the
density being low only at the front and the @ster to the value of the near injection site of
12.3 Ibft3,

The bulk modulusn Figure 422 showsanoverall decreasm all the oil bulk modulus.
The reason is th&@O; replaceghe light components, creating a lighter oil mixture. Because
there is not much compositional change, the bulk modulus for both the black and compositional
modelsshowsa similar response netreinjector. However, it is unable to pick up the exact
displacementront as itcannotsee the changes in the oil phaskich occurs at arounohecell
away from the saturation changes with shpercritical CQphase.

To assess the inability of the black oil Gassmann application to properly estimate the
location of the displacement front, previous timelines are analyzed. It is observed that the

compositional Gassmann shows the actual front to be at the poirit,df}{ Whereas the black
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oil Gassmann shows the position to be & {2}. The timeline where the compositional model
agreeswith the black oil Gassmann is at 1 year and 10 months of flooding which means that the
black oil model is 2 months behind.

The impedance andWave velocity plotaredisplayedn Figure 423. The velocity
does, unlike the bulk modulus, slightly vary due to it accounting for the density increasing. This
is concluded by looking at the near injection sites. The impedance reflects the same conclusions.
Furthermore, Figure 4.24 shows the behavior #fiebreakthroughand it is observed that the

two models ee alreadysimilar in the results.
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Figure4.23 Results for themmiscible34 °API simulation casat year2 of flooding for(a)

velocity difference for the compositional model, (b) velocity difference for the black oil model,

(c) impedance difference for the compositional model, and (d) impedance difference of the black
oil model
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Figure4.24 Results for themmiscible34 °APIsimulation casat year2 of CO2 flooding for
(a) oil bulk modulus, (b¥upercritical CQ bulk modulus, (c) saturated butkodulus of the
compositional model, and (d) saturated bulk modulus of the black oil model
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CHAPTER 5

CONCLUSIONS AND RECOMMBIDATIONS

5.1 Conclusion

The objective of this study was @amalyzethe compositional segregation during £0
injection and its influence on the elastic seismic propefTieis. is done for a heavier oil sample
and a lighter oil sample that are simulated a4l and 34°API respectively in both miscible
and immiscible conditiong herefore, a compositione¢servoir simulatiomodel wascreatedo
capture tle effects of the C&flood on the composition of the oil phase andgtpercritical CQ
phasebecause aothe mixingbetween the oil ansupercriticalCO,. The data from the
compositionateservoir simulation modelas then used to create a comparison between a
traditionalapplication ofthe GassmanBquation whichonly considers phase saturati@ml an
approach that considecempositionachanges of the phaseésdditionally, this study
investigated the effect of G@olubility in the brine on the predicted edstribution and its
effects on the location of the displacement front.

The models only exhibited a realistic flooding behavior due to the transformation of the
model to a Qoint finite difference. This is because the injecedercritical CQis highly
mobile and requires calculations to be done diagoriabyso alleviateshe need to adjust the
grids tominimize error.

In a threephase fluid system, threcousticvelocity is influenced predominantly by the
supercritical CQphase. This iexpected because sound travels significantly slower in the
supercritical CQphase than the liquid phase. This effect is captured bdyatmsonic averaging

relationship between the fluidis the Gassmanbquation Furthermore, the density and bulk
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modulus of the injectesupercritical CQphase are subject to changes when influenced by the
presence of the oghase. Specifically, heavier oil resultssupercriticalCO, picking up more
heavier components, whereas lighter oil results irstipercritical CQ picking upmore lighter
components. The distribution pattern for the immiscitiéplacementront differs from that of
themiscibledisplacementront. The immiscible front mobilizes the lighter components on the
supercritical CQphase firstthen the intermediatand finally, the heavier components.
Meanwhile,the components are picked up at a similae nata miscible floodThis interaction is
only captured during compositional modeling aledreasesvertime when the breakthrough
occurs.

Table 5.1 shows a summary of the approximation of the delay caused by incorporating a
black oil Gassmann ioomparison with a compositional Gassmann. It is observed that the
subsequent underestimation of the location of the front by using a black oil Gassmann matches
with prior years of the compositional model that differ from different models. It is obsemated th
the miscible models underestimate the front by more than a year whereas the immiscible model
only differ by months. These comparisons should not be contrasted because the models are under
different HCPV and injection rates.

Table5.1 Summarizing theobservedielay in the reading caused by running the Gassmann
Equationwith black oil assumption in comparison to a compositiamgroach

Oil °API SupercriticalCO, Condition Delay
Miscible 1 yearand6 months
24 °API
Immiscible 6 months
Miscible 1 yearand4 months
34°API
Immiscible 2 months
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After the breakthrough, the differencbstween the compositional and black oil msdel
beame more aligned despite threereased oil density and bulk modulus. This is due to the
influence of saturation and harmonic averaging of the phases mitigating the impact of
compositional changes.

