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ABSTRACT

Two experimental and analytical methods wereployedo screera candidate crude dibr
compatibilty with the application of the igh-Pressure Air njection (HPAI) process of
Enhanced Oil Bcovery (EOR).The studied methods are thermal processes used to assess
and evaluate the oxidatioeaction kinetic parameters ofr@servoir oil and core samples
they areheded in the presence of air apecific reservoirconditions ofpressure and
tenperature and then analyzed f@apparenkinetic behaviourKinetic parametergrovide

theinitial indicatorsof the viability of the air injectiompplication.

The studiesvere carriedbut undersandstone reservoir conditiofts a Mexican oil field in

the Miocene geological ewith ahigh American Petroleum InstitutéPl) gravity oil.

The first method studiedcceleratingRate Calorimetry (ARC) evaluatehe ignition and
oxidation/combustion characteristics of the reservoir in the presence of aseavair
conditions, using the reservoir core andsamples. The results identifie¢de temperature
intervalswhere the oil reacted hisinformation wasised taleterminghe rate and continuity

of these reactionsased oriemperaturend time Based orthis information, the Arrhenius
parameters for the oxidation kinetics of thewadredetermined. Four ARC testsinc | o s e d 6
mode and one id f | o maode&wgete conductedhere the xotherms found are associated

with bondscission reactions in light aieservoirs

The second methodHigh-Pressure Rampeemperature Oxidation (HPRT§nablel the
identification of the temperature at which important changes in the energy generation and
oxygen consumption rates occent The data alloedthe derivation oftie oxidation kinetic
parameters for the reservoir system. In this study, two oxidation and one thermal cracking
experimentsvere conductedgdemonstrahg that an elevated temperature oxidation front
travelled across the core, the carbon odatening readbns were dominating over the

oxygenaddition reactions.

The results from these two studies and their -pesit analysis indicate that the proposed
reservoir is a good candidate for the application oHlyh-Pressure & Injection (HPAI)

method for EnhancedilCRecovery.
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CHAPTER 17 INTRODUCTION

Global energy demandontinues to increase whitmnventional oil reservedwindle and
prices fluctuate wit economic and political shiftsTo increase supply, research into
technological advancds being implemented to economically pregiboth conventional

andunconventional reservoir plays.

Mexicois one of the top oil producing countries in the wotldfortunately, their reservoirs
often fall victim topressure depletioreducingrecovery and leavingignificantamounts of
hydrocarlonsin place. Many regulatorggenciegCHN, 2018), believeMe x i cegselv@rs
have the essential propertiesniake thenmstrongcandidatedor accelerateegnhancedoil
recovery (EOR}echnologiesTherefore, pplication of EORwill help to make the most of

Me x i cemdnig natural resources.

EOR methods are receiving more attentlmecause they cancrease the amount of oil that
can be recovered fromreservoirby diverse mechanism3his is particularlyrelevantfor
maturereservoirsthat have lostheir pressurenaking them unable tmaintainexpected
productionWhen EOR methods habeen used in theroduction of heavy and extra heavy
oil reservoirs success istronglydepen@nton the properties of each reservditowe\er,
thetype of fluidsappliedin the EOR process atigeirbehavioumwith the native fluidsmpact
the effectiveness dhe EOR application While the historical focus for EOR has belr
heavy and extra heavy oils recoveEDR inlight oil reservoirshave proved success well

andmayalsobe strongcandidatesor EOR including thedepleted reservoiig Mexico.

The application oanEOR methodnaychange the chemical and physical properties of the
rock andfluids in the oilbearing formatiorwith theimplementatiorof externalenergy. If

the knowncharacteristics of the reservare fasourable for theutilization of EOR, it is
necessary to modalcomplete analysis tifie reservoir and the flusdnteractionin response

to the procesapplied

There are three primary techniques for EOR: gas injection, chemical injactidhermal
recovery Air injection is a thermaEOR methodalso known agn Situcombustioror High-

PressureAir Injection (HPAI). It seems to be applicable in a wide rangeredervoirs,



including some Mexicaneservoirsunderthe required specification$his thermal method
generates heat in the reservoir to maintain oil recovByring the process sonaé the oil
is burned within the reservoigenerang the heat that pusisthe oil to the producer wells

Theinjected airreactswith the crude oil to create a higémperature combustion front.

Thesuccess of thprocesds depenénton: the characteristics of the oil in the reservoir, its
properties, andhe oxygen reactions occurg during combustionTo obtain as much
information as possible aboutetseinteractiors laboratory workis conducted tenimic the
anticipatedchemical behaviar duringthe combustion and oxidation proceS3ils that are
potental candidates for air injectiebased recovery processes are often screened by means
of their oxidation/combustion characteristics, particularly the kinetics of the ignition process
and the transition ithetemperature ranges where some reactions doenawar others.

Over the years,ifferent thermalstudieshave been performed in orderobtain tke chemical
behaviour for HPAI applicatianfwo common studiesre the AcceleratinBate Calorimetry
(ARC) and Ramped Temperature Oxidat{®&T O). These methas are used to screfar the
kinetic parameters dhein situ combustion reactiorthat occur in the procesghe irsight
gainedfrom these studiess the first step to demonstrate the impact the air injedtased
method generates on the reservoir. This informasialsoused to establish parameter values
for kinetic models used in future numerical simulation processes ‘esmtually field

applicdions.

1.1. Background

EOR methods have been applied successfully for sedecaldes mainly in North America
becausdields inthe United States of America and Canddevedeclinedquickly requiring

novel recovery methods. Thew probability of discoveringnew largescale reserves

increased thstudyof improvedoil recovery (IOR) methodsSince1990 EOR production
contributed to mor e t hanwhdaredherimal mdthodedused wor | d o6
approximately 67% of that recovery. EOR and thermal ousthave beemppliedto heavy



oil projects in Canada (Alberta), California (Bakersfield), Venezuela, Indonesia Oman and
China. Kokal, S.andAl-kaabiA., 2010).

In situ combustion is an enhanced recovery methodhcorporating arair injectionbased
oil recovery processThermal energy is generated by injecting compressed air into the
formationanddisplacing the oil through the reservoir to the surface by the creation of a fire
front. The application of thigprocess hagained pgularity on the oil industrylue to its
efficiency and its applicabilityo a broad range of reservoinsth different oil gravities, as

long as the oil has enough mobility at reservoir conditions (Farouq Ali, 2012).

Air injection has been applied sucdedly since 1920to heavy and lighbil reservoirs. At
its beginning, the air was used as an agent to pressiweimservoir Thenit wasdetermined
that oxidation reactionsereoccuring at reservoir conditions creag) a reaction zone/here
oil wasdisplacel moving it toward theproduction well{Moore et al, 1998). Lewis saw the
possibilityfor the existence of combustierhen thewvarm air was injected into the formation
combaing problems related to paraffin depositiandincreasng the oil recovey (Lewis,
1916).Produced gas samples from a pressurized area were takemedymbd talemonstrate
the presence ofarbon dioxide.The carbon dioxideand the low oxygen content of the
produced gasesuledfrom the chemical reactions between ithsitu crude and the oxygen
level of the air (Lewis, 1917)Theextended warm air injectiomay causethe selfignition

of thein situcrudes.

Air injection as aecoveryprocess was officially patented in the USA in 1920 sinde that
time has been installeid more than 250 pilot and commeresadale field around the globe

with mixed success (Moore and Mehta, 2019).

Todaythe termin situ combustion or fire flooding is used to refer to air injecti@sed
processes ithin reservoirscontainingheavy oil ad bitumenthat require operations in a
high-temperature range fdhe successful displacement of the ml the oxidation zone
(Moore et al., 1998)n the oxidation zone thmbustion reactiorarebetween the fractions
of the oil and the injected oxyg@ontaining gas. Highressure A Injection (HPAI)
involves air injection into deep, light oil reservoisgherethe combustion reactions are

dominantwithin the low-temperature rangd.he name of the procestepend on the oll



gravity, eitrer heavy or ligt oil reservoir,the reservoir conditiongvhere the process is
applied the behaviour of the procesmd thefluid displacementnechanismsether oll
viscosity reduction after steam generatioimeavy oils or flue gas generation in light ils

Another characteristic to consider in thfinition of the processn( situ combustion or
HPAI) is the temperature range where the temperatureqiela& combustion frons found.
Light oils under elevated pressure and temperature tend to pisaiange 0280 to 380°C.
Heavy oils in shallow conditions with lower pressure and cooler temperature peak in

temperature ranges greater than 45{Fazlyeva et al., 2019).

According to the American Petroleum Institute (API) andIth8itu Combustion Research
Group(ISCRG) at the University of Calgary, light oiave dow density (below 880 kgf®)
and a high API gravity (abovB80°) due to the presenad a high proportion of light
hydrocarbon fractions. éavy oils have ahigh density (over 930 kgffhand a low API

gravity (below 20°). 1 this thesisa HPAI process in a light oil reservag studied.

Eldon Showaltenotedthe observatiorthatin situ combustion is not a true thermal process

and should be viewed asdisplacement processecausehe oil is mobilizedinto the cold

part of the reservoir and the hot zone has no remainingiifed in Tzanco et al., 1991

A pure thermal recovery process is best suited for reducing oil viscosity by increasing the
temperatureof the heavy oil reservoirS h o w a | tereent@ecogrtizas that much of the
energy generated by the process remains in the swept portion of the reservoir. The main
concerns with light oils is whether the residual oil saturation available to the combustion zone
and the oxidation kinetics are suah to provide sufficient fuel to make the process self

sustaining (Tzanco et al., 1991).

Over the years, different researchers have published the advantages and disadvantages of air
injection-based recovery methadsr injection in light oil reservoirs dérs the advantage of

a better displacement efficiency and a mobilization of extra combustion oil, a rapid reservoir
pressurization, oil swelling and injection gas substitution andghase stripping of the
reservoir oil. Also spontaneous oil ignition, colete oxygen utilization and near miscibility

of the generated gas and oil are preserftadgihi et al., 1997Spontaneous ignition during



air injection into an oil reservoir is viewed as very desirable, since it simplifies process

initiation and conseantly improves process stability.

Thefluid transport and displacement mechanisms in the porous medaka this process
relevantfor application in the fieldUnlike other thermal methods, oil composition and rock

mineralogy plagdimportant roles in thsuccess of thiprocess.

The first registered HPAI field test began in 1963 and was extended until 1967 in Nebraska
(Parrish et al., 1974). It was applied as a tertiary recovery in combinatibrforward
combustion and waterflooding for aegeand thinight oil reservoir(38.8 °AP) ata depth

of 6,200 ft. anda thickness o011 ft. Theresults demonstradethetechnical feasibility of the
methodwhen a substantial amount of oilas recoveredrom productionwells that had

previously been thoroughly watered out.

1.1.1. Airinjection process

Following the modelHat Sarathi presented (Sarath§99), thein situ combustionair
injectionbasedprocess is classified as forward and reverse combustion depending on
whetter the combustion front advances in the general direction of air flowtloe iDpposite
direction.The process can loy (only airor oxygenenriched aiyor wet combustiorfwhere

the co-injection of air with water takes placdn some cases, water inj@n improveshe
energy efficiencynodifyingthe kinetics of the reactioim thisresearch, a dry forward high

pressure air injectichased processasstudied.

In dry combustioneither air or enriched air is injected int@injection well for a shdrtime

to ignite the oil in the formatiorLight oil reservoirsarerelatively deep reservoigith high
temperature and pressure conditiombe in-place oil is reactiveenoughto remove the
oxygen from the air streamreating aconditionwhereselfignition canoften be achieved
spontaneouslylgnition is the first step of then situ combustion proces8(rger, 1975
When selfignition fails, itmay be obtainetly aninitial input of energyirom downhole gas
burners, electric heaters or tmgeiction of chemically pyrophoric agents or hot fluids, such

as steamThe best method to applydstermined by laboratory testing.



After ignition the combustion front isiaintainedoy the continuous air flow andhe oil is
displaced forward by the burmgror combustion front, steam bank, combustion product gases
and hot waterThe heat required to initiatdne combustion front may be provided by an
exothermic reaction between air and an appropriate chemical compound. This compound
may be an easily oxidibe organic liquid injected into the formation in the vicinity of the
ignition well before air injection, but if the formati@rude oil itself has sufficient reactivity

with oxygen under reservoir conditions, the formation may ignite spontaneously wigen ai
injected for a prolonged period or even in a reasonably short time in some reservoirs,

depending upon the heat dissipat{Buarger, 1976).

The zones createdfterwards arehe result of heat and mass transport dne chemical
reactions occurring inhe oitbearing formation For a better description of a forward
combustion procesbjgure 1 presents an idealized representation based on liner combustion
tube experimentsAfter Sarathi, 1999).

Injection Production
well well

Air

Burned zone
Undisturbed zone
(altered saturation)

Condensing steam
zone

Figure 1. An ideal representation of a forward combustion process (S8#eathi, 1999)



The presented zones are (1) burned zone, (2) combustion zonekif®) zone ¢racking
and vaparization), (4) condensation or steam plateau zone, (5) water bank, (6) oihmdne
(7) the undisturbedative zone.

The burned zone ithe zone adjacent to thajectionwell, where the combustiomastaken

place.lt mayor may notcontain some residual unburned organic solid, generally refierred

as coke.Because of the continusunflux of ambient air, the temperature in this zone
increases from formation temperature near the injector to near combustion temperature in the

vicinity of thecombustion zone.

Following the direction of thair flow, there is the combustion zone. Heésewhere the
reactions between oxygen and fuel to generate heat tend to l{&gpee 1).This zone is a
very narrow region where higlemperature oxidation produceprimarily water and
combustion gases carbon diox{del ) and carbon monoxid® (). Laboratory cores studied
from the postburn regionhave shown that theombustion process generates a very high
microscopic displacement efficiency in the combustione Thisgeneratsa sweep in th
zone,creatinga complete absence of hydrocarhdigproximatelyfive to ten percenof the
oil-in-place is consumed as fuidthe rest is mobilized and available for capture (Gutierrez

et al, 2009. The gasoil mixture may be immisciblandbr partly or completely miscible.

Moving forward with the processpke is formed in the thermal cracking zoGeke isoften
considered to behe predominant fuel source for the combustion proaedseavy olil
reservoirslt is not pure carbon but a hydrogen deficient organic material that depends on the
thermal decompsition conditions. The temperature reachethis zone is dependent tre

nature and the quantity of fuel consumed per unit volume of the Tdekcracking and
vapouization zone is where the high temperature generated by the combustion causes the
sepaation of the components of the crudée lighter components temalvapouize and the
heavier ones decompose chemically by pyrolysis or thermal crackingapbeized light
hydrocarbons are transported downstream by combustion gases and are condansastian

with native crudeThe pyrolysis of the heavy hydrocarbons prodsi6el, hydrocarbos,

organic gases and solid organic residues (cokeptkdeposited on the rock.



The condensation zonesuallyhasa low pressuregradientwith a flattemperature profile
dependhg on the partial pressure of the water invapourphase. Some of the hydrocarbon
vapourthat enters here condenses and dissolves in the. &eagdending on the temperature,
the oil may reducen viscosity. Subsequently, whea lower temperature than the
condensation temperature of the steaoturs a hot water bank is createdhis is

characterized by a water saturatgreaterthantheoriginal saturation

Finally, an oil bank ensues containing all the oil displaced ftbeupstream zones he
displaced oilmoves into the cold portion of the reseryauhich is barelyimpactedby the
combustion processt mayexhibitan increase in gas saturation because of the combustion

gasesq 0,0 G0 ).