Additionally, accounting fo€O; solubility in brinecan play a crucial role in the flooding
process. The water phase interacts with the €ugh to slow down the advance of the
miscibledisplacementront andincreasdhe overall density of the water. Furthermore, the
interactions between the injected £4nd the water causes the £10 interact slightly less with
the other phasewhich can cause the responseasiight decreaseén the oil andsupercritical

CO; phases

5.2 Recommendations

This study assumed a perfectly homogeneous model with no channeling effects. Future
studies should focus on the issues with incorporating an extended black oil mode} for CO
flooding and comparing it with a compositional model when fracture channeling and viscous
fingering are present. The extended black oil models treat then@0ible phase as a solvent
that can mix with the oil and they are used in order to avoid the added costs of using a

compositional model.
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APPENDIXA
SUPPLEMENTARY FIGURES
This section will include supplementary matef@lthe main discussion. The first set of
figures from FigureA.1 toA.4 show the normalized component changes for the oil and gas
phases in the miscible and immisciB¥°API models. As for Figurea.5 toA.10, they

represent the additional figures of breakthrough that were not included during the discussion due

to redundancy in the conclusion.
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FigureA.5  Showing the summary results for the immiscible 24 °API miscible condition at
year 8 of flooding for (a) oil density, (Bupercritical CQdensity, (c) pore pressure, and (d) oil

saturation
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FigureA.8  Showing the summary results for the miscible 34 °API miscible condition at year
6 of flooding for (a) oil bulk modulus, (lBupercritical CQ bulk modulus, (c) saturated bulk
modulus of the compositional model, and (d) saturated bulk modulus of the black oil model
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APPENDIXB
PYTHON AND CMG CODE
This appendix contains the Python code for the application of the GasEiaetion
and its subsequent conversion to velocity and impedance as shown in Chapeeret of the
codes for the other models are included anstippplementarynaterialwithin the dissertation
database. Those include the codes for the lighter miscible and immiscible and the heavier
miscible and immiscible along with the heavier miscible and immiscible®@hsolubility in
brine
The CMG Builder and PVTSim Nova 5 fluid export files discussed are included in the

supplementary matial for the different models. They include the files for the lighter fluid
properties and heavier fluid properties from the PVTSim Nova 5. In addition to the CMG Builder
files for the lighter miscible and immiscible and the heavier miscible and immisciblg &ith
the heavier miscible and immiscible wiftO, solubility in brine
B.1 Miscible 24°API code
#Author: Abdullah Dashti
#Creation: April 13, 2024
#Last edit: June 18, 2024
#Purpose: Find the values for the saturated bulk modulus, velocity,
and impedance for a given data set.
#Data set for this model: 24 °APIl MISCIBLE (n/a solubility)

import numpy as np

import os

k_chosen=4

#main function, needs to be called upon to work.

def parse_values_for_k(file_path, k_value):

# Initialize variables
data_for_k =[] # Stores all values in a layer

current_k_index = None
temp_values =[] #stores values temporarily
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# Open the file and read lines
with open(file_path, 'r") as file:
lines = file.readlines()

# Iterate over each line in the file
for line in lines:
if line.startswith(** K = ).
# check if within k
if current_k_index == k_value and temp_values:
# If so, append them to the data_for_k
data_for_k.append(temp_values)
temp_values =[] # Clear temporary values

# Extract K index /w new line
current_k_index =

int(line.split("="[1].split(’,)[O].strip())

elif current_k_index == k_value:
# If we are within the correct K index:
if line.strip() and not line.startswith("**"):
# Check if its a index line
if line.startswith(** K =):
# append data to data_for_k
if temp_values:
data_for_k.append(temp_values)
temp_values =[] # Start a new J index
row
else:
# check for lines split
temp_values.extend([float(value) for value
in line.split()])

# remaining temp_values - > append them to data_for_k
if temp_values:
data_for_k.append(temp_values)
return np.array(data_for_k)
small_num =1e - 12 #constant for later use to check for zeros
k value_to_extract = 5 #How many layers to extract

# Function to retrieve information on oil mass density for a
given year
def retrieve_oil_mass_density(year, k_value_to_extract):
if year == 0:
file_name = f'inverse 24 API 2
lowerPV_SGMOD _injectivitynoDTcompressible_ YO Oil Mass Density
{2000 + year} - Jan- 01.txt"
else:
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file_name = f'inverse 24 API12
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year} Oil Mass
Density {2000 + year} - Jan- O1.txt"
file_path = os.path.join(os.getcwd(), file_name)

output_OD =]

for k in range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_OD.append(extracted_values)

return output_OD

#for water
def retrieve_pore_pressure(year, k_value_to_extract):
if year == 0:
file_name = f'inverse 24 API 2

lowerPV_SGMOD _injectivitynoDTcompressible_YO Pressure {2000 +
year} -Jan- 0l1.txt"
else:
file_name = f'inverse 24 API12
lowerPV_SGMOD _injectivitynoDTcompressible Y{year} Pressure {2000
+year} -Jan-0L1.txt"
file_path = os.path.join(os.getcwd(), file_name)

output_ PP =]

for k in range(1, k_value _to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_PP.append(extracted_values)

return output_PP

# Loop through years 0 to 14
for year in range(0, 13):
exec(f'Y{year} Pp = retrieve_pore_pressure({year},
k value_to_extract)")