Moore and Mehtaand Fazlgva provide a better graphic representation of this process,
including temperature and saturation profiles-igures 2 and 3(Moore and Mehta, 2019
Fazlyeva, 2019)Their zonesare summarized(1) burned zone, (2) combustion zone, (3)
cracking andrapouization zone, (4) steam zone, (5) altered saturation @neil bank and

(7) native reservoirln Figure3, the temperature and saturation profiles that correspond to
the mentioned zones are presentadhe saturtion profile (Figure 3) the produceaoke,

water and oil banks aralsoincluded
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Figure 2. Forwardin SituCombustion (Fazlyeva, 2019).
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Compared to other improved and enhanced oil recovery methods, the combustion generated
by oxygencontaining gas is a highly complex process, involving multiphase, fleeat
transfer and chemical reactions in porous media (Gutierrez et &), 200

1.1.2. Process mechanisms of air injectioased recovery

The term combustion refers to the rapid oxidation reactions of certain fuel elements mainly
made up of hydrogen, carbondaim some cases sulfur, which take place in the presence of
oxygenresulting inasignificantheat release. The simplest combustion reaction is presented

in Figure 4andEquation 1.
0 0 9060 Q)

During air injection, the injected oxygen is intended to react with a fraction of the reservoir
oil at an elevated temperature to produce carbon dioxide. Instead of pure oxygen, the reaction
occurs with the presence of air that is normally considerédvea composition by volume

of 21% oxygen and 79% nitrogen.

Plasma zone
(Many hydrocarbon species)

ORI/
OF—

Figure 4. Combustion process representation
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The combustion generated time porous media by air injection cannot be represented by a
simple combustion reaction since it geates consecutive chemical reactions thraigh
different temperature ranges (Fassihi et al., 1984).

Ursenbach et al. (Ursenbach et al., 200@posed two significant process mechanisms to
considelin air injectionbased studies: (1) the two indistimeaction regimethat exist in the
procesglow or high temperature regimeajd (2) the concept of potdocking or liquid
block. This last termis morerelated to the mobility of the cold oil than to the combustion
characteristics of the oil. hefersto the regions of restricted gas permeability that occurs
when the liquid saturation of the mobilized oil becomes sufficiently high reducing the gas
saturation below the critical level to flow (Moore et al., 999 the interface, the oxygen
may be reacte and penetrate in the oilhe resulting restriction can cause the injected air
flux to drop to a level where the higemperature reactions cannot be sustaifMuen this
occurs, the oxidation process is no longer effective at mobilizing oil, sootveofl oil into

the highly liquidsaturated region will essentially ceaddis is the case for heavy oll
reservoirs with high oil saturation and low oil mobility.

These challenges are experienced wherair injection method is applied as a primary
recovey mechanism. Moore and Mehiascribehis phenomenon asarly-life liquid block
seeFigure 5(Moore and Mehta, 2019)n the firstimagethe fluid flows throughthe pores
and in the seconidhage diquid blocking of gas flown the pore structure.

Figure 5. Fluid flow and liquid blocking of gas flow through pores (Moore and Mehta,
2019).
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If the method is used after cold production, referred tatas-life liquid block(Moore and
Mehta, 2019), the pore blocking mechanisacdmes an advantageous feature by reducing
the tendency for the reaction zone to finger. Wherever the processnisag well,oil is
mobilized, increasing the oil saturatiom the finges and reducing the gas permeability,
forcing the air to distributeotother regions of the combustion front (Moore et al., 1999) in

heavy and light reservoirs.

Gutierrez et alidentifiedthe high microscopic sweep efficiency of talldozingeffect of

the combustion front (Gutierrez et al., 2009). Theedthis termbecausdhe combustion

front acts like a bulldozer mobilizg most of the oil immediately ahead oftltat wasnot
displaced by the other active driving mechanighwt water/steam displacement or flue gas
sweepin@. This effect causes rapid mobilizatiortanthe downstream pores, temporarily
reducing the gas permeability, redirecting the airflow and promoting better volumetric sweep

of the reservoir.

In light oil reservoirs, pore blocking monsideredh gasflood. The main mechanism for oil
production is povided by the flue or combustion gasasd thermal effects like bulldozing

haveavery little impact on the oil recovery mechanism.

The secondprocess mechanism to considar air injectionbased studieproposed by
Ursenbach et al. (Ursenbach et 2010 is related to theow or high temperature regimes
that exist in the procesghich will be discussed through this thesis.

Inter-related mechanismalay an important role in thair injection processThey impact:
norrisothermal multiphase flow of lpiwater and gas, overlapping reaction regimes of high
and lowtemperature oxidation, thermal cracking and physical distill@rahthe transfer of
energy to the solid rock matrix and flowing fluid$ie critical factors for success in the-air
injection pocess are the reaction regimes that oetutthe reactions between the oxygen

and the hydrocarbons.

For the air injection proces$i@ maximum oil recovery is the difference between original oil
in place (OOIP) at the start of the operation and the ahsumed as fuel. If theuél

concentration is excessivéhe advancerate of the burning frontis slow and the air
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compression costre high If the fuel concentration i®o low, the heat of combustion will
not be enough to raise the temperature ofdick and the contained fluids to a level of self
sustained combustiocausingcombustion failure (Fassihi et al., 198%nderthe proper
conditionswhenthe air is injected into the reservoir, a small amount oD®Pis consumed

while the rest is disptaed, banked and eventually produced (Fassihi et al., 1994).

For oil recoveryto be possiblehie oxidation reactions are kefyigure 6 from Moore and
Mehtashows the expected temperatures ranges for heavy and light oil reservoir displacement
to achieve remvery(Moore and Mehta, 2019).ight oils are expected to show up to 80% of
recoverywhen operating in thiow temperaturgangesLTR). Heavy oilsare expeced to

recover the same amount of oil baguireoperation in thénigh temperatureange(HTR).

6_\ A amm WS g
2 Light oil
g /
S /
O
£ st HTR
O 20
LTR
150 350 400 600

Temperature (°C)

Figure 6. Oil recovery from air injectiofbased processes for light and heavy oil reservoirs
(Moore and Mehta, 2019).

Determining a reliablestimationfor ultimate recovery irHPAI projects is subje¢edto a

high level of uncertainty and requires history matching. Considering this process as an
immiscible gaglood and extrapolating the gad ratio up to an economic limis notuseful
(Fassihi et al., 1994)it can result inunderestimatig reservesBurning greaterreservoir
volumes an result in much higher oil recoveries than predictisthg conventional gas

flooding theory, as was provéy Gutierrez et al. (Gutierrez et al., B)O
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1.2. Problem statement

Mature reservoirs with decreased oil saturagsicegood candidates for the application of air
injection-based methods, to increase their oil recov@glying on the establishesdtreening
parameters in the literature is not enough to ensure a succeegfat gesign. It is necessary
to perform laboratory studies @ach candidate reservoiusing their specific reservoir
conditions to provide a qualitative and quantitative understangiimgipally of the kinetics

and reactionsccurringduring the proces

The purpose of this research wevsto carry out an analytical studiypm theresultsof two
thermal methodsstudied bythe In Situ Combustion Research GroySCRG) atthe
University of Calgary wherea Mexican sandstone reserveias the sample saee The
ISCRG has been performing combustion tube tests, as well as thermal cracking and oxidation

kinetic experiments since 1974.

The laboratory testperformedwere Accelerating Rate Calorimeter (ARC) and High
Pressure Ramped Temperature OxidationRHA®). Theyprovidedinsight into the oxidation
reactions and kinetics associated whtbair injectionbased proces$he results wilbe used

to determingf the reservoir may be a goarhndidate for application ofigh-PressureAir
Injectionin the field.

1.3. Research objectige

1.3.1. Main research objective

To determine the oxidation/combustion kinetafsa Mexican reservoir based dour ARC
testsperformedin the &losed mode one ARC testoperatedn the dlowingd mode two
HPRTOoxidationtestsand oneHPRTOthermal crackindest



1.3.2.
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Specific research objectives

To study of the oxidation reactiotisat occuiin thelow temperatureange(LTR) of
the light oil reservoir studied.

To asses the ignition and oxidation/combustion characteristics of rdservoir
duringtheair injectionbased IOR.

To identify the temperature intervaiherethe oil reacted withhe air to determine
the extent and continuity of the oxidation reactions.

To determine the Arrhenius parametfensthe oxidation kinetics of #hoil under the
test conditions.

To obtain the oxygen uptake rate @t derive the kinetic parameters necessary to
model prospectivaHPAI field projectswith reservoirs comprised of oil and core
material of similar composition to the oil and core matexamined in this studied.
To determine if thaeservoir undestudy will generate betteesultsafter applying
theHPAI method.

To evaluate the tests performby the InSitu Combustion Research Groapthe

University of Calgary.

1.4. Research scope

An oxidation study of light oil has a wide range of parameters to consider. This thesis focused

on the qualitative and quantitative parameteimgthe two thermalmethodsdescribed in

thethesisfor evaluatingthe application oHPAI in thelight oil reservoirunder studyThis

is a technical study and no costs are included.
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1.5. Hypothesis

The performed experiments will provide the necessary Arrhenius paramessteshicsh that
the light oil reservoir under study is a good candidate for a-Rigissure Airdnjection
application based orthe ignition and lie oxygen reaction temperatur@scurring in the
temperaturaangesnecessaryo achieve a bond scission mode foswuccessfulight oil

combustiorproject

1.6. Outline
Thisthesis is organized in the follomg form:

Chapter 1 includes a brief introductiém thetermsIn situ combustion andHigh-Pressure
Air Injectionas arEOR method for high gravity oils, which is the césethe reservoir under

study In this chaptertheair injection process is defined.

Chapter 2 explains the oxidatiogactions that occuduringair injection in heavy and light

oil reservoirswithin thedifferent temperature regimes.

Chapter 3describes the thermal methods under investigatiopravide insight into the
oxidation studyof the HighPressure Air Injection EOR methotihey arethe Accelerated

Rate Calorimeter and the High Pressure Ramped Temperature Oxidation.

Chapter 4presents a brief background and information about the reservoir snasy,

displaying its principaproperties of the rock and fluids.

Chapter 5 and @ontain the studied tests, with the generated plots and the experimental
resultsfor the crude oil and core matrix samples. The oxidation studycafmllations are

presenteds well as discussion of theesults obtained from each experiment.

Chapter BSummarizeshe conclusioafrom this research
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CHAPTER 27 OXIDATION REACTIONS

The process mechanisms High-PressureAir Injection (HPAI) rely on the chemical
reactions that occur during combustion between the crude oil and the injected air within the
reservoir.Oxidation/combustion kinetics are very important; hence they will be discussed
first.

Kinetics are therates of chemical reactiord the mechanisms by which they take place
including the time variable and the path that reactants follow to become prothets
provide agood representation of the chemical changes experienced by the oil and rock matrix
alongside the heatgenerationevents. A kinetic study for air injection or combustion
processs helpsto characterize the reactivity of the oil and to determine the conditions
required to achieve ignitioThey can aid in determiningsglfignition will or will not take

place in thereservoir upormair injection. Modelling combustionn the reservoir implies
chemical reactions at every stage for almost every compoaguitinga large number of

kinetic expressions.

The oxidation of hydrocarbons and thdessolution andormation ofbonds between carbon
atorrs and oxygeratomscan take many path$here are two important reaction models for
the hydrocarbon and oxygen interaction during combusiibreyare distinguished by their
type; light or heavy oi(Tadema, 1959)Theclassificaton is basedipondifferences in the
oxygen uptake rate verstietemperaturéehaviour. Tie large differencbetween th@peak
temperatures fdreavy and lightil is due to theype of oxidation reactions that are dominant
in each temperature rangéherearetwo main type®f reactionsbond scission and oxygen
addition.

2.1. Oxygen addition reactions
DOQI € O WI0 MEHENE O ©"QQ ¢ @D ENE 6 F0RINT Qw (2)

Or
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Oxygenaddition reactionsare referred to as lovemperature oxidatiofLTO) reactions
(Sarathi, 1999)During LTOthe oxygen chemically binds with the molecular structure of the
liquid hydrocarbons to produce oxygenated compounds (oxgdeition products)These
compoundsconsistof organic acids, aldehydes, alcohols, ketomedbr hydroperoxides

They tend to further react and polymerize with each other, forming heavier and less desirable
oil fractions or acid oxidized hydrocarbons that promote the formatistabfeemulsions

with water. When oxygen addition reactions dominate, the thermal zone becomes very
ineffective at displacing oil and tlvelume of thelowing gas strearns significantly reduced,

due to the removal of oxygen and the absence of carbon oxidedor@actions.

2.2. Bond scission (combustion) reactions

DOQ1 € OO @LEEE O1 GEEREQQDIN O QI0E Q1 "QW (4)
Or
60 0 960 OO0 (5)

Bond scission reactionmrgpresent the tditional combustion reaction(&quationl), where

the oxygercombines withthe hydrocarbon molecules to principally produce carbon oxides
and water. They amdsoreferred to as higkemperature oxidatiofHTO) reactions, (Sarathi,
1999).Traditionalin situcombustion literature ass@s that the dominant oxidation mode is
high-temperature combustion involving a celee fuel which is laid down due to the

thermal cracking reactions.

High-temperature oxidation reactions are heterogeneously characterized by the consumption
of all or themajority ofthe oxygen in the ggshase. For the stoichiometry of this reaction

see Equation 6, where n is the atomic ratio of hydrogen to cafbds.the molar (mole
percent) ratio of producei U to 0 G This is zero in the case of complete comlmustod U

andO 0. A further and detailed explanation for this idealized representation is not presented
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in this thesis but it is important to be mentioned, since the combustion parameters rely on this

equation.

60 — -0 0 — 80 — 606 -00

The heat generated from these reactions provides the thermal esgprggdto sustain and

propagate the combustion front (Sarathi, 1999).

For a better understanding in terms of temperature ranges and to explain théowerms
temperatureand high-temperaturaanges, for a model to light and heavy oils, Moord.et
(Moore et al., 1998presentedrables 1 and 2vhich summarizeéhe nominal temperature
rangedor oxygenaddition and bond scission reactidrased on numerousblaratory tests
The data are the results from combustion tube and ramp&simperature oxidation
experiments previouslgerformed on Athabasca bitum@drsenbach et. al, 993 for heavy

oilsandf rom some author 6s i (Burger and Saucadt, il97A;

Yannimaras et al1991; Kisler and Shallcoss998.

Tablel. Oxidation Kinetic Regimes for Model Light and Heavy Oils (Moore et al., 1998)

(6)

Temperature range

Dominant Secondary

(°C) oxidation mode oxidation mode Reactant
Light oil
<150 Oxygen addition
1507 300 Bond scission Oxygen addition
35071 700 Bond scission Asphaltenes
700+ Bond scission Gasphase
Heavy oll
<150 Oxygen addition Coke formation
15071 300 Oxygen addition Bond scission
35071 700 Bond scission Coke
700+ Bond scission Gasphase

f

or
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Table2. Temperature Range for Effective Displacement in Air Injection (after Moore et al.,

1998)
Type of oil Temperature of Range of temperature
yp reaction g P
Light oils 280 t0o350°C Low-temperature rangg
Heavy oils 450 to 600°C High-temperature rang

High-Pressure Airnjection applied to light oil reserusi may effectively displace oihile
operatingat temperatures within the letemperature rangd-TR). In manylight oils the
dominant oxidation mode &sbond scission reactiarccurring in the LTROxygen addition
reactions seem to dominate at temperatures below 1%0RG.light oils mostsignificant

energy generation rates and carbon oxides production occur between 360°C.
Exothermic heat generated by the liquid phase oxygen addition reactions appears to be the
ignition source for the bond scission reactions, although recent finduggest that the
hydrocarbons within the vapour phase may play a role in initiating bond scission reactions
as well (Mallory et al., 2019).