# Loop through years 1 to 14
for year in range(0, 13):
exec(f'Y{year} _OD = retrieve_oil_mass_density({year},
k value_to_extract)’)

#for Gas
def retrieve_gas_mass_density(year, k_value_to_extract):
if year == O:
file_name = f'inverse 24 API 2

lowerPV_SGMOD _injectivitynoDTcompressible_ YO Gas Mass Density
{2000 + year}  -Jan- Ol.txt"
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else:

file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year} Gas Mass
Density {2000 + year} - Jan- 0l.txt"

file_path = os.path.join(os.getcwd(), file_name)

output_ GD =]

for kin range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_GD.append(extracted_values)

return output_GD

# Loop through years 1 to 14
for year in range(0, 13):
exec(f'Y{year} _GD = retrieve_gas_mass_density({year},
k value_to_extract)’)

#for water
def retrieve_water_mass_density(year, k_value_to_extract):
if year == O:
file_name = f'inverse 24

lowerPV_SGMOD _injectivitynoDTcompressible_YO Water Mass Density
{2000 + year}  -Jan- Ol.txt"

else:
file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year} @ Water = Mass
Density {2000 + year} - Jan - 0l1.txt"

file_path = os.path.join(os.getcwd(), file_name)

output WD =]

for k in range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_WD.append(extracted_values)

return output_ WD

# Loop through years Otol 3
for year in range(0, 13):
exec(f'Y{year} WD = retrieve_water_mass_density({year},

k_value_to_extract)’)

# Function to retrieve information on oil saturation for a given
year
def retrieve_oil_saturation(year, k_value_to_extract):
if year == O:
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file_name = f'inverse 24 API12
lowerPV_SGMOD |nJect|V|tynoDTcompreSS|bIe YO Oil Saturation {2000
+year} -Jan-0L1.txt"
else:
file_name = f'inverse 24 API 2
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year} Oil Saturation
{2000 + year} - Jan- O0l1.txt"
file_path = os.path.join(os.getcwd(), file_name)

output_OS =]

for kin range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_OS.append(extracted_values)

return output_OS

# Loop through years 0 to 13
for year in range(0, 13):
exec(f'Y{year} _OS = retrieve_oil_saturation({year},
k value_to_extract)")

#for Gas
def retrieve_gas_saturation(year, k value _to_extract):
if year =
flle name = f'inverse 24 API 2

lowerPV_SGMOD |nject|V|tynoDTcompreSS|bIe Y0 Gas Saturation {2000
+year} -Jan-0l.txt"
else:
file_name = f'inverse 24 API12
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year} Gas Saturation
{2000 + year} - Jan- 0l1.txt"
file_path = os.path.join(os.getcwd(), file_name)

output_ GS =]

for k in range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_GS.append(extracted_values)

return output_GS
# Loop through years 1 to 14
for year in range(0, 13):

exec(f'Y{year} GS = retrieve_gas_saturation({year},
k value_to_extract)")

#for water
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def retrieve_water_saturation(year, k_value_to_extract):
if year == O:
file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_ YO  Water  Saturation
{2000 + year} - Jan- O0l1.txt"

else:
file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year} Water
Saturation {2000 + year} - Jan- 0l.txt"

file_path = os.path.join(os.getcwd(), file_name)

output WS =]

for kin range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_K(file_path, k)
output_ WS.append(extracted_values)

return output_ WS

# Loop through years 0 to 13
for year in range(0, 13):
exec(f'Y{year} WS = retrieve_water_saturation({year},
k value_to_extract)")

# Function to retrieve information on oil compressibility for a
given year
def retrieve_oil_compressibility(year, k_value_to_extract):
if year == O:
file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_YO Oil Compressibility
{2000 + year} - Jan- O0l1.txt"

else:
file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year} oll
Compressibility {2000 + year} - Jan - 0l1.txt"

file_path = os.path.join(os.getcwd(), file_name)

output_ OC =]

for k in range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_OC.append(extracted_values)

return output_OC
# Function to calculate bulk modulus from compressibility data
def calculate_bulk_modulus(compressibility data):

k_modulus =]
for layer in compressibility_data:
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inverted_layer = np.where(layer !'= 0, 1 / layer, 0)

scaled_layer = inverted_layer * 6894.75729 # Convertto
pascal

k_modulus.append(scaled_layer)

return k_modulus

for year in range(0, 13):
# compressibility data
exec(f'Y{year} OC = retrieve_oil_compressibility({year},
k value to_extract)’)