Moore et alhave described phenomenon observed when burning light oil in a combustion
tube They notedhe formdion of a hightemperature reaction region in the upstream portion
of the core long after the oxidation front passed throughetiion. Analysis of the residual
corehadno presence of solid or liquid hydrocarbon fidleyhypothesized that the fuels

a gaseous mixture that refluxed backwards past the main combustianTinenkaction
temperaturesluring this refluxwere often greater than 700°C and have been observed to
reachup t01200°C (Moore et al. 1998)

Heavy oilsrequire oxygen consuming reaohs occurring in thehigh-temperature range

(HTR) for effective displacementThe oygen addition reactions are dominant at
temperaturebelow 300°Candresult in the generation of asphaltenes and coke fraclibes.

coke formed at temperaturgeeaterthan 300°C is attributed to thermal crawgireactions.

Bond scission reactions become the dominant reaction mechanism at temperatures above
350°C. According to Table 1,gasphasebond scission reactionare believed to be

responsible for generatingmperaures over 700°@or heavy andight oils.
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Thekey to success in air injection is to desigiprocess that ensures operation in the bond
scission modeThis mode willachieve an effective displacement of oil from the region swept
by the reaction regiowith theproper ignition procedures (Gutierrez et al., 2009).

Air injection-based processes tend to operate in light oils under a wide range of operating
conditions because of thetendencyfor bond scission reactionkleavier oils do not always
enjoythe same predisposition for success. Faulty ignitions, insufficient air for the injection
and permeability restrictions due to the rapid mobilization of oil into cooler, downstream
parts of the reservoir, can all lead to domination by the oxygen addaotions (Mooret
al.,1998).

From Gutierrez et al., 200Bigure7 plotsthe oxygen uptake rate against temperdturée
oxidation reactionsin this figurethe regative temperature gradient regwhich is found
between the low and higiemperatureagions occurdrom 280i 350°C.The rate of reaction
(oxygen uptake) decreasastemperaturencreasesnd corresponds to the lowest oxygen
consumption rate. The upper temperature of this zone is defimetthe energy generation

rate reaches a localideninimum value Rios, 2012. According to Moore et al1998,the
existence of this negative temperature gradient region is very significant, particularly for
heavy oil The negative temperature gradient region must be identifechiee the desired
reaction temperatures for effective pereale displacement of oil from the region swept by
the oxidation zoneif the energy generation rate is not enough levage the reaction
temperaturethen the temperatures will fall and the oxidation reaction raikbsirop until

the energy rate isot sufficient to balance the enertpad (Moore et a).1998. Laboratory

tests show that the oxygen flux is the prime operating parameter controlling the ability of the
reservoir to achievéhe reaction temperatures avéhose corresponding to the negative

temperature gradient region.
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Figure 7. Crude oil oxidation regiondfter Gutierrez et al., 2009).

2.3. Fuelforming reaction

There is a third important measurable reaction during air injection that is fundamental in the
combustion process, besides the two types of reaction related to the temperature oxidations.
Burger determinethat the hydrocarbon fuel term in their modelsrequired(Burger,1972)

The fuel is thought to be the heavy fraction of crude oil held in the pores after the fluid

displacement.

The fuel concentration and the rate at whilcl fuel is burned at the front are important
factors governing the air requiremis in a forward combustion operation. Although the fuel

is essentially unrecoverable crude, the air required to burn the fuel is an important economic
factor in this process (Bousaid and RanE368. The most crucial zone in a combustion
process is beteen the burned and combustion znalso known as thburning front
(Fassihi et a).1984). The burning front is where the temperature reaches a maximum value
and the reactions take place. For combustion to pthtiee injected oxidant gas must pass
through the burning zone. The burning zomaves as the reacting fuel is removed from the
sand grains by oxidation where transport processescataring. Oxygen must move from

the bulk gas stream tihe fuel interface then perhaps absodndreact with the fuelThe
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combustion products must desorb and transfer into the bulk gas stream (Bousaid and Ramey,
1963).

The rate of advance and the peak temperature of the combustion frontstapdrelamount
of fuel, availablity of oxygen and the rate of fuel oxidatiofFhetwo most important factors
in the combustion process are fuel deposition and oxidbBoausehey govern the ability

to sustain forward combustion and strongly influence the economics of a combugeeh pro

Some resear@snotedthatthekinetics of crude oil oxidation in porous media confirmed the
occurrence of three major reactiahgingin situ combustion Thesethree reactions art@e
fuel-forming a fuel deposition, fuel combustion and the lemnperature oxidation,

previously discussed.

Fuel deposition is derived from the fuelt on the solid matrix as the crude oil moves
forward. In the literature this phenomena is knowncake formationfuel laydownor
cracking Thismechanisnis thoughto bethe fuel responsible for combustiaosecarbon

is deposited on the rock after the pyrolysis reactdutierrez et aldescribethe pyrolysis
reaction of a hydrocarban a general form ifEquation7 (Gutierrez et al2009.

OOQI € EO1 ®éuy 06 - 06 (7)

Thermal cracking by pyrolysis, is the modification of the native oil properties by thermal
energy in the absence of oxygé&yrolisisof crude oil in porous medigoes hrough three
overlapping stageslistillation, visbreaking, and cokin@bu-Khamsin et a] 1988) During
distillation, the oil loses most of itght ends and part of its medium gravity fractions. During
visbreaking, the oil nhly cracks into a slightlgifferent product and, at high temperatures,

the oil remaining in the porous medium cracks into a semi solid residue that is rich in carbon.
Both cracking reactions produce gas. Most pyrolysis reactions are endothermic, which makes
temperature the mostflnential parameter that dictates the severity of craciBgierrez et

al., 2009)

Cokeis an important source of fuel for the bond scission reactions (thermal cracking). These

processes involve dehydrogenation reactions (hydrogen stripping at conataon
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number), cracking reactions (carboarbon bond scissions) that generate lower carbon
number moleculeand condensation reactions resulting in the formation of molewautles
larger carbon numbers. In an ideal combustion progaskeavy oils thermal cracking
reactionsarethe prime fuel laydown mechanism (Burger et al., 1986¢ording to Wiehe,
1993, coke is produced as a direct-pgoduct of residuum thermolysigom a sequence of
polymerizationand condensation steps from the lightest to lieaviest fractions (Wiehe,

1993) this mechanism is altered in the presence of oxygen gumdssnted ifcquation 8
€08 Qi Qi WO XM OVEHE QQ (8)

From several oxidation experiments on Athabasca Oil S&ndare et al.observed a rapid

fuel formation when oil maintained contact with an oxygentaining gasduring the
temperature range of 200 to 30@9¢eran extendegeriod oftime (Moore et al., 1992). The
simplest overall reactioto represent the oxidatioof typical hydrocarbon fuel is presented

in Equation 9, wheré arethe stoichiometry coefficients determined by the choice of fuel
and depenslon the composition of the original oil that is undergoing bond scission reaction.
This reactions alsocalled the htermediate Temperature Oxidati@mO) reaction(Sarathi,
1999).

VOQEG OEEG £60 & OO0 9)

This global reaction is a convenient wiayapproximae theimpactof the many elementary
reactions occuing. The rate mustrepresent an appropriate average of all théviddal

reaction rates involved

Given the tendency of the light oils to undergo bond scission reactions at low temperatures,
pyrolysis is not as important as is in heavy oils, to the extent that cokenipartant source

of fuel for the bond scission reactions at much higher temperatures. In light oils, coke is rarely
seen during the analysis of the ptestt (burned) samples (Gutierrez ef aD09).Instead,

the gas phase combustion is key in the prodasieg responsible for the flue gases that
generate the mobilization of the oil. This process is very commdight oil reservoirs

following ignition.
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The oxidation reaction rat¢combustion rate)Y ,) of crude oil in a porous mediuns
describedn terms of a simple reaction rate model that links the initial or direct reaction rate
with the reactant pressures and the constant parantgtaers. a inddel @ssumes functional
dependency on carbon (fuel) concentratod oxygen partial pressure (Sarati®99) See
Equation 10whered is the instantaneous concentration of fl@ik the rate constar, is

the partial pressure of oxygen and the coefficiéraadcare the order of reaction for oxygen

partial pressure and fuel concentrations respely.
Y — @ 0O (10)

In the study of temperature effects on the rate constants of chemical reactions, the rate
constants of the reaction increase exponentially with temperdthisas represented in the
Arrhenius rate equatiofiequation 1). The Arrheniusequation includethe combustion rate
parameter’Q which is a function of absolute temperativ€in K), where 6 is the pre
exponential factor or the Arrhenius rate cons{mction of the surface area of the rgck)

O is the activation energand is the universal gas constant (1.987 cal mdle or 8.314
Jmole! K1), Note that mole refers to g moldSor heterogeneous reactions, the consiant

is a function of thewgface area of the rock.

0 500N O yry (12)

The term exothermicitys used to describe theleaseof the heat generated during an
exothermic reactiorExothermic heat generated by oxygen addition reactions (LTO) in the
liquid phaseappears to be the ignition source for the bond scission reactions .(M0()
recent findings suggest that the hydrocarbons withinvéipourphase may play a role in

initiating bondscission reactions as well (Mallory et al., 2019).

For a good kinetic nutel, it is necessary to include relevant {temnperature oxidation
reactiongoxygenaddition), pyrolysis and combustion (besdssion) or highemperature
oxidation reactions, capture the negatiemperature gradient region and more importantly,
capturethe transition from one oxidain mode to the another. Combustion parameters such

asmolar carbon dioxide/carbon monoxide § 70 () andthe hydrogen/carbon ratio&Jf0)
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areused to observe étransition between reactions at different temperatureddetvhe OF6

ratio is calculated by element analysis of the fuel or ftbexmaterial balancefahe gas
phase in the higkemperature combustion zone alotieis preferable to use the value
obtained from laboratory tests since the combustion &toial is difficult to carry out in the
field becausé¢he oxygen consumption can only be determined from agatygases ithe
production wells. Duringn situ combustion, the carbon produced is deposited on the solid
skeletons of the porous medium, while the hydrogen may contribute to increasiofothe

ratio of the flowing hydrocarbons.
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CHAPTER 317 LABORATORY OXIDATION STUDIES FOR HIGH -
PRESSURE AIR INJECTION-BASED PROJECTS

The importancef conducing laboratory combustion and oxidation testsdorair injectiorbased
project residedn the parameters obtained from their resuliie resultsprovide sufficient
knowledge to generate a detailed experimental investigatiorgigadgreaterrelevanceto the
thermal proces®f the reservoirunder study. The investigations should bgerformedunder
realistic reservoirs conditionfor the pressure and temperature tealistically evaluate the

feasibility of an air injectiorbased EOR process.

Theprocess is complex and theren@ a single test that can provide all the informatiescribed
in Chapters 1 and Zor oxidation studies, kinetics the most importanparameterto study
Kinetic parameters are necesstargalculae the energy required for ignition and propagation of
a combustion zone moving in a reservoir. Gutierrez et al., proposed a classifofakioetic
studies(1) Screening studies, (2) Quaative kinetic studies and (3) Combustion performance

studies. Gutierrez et al., 208). This thesis rel@on Gutierrez et amethodology of classification.

3.1. Screening studies

Screening studies in kinetic terms are classified as qualitatheir purpo® is to estimae the
kinetic parameters of the oxidation reactiofie kinetic parametersevealedare the activation
energy, reaction order and frequency facténowing the kinetic parameters enhances the
understanding ofhe oxidationbehaviourand theexothermicity of the oil and oil/rock systems
Kinetic parameterare often not measured under conditions tbplicate the flow conditions of
the combustion process in the reservoaking it impossible to knowhe recovery performance

of the process.

The mostcommon commercial analyses performed to fingermriatle oil oxidation ira porous
medium aredifferential thermalanalysis (DTA),thermoagravimetricanalysis (TGA) differential
scanning calorimeter (DSC), pressurized differential scanning calorimeter (PDSC)and

acceleratingatecalorimeter (ARC).Thesetechniquesupport thestudyof thethermcoxidative
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behaviourof crude oils Understanding thermoxidative behaviour providemsight into the

combustion procesgspecially the fuel depdiin and oxidation.

Most of these tes@reonly performed at relatively low pressurésss than 7 MPahich isthe
limit for their practical applicgon for certain reservoir settings. AR@as developed to study
exothermic reaction kinetics at elevaféssure valuesip to70 MPa In this thesis the research
was focused on several experiments that relied on the data from the screenin(ARGYy

conducted by the ISCRG from the University of Calgary.

3.1.1. Accelerating Rate Calorimeter

An ARC is an instument developed in 1980r thermal hazard evaluatioh.measureghemical
kinetic information for a samplebased on temperature and timas it underg@s thermal
decompositiorunderadiabatic conditions (Townsend, 1980). The first time ARC aygdied to
an air injectionbased project was in 199dhenit was usedo evaluatehekinetic data oideep
light oil, high-pressure reservoir (Yannimaras et al., 1991). Yannimaras anddatémrminedhat
ARC resultstied directly to combustictube and fielddata(Yannimaras and Tiffin, 1995The
ability to link laboratory results to field scale is importanetesure aqual order of magnitude.

The classical analysis of ARC test data is based on a simple singular decomposition of the form of
Equation 12, wth the assumptions that: (1) the reaction goes to completion and (2) the products

do not interfere with the reaction mechanism.
6001 € Qoo i (12)

If the exothermic reaction occurs adiabatically, all the reaction heat will be used in th&sing
temperatureof the productsARC assumes a single reaction model based on the Arrhenius
expressionEquation 11)The ndividual reactions rates of the fuel souace representad terms

of mass concentratiorgxpressed inEquation 13 where¢ and & are not relatedo the
stoichiometric coefficients in the global reaction but are empirical constants determined from
experimental or detailed kinetics calculatioasis the order of reaction for fuel arl is for

oxidizer.Theoverall reaction imssumed to bérst-orderfor fuel and oxidizer so that ¢ p.
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A morejustifiable assumption is thatbe left as an unknown to be determined experimentally by
the oxidation of the given oil anil is equal to zero, implying that the rate is independent of the
overall, global, oxidation concentration (there is excess oxygen available at all times), expressed

in Equation 5 from Equation 14

0 00U wQQQa Qi (14)

Q 6 @D O .\ 00 Qi (15)
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For ann-th order reaction with a single reactant, the rate of reaction is preseiiqdation B,
whered is the concentration at adiabatic concentrations at dinfde termd defines the fuel

source in terms of mass concetiga.
— ® (16)

The process for an exothermic reaction at adiabatic conditions is demonstrated in a plot of the
expected temperature vs. tingeeFigure 8(Townsend and Toud,980. The heat generated from

the reaction at an initial temperattit¥ resulsin a temperature rise, which accelerates the rate of
reaction. This accelemd rate is associated with tloencentration of the reactatéplethg. The

rate of the reaction is pected to decrease after reachimgmaximum value at a temperattiie,

andit diminishes to zero after the reaction at a temperature
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Figure 8. The temperature and Sélleat Rate vs. time curves of an adiabaystem(Townsend
and Tou, 198D

At any temperaturéYor time ¢, the concentration of the reactastelated to the temperature of

the systemIn Equation ¥, ¢ is the initial concentration of the reactant avd Y is the

adiabatic temperature rise.
0 —0O a7

Equation 17s rewritten in Equation 8, whered is an oil sample concentration at time t. This

equation assumes thae fuel concentration is proportional to the temperature differences

(18)

When deriving the relationship between fuel concentration and temperature and evaluation
segments of the heat flow trace, the relationship betwesfinel and temperature is assumed to

be asshown inEquation ®. Equation 8 assumes that the fuel concentration is proportional to the
temperature differences which in turn assumesthigastoichiometric parametersn thereaction
thatrepresent the oxidation of typical hydrocarbon {lsguation 9doesnot change, aninplies
thatthe heat of reaction and the air/fuel ratio are constant over the ségntbetotaltemperature

rangeof the exothernfFazlyeva et al., 2019).
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(19

For an ARC experiment, k refers to tBelf-HeatRate (SHR) measured at temperati¥er time
0 andthe reactionrateis represented as- (relating the thermal measurable quality to a kinetic

event)

Assuming a single component is reacting over the temperature range of an exoteime
sample or bomb temperature at any time during the exothgyrsubstitutingequations & and
17 into Equation13, Equation 20s obtained.

YOY — 8@on O ey ——— (20
Or in other words, Equatic2il.

— 0Rwn vy O Y Y —— (21
Defining k*, is in the form

%, gt o e N ‘O [

Q @ 0@ wn vy 0 (22

This k* leads to the fundamental equation relatinght® thermal measurable quantity that is

experimentally available from an ARC riexpressedsEquation 3, assumingY'O'Y — a

0’ (23)

From equation 23Q° is a pseudaercorder rate constant smperature T.

Assuming the Arrhenius equation in a linear form, it is expressed as Equation 24,cwhere

i 78,0 O-Y,do p-rYand&) oF: ¢}

W OO (24)
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The Arrhenius parameters are determined Ibiting ‘G versusYor P -\on log scalesand itis

possible to determinge as the best fiof data onto a straight lif@ownsend and Tou, 1980

The methodologyfollowed by Townsendand Tou assumeghat the fuel contributing to the
observedincreasein selfheating rate is of a constant composition throughout the entire
temperaturgangeof an experiment. The useof this assumptiormay be applicablefor many
standardARC applicationsput its applicabilityto complexhydrocarbormixturesmaynot be as

valid. Naturally occurringreservoiroils are hardly eversingle componenfluids. In addition,the
oxidation of oils, which startfrom room temperaturewill mostlikely involve variousreaction
mechanismandfuel speciedy thetimethatagivenseltheatingeventhasreachedts completion.

For that,thereis a secondassumptiorfrom Townsendand Toud methodologythatis thefuel is
completelyconsuned. The assumptions thatthereactionwill reachcompletionatthe maximum
reactiontemperatureHowever, when considering petroleum samples, and the studies performed
by theln SituCombustion Research Group (ISCRG) with the clasede testing of oilamples
using the ARC instruments, the following is concluded (D. Mallory, personal communication,
August 2020):

a) Petroleum samples (and field oil samples) are rarely of only a single component.

b) According to oil oxidation behaviour and the application offierature, there are several
distinct oxidation pathways that oil samples may followhile these may depend upon
many parameters, they will significantly depend upon temperature.

c) As composite oils undergo oxidation from native reservoir temperaturethg teaximum
observed temperature, the o6fuel speciesb
temperature increasedNew fuel species may evolve from initial fuel species as the
temperature is increased.

d) It is believed that significant variations in tlstope of sekheat rate (SHR) plots are

indicative of a change in mechanism and/or a change in fuel species.

Taking into consideration the points above, the method of Townsend and Tou was modified to
split the entire SHR trace into a series of conneftetlindividual) segments. Each section has
potentially its own fuel species and it is considered to be in excess for the duration of the segment.

Consequentl yn thheswvalia¢edf wilth the order of
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the overalfeaction, has been forced to zetbis recognized that this procedure uses the activation
energy to observe when the maximum in the-lsedt rate occurs as opposed to predicting the

maximum temperature when the fuel concentration goes to zero.

The objetive of he ARC experimentgerformed in this thesiwas to identify the temperature
intervalswherethe oil reaced with air, andthen to determine the Arrhenius parameters for the
oxidation kinetics of the oil in the presence of the native reservarroatrix. In the ARC plots,

the presence of a trace over a temperature interval indicates a region of an exothermic reaction,
while the absence of experimentally recorded points indicheeSelfHeat Rate is below the
detection limit(Yannimaras and Tiin, 1995).

Crude oils are mukcomponent in nature and oxidation reactions racelypleteduring ARC
testing of crude oils. Refractory residual material often remains in the sample caha@A&C

tests, even in the presence of excess air.

Kinetic models based on Arrhenius type rate equdfitmra single reactiofignore thenegative
temperature gradient region (NTGRgnce, they predict that the oxygen uptake rate will increase
astemperaturancreasesAssuming the apparent heat of reaction isstamt per mass oxygen
consumed, it is expected that the SHR mcreaseas thetemperaturencreasesf the impact of
theNTGRIs ignored.

3.2. Quantitative kinetic studies

In general, thermal analyzes do not replicate the pressures and flow conditionawéservoir.

The ARC does operate at realistic reservoir pressures but it does not replicate the contact between
the core matrix, reservoir fluids or flowing gas. Ramped Temperature Oxidation (RTO) are
conducted at reservoir pressures and esorebinedcore in a onaimensional configuration. The

following section describes the RTO experiments.

Neither ARCnor RTO experiments provide quantitative information related to the recovery

performance of the combustion process (air requirements afidehiraio) or to the recovery
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factor of the reservoir where the process is applidte quantitative information related to

recovery performance can be determined from combustion tube tests.

3.2.1. Ramped Temperature Oxidati(RTO)

The classicaldefinition of in situ combustion kinetics assumdbkere is high-temperature
combustionwith a cokelike phaseand that phadeas been deposited by thermal cracking reactions
occurring ahead of the higemperature front (Moore et al., 199But further experimenton
Athabase oil sand sampledemonstratéthat there are exceptiotsthis classic definition. Those
exceptions were noteid high-pressure experiments with high oxygen concentrations and low
oxygen fluxe{Moore et al., 1992 One of the most important observasomade by Moore et al.,
was identifying the significance of the loweaction rate regiothat exiss at the intermediate
temperaturegound between théow-temperature oxidation and higémperature combustion
reactions in other words in the NTGR.HE kiretics in this transition temperature range
characterized by reduced oxygen uptake and energy generatioms&tesperaturéncreases
(Mooreet al., 1999).

Ramped temperature oxidation (RTO) ligh-pressuraampedtemperaturexidation (HPRTO)
experimentare used to gain inforation related to oxygen uptakeheytypically provide insight
into the oxidation reactions that occur in the earliest points of the LTO ,raviggreoil first
uptakes oxygen and generaesnergy. This information cannobe obtained using data from
combustion tube experiments duetie standard ignition procedurasd temperatures associated

with combustion tube tests.

While there are different experimental designs for RTO, the principal remains thehemttiee
oil-sauratedcores(reservoir oil, coreand/ orbrine) in a onedimensional plug flow reactoil his
type of plug flow reactor isften called a kinetic cell (Sarathi, 199Rhasa predeterminekeating
rate for aflowing stream ofmormalor enrichedair. (Moore et al., 1999)If oxidation is being
studied,an oxygen containing ga&sflowedthrough the sampléf. pyrolysis is being studiedhen
nitrogenis used.The heating contingeat the desired rate until termination or the prescribed
maximum temperate is reachedWhen the maximum temperature is reached, it is foelthe
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remainder of the test. The flow of air contisuentil there isno change in the exit gas

concentration (Sarathi, 1999)RTO is designed to operate at the pressure of the reservoir under

study.

The schematic of the kinetic teimployeddiffers from laboratory to laborataryhis kinetic cell

usedfor this research worlas designed d@he University of Calgargndis presated inFigure9

(Moore and Mehta2019.
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Often a secondlinetic cell is used as a reference, this was the case for the studyAdihatr@asca

Oil sands (Moore, 1999). This second reactor or reference cell is packed with dry core and

subjected to the same heating schedule as the test reactor. Duringhe temperatures in the

corresponding zones of the active and reference reactors are compared to isolate
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exothermic/endothermic hydrocarbon oxidation events occurring in the active r&zatathi,
1999).

Prior to the appearana# a distinct reaction zon&TO (or HPRTO)experiments ograte in a
differential mode andprovide Arrheniugype parameters fomodelling oxygen uptake at
temperatures up to approximately 180°C. Once distinct reaction waves are detected, the RTO
reactor no longer operates in a difigial mode andhe Arrheniustype parameters cannot be
derivedusingdifferential analysisOutside the temperature rangberethe RTO reactor operates
differentially, the dataare useful for matchingvith the predictive data generated in thermal

simulatas.

The purpose ofhe RTOtest is to study global oxidatidmehaviourand reaction kietics under
controlled conditionsTheend goals toprovide realistic reaction data thaacbe used in thermal
reservoir simulators to predict field performancee RTOtest has proven to be extremely useful
at defining the different oxidation regimes (oxygen addition reactobsndscission reactions)

and undestanding their impact on oil recovery (Gutierrez et al., 2009).

The RTO analyses are basedionbalances in and out of the reactor. For those RTO tests which
exhibit a distinct reaction zone that propagates over the core length, the velocity is related to the
oxygen injection flux through the oxygeaquiremenparameter. This relationshipegpressedi
Equation 5, whereo is the front velocity given in m/hp) is the oxygen concentration of the

feed gasp is the injection air flux and> is the oxygen requirement.
6o —- (25)

Additional combustionparametersre presented in the following equations for the oxygen/fuel
ratio, 'O , (Equation &), apparent atomic hydrogen to carbon r, "%6, (Equation Z), overall
oxygen utilization © , (Equation 28, reacted oxygen/fuel raticO , (Equation29) and the
fraction of reacted oxygen converted to carbon oxifes (Equation30). For all these equations,

'Y is the nitrogen/oxygeroncentratiorratio in the feed gas ang is the cumulative volume of

produced component i.
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When reviewing the oxygerequirements and the combustion parameters, it is important to note
that thesevalues are generally less favable tharthoseobserved during a combustion tube test
or in situ field combustion (Mallory et al., 2019). This is because the extensivécloyerature

oxidation occurs during themg period at the start of eaBfT O test.

While it is expected that th& value will remain constant throughout a given experiment, the
assumption that the instantaneous rates of nitrogen injection and production will always be equal
may not becorrect. During periods of lowemperature oxidation, oxygen is actively combined
into the hydrocarbon molecules within the cd@i@maintain a constant pressure within the reactor,

it is likely thatnitrogen will accumulate within the core aiid instantaneous rate of production
may be bwer than the injection rateluring periods of LD. For this reason, any parameters
computed using instantaneous values taken from the HPRTO data are subject to error.

Some other kinetic parameters, like specific reaction rates, are calculated from the chemical
analysis of the pogest coreoil samplesand effluent gagRTO) analysisiamora and Brigham,

1995 Burger et al., 1985; Fassi#ti al.,1984). This is defined irfEquation 3, wherev is the mass

of the oxygeruptakeper unit time concerning the nsasf oil present in the samplé (), Y& s

the mass of oxygen used up during t¥iéed  is the average oxygen partial pressure ¥igithe

gas constant, assuming the order of reactionp.
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The operating parameters are evaluated ftemperature profiles, oxygen uptake rates, liquid
hydrocarbon production, and residual hydrocarbamcentrations and compositioriBhese are
known to impact the ramped temperature oxidation behaviour of a given oil in contact with a given
mineral matrix:heating rate, absolute pressure, injection gas flux, oxygen concentration, initial oil
saturation and initial water saturati@dxygen partial pressure and oxygen flug @soimportant
parameters Their impact is expressed in trabsolute pressure, totglas flux and oxygen

concentration.

The design of the ramped temperature apparatusother variable impactinthe observed
oxidation characteristics. The heating rate paramstérfluenced by théeat capacity of the
reactor and the radial heat tragrs€haracteristics of the annular region between the reactor wall
and heating mantleThe heating rate is a controlled or independent variaioiél the energy
generation within the core causes the reaction temperature to exceed the cowiising the

reactor (Moore et al., 1992).

The RTO test and combustion tube test have demonstrated that the operating pressure, oxygen
partial pressure, and oxygen flux parameters have a meaningful impact on the ability of an oil to

achieve the higitemperature combtisn mode (Moore et al., 1999).

RTO studieshighlightthe importance of operating situ combustion projects in a borstission
(carbon oxidforming) mode to ensure effective oil mobilization. All design parameters and
operations focused on promoting lestission reactions including, but not limited to, ignition, air

injection rates, process monitoring and trowgheoting (Mallory et al., 2019).

3.3. Combustion performancgudies

Combustiortube (CT) tests are the traditional tools employed in the laboratory to investigate the
recovery performance of the situ combustion processhenapplied to apecificreservoir. They

provide quantitativeinformation related ttheoxygen (or air) anéuel requirenent parameters for
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the design of field projectwith the exception of superwet combustion testsm@Bustiontube

studies do not provide kinetic dathoutthe reactionshat occur in the lovwemperature range

Combustion tubes are elemental physical saous that allow forthe direct observation of the
propagation of the combustion front under conditions approxigétose of the reservoiihe

nature of the combustion front propagation is controlled by the chemical reactions and relative
permeabilitycharacteristics of the reservofombustion tube experiments pide a means for
estimating the neimpactof the interrelationships between the various mechanismstteat
combustion. The main drawback of combustion tube tests is that they areedrespatiments
Making a direct correlatiorbetween theombustion tube resultsndthe corresponding reservoir

is not straightforwardWhenthe testing is done under regentative reservoir conditions, the test
canexhibit a good correlatiofor theoxygen(air) and fuel requirements, combustion stability and

the characteristics of the produced oil, water and gas phases.

A properly designed and operated combustion tube test provides useful information about the
rock/ oil syst e mo sticsamihb nesessarydata forfergineers to enake reliable
economic projections for an air injean project(Nelson and McNeil, 1961)The parameters
normally measured arequivalent apparent atomi€fo ratio of the burnt fuel, air/fuel ratio,
oxygerifuel ratio, oxygen requirement, the fraction of the reacted oxygen convertatbon
oxides, theeffect of the injected water/air ratio on the process parameters, characteristics of the
produced fluids, peak combustion temperatures, potédtiageneation and pHbf the produced

water. Many of these parameters are strongly influenced by the properties of the fluid tested, the
pressure and temperatuoenditions during testingthe nature of the rock matrix and its
permeability, porosity, and compositi (how much clay and pyrite it contains) (Prasad Slater

1986). Combustiotube tests are performed at significantly higher fluxes than those enaalinter

in the field.However, the temperatures recorded during field projects are similar to thosg durin
combustion tube test& simplified combustion tube schematic is presente8igure 10 from

Moore and Mehta, 2019.
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Figure 10. Simplified combustion tube schematic (Moore and Mehta, 2019).

Moore et al. (Moore et al., 1999)lescribed the analysis of combustion tube tests