# Calculate bulk modulus
exec(f'Y{year} OK = calculate_bulk_modulus(Y{year} OC)"

#Gas
def retrieve_gas_compressibility(year, k_value _to_extract):
if year == O:
file_name = f'inverse 24

lowerPV_SGMOD _injectivitynoDTcompressible_ YO Gas Compressibility

{2000 + year}  -Jan- Ol.txt"

else:
file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_Y{year}
Compressibility {2000 + year} - Jan - Ol.txt"

file_path = os.path.join(os.getcwd(), file_name)

output GC =]

for k in range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_GC.append(extracted_values)

return output_GC

for year in range(0, 13):
# compressibility data
exec(f'Y{year} GC = retrieve_gas_compressibility({year},
k value_to_extract)’)

# Calculate bulk modulus
exec(f'Y{year} GK = calculate_bulk_modulus(Y{year} GC)"

#Water

def retrieve_water_compressibility(year, k_value_to_extract):
if year == 0:
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file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible_YO

Compressibility {2000 + year} - Jan- Ol1.txt"
else:
file_name = f'inverse 24
lowerPV_SGMOD _injectivitynoDTcompressible Y{year}
Compressibility {2000 + year} - Jan- 0l.txt"

file_path = os.path.join(os.getcwd(), file_name)

output WC =]

for kin range(1, k_value_to_extract + 1):
extracted_values = parse_values_for_Kk(file_path, k)
output_WC.append(extracted_values)

return output WC

for year in range(0, 13):
# compressibility data
exec(f'Y{year} WC = retrieve_water_compressibility({year},
k value_to_extract)")
# Calculate bulk modulus
exec(f'Y{year} WK = calculate_bulk_modulus(Y{year} WC))

#for CQ dry values black oil
for year in range(0, 13):
globals()[f'Comp_ CQ_{year}]
np.full(np.array(YO_GS).shape,
globals()[f'Y{year} GC'][4][21][21])

globals()[fBulk_ CQ_{year}]
calculate_bulk_modulus(globals()[f'Comp_ CQ_{year})
globals()[f'Density CQ_{year}]

np.full(np.array(Y0_GS).shape,
globals()[f'Y{year} GD'][4][21][21])
globals()[f'Y{year} Black OK']
np.full(np.array(Y0_GS).shape,
globals()[f'Y{year}_OK'[4][0][21])
globals()[f'Y{year} Black WK']
np.full(np.array(YO_GS).shape,
globals()[f'Y{year} WK'[4][0][21])
globals()[f'Y{year} Black_OD']
np.full(np.array(YO_GS).shape,
globals()[f'Y{year} _OD'][4][0][21])
globals()[f'Y{year} Black_WD']
np.full(np.array(YO_GS).shape,
globals()[f'Y{year} WD'][4][0][21])

zeroth = np.full(np.array(Y0_GS).shape, 0)
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#bulk modulus function
def calculate_ksat(Y_OS, Y_OK, Y_GS, Y_GK, Y_WS, Y_WK):
phi = 0.16 #in Pascal
d=1 - phi
k_star =12.25 * 10**9
k=36 * 10**9
k fl=1]

for layer in range(len(Y_OS)):
temp_layer =[]
for i in range(len(Y_OS[layer])):
temp_row =[]
for j in range(len(Y_OS[layer][i])):
# check for oil ==0
if Y_OS[layer][i]j]] == 0 or Y_OKJlayer][i][]]

#check for gas ==0
if Y_GSJlayer][i][j] == 0 or
Y_GKfJlayer][i][j] == 0:
#check for water ==0
if Y_WSJlayer][i][j] == 0 or
Y_WK([layer][i][j] == O:
#if 0,g,w ==0 then append 0.
temp_row.append(0)

else:
#if g,0 ==0 but not w, calculate w
temp_row.append((Y_WS[layer][i][j]
1'Y_WK{Jlayer][i][j]) ** -1)

else:
#check for water ==
if Y_WSJlayer][i][j] == 0 or
Y_WK([layer][i][j] == O:
#if g,w ==0 then append g.
temp_row.append((Y_GSJlayer][i][j]

1'Y_GK[layer][i][j]) ** -1)
else:
#if o ==0 but not g,w calculate g&w
temp_row.append(((Y_WS[layer][i][j] /

Y_WKT[layer][ilD)+(Y_WS[layer][illi] / Y_WKf[layer][il[i])) **
1)

#if oil is there check for gas==
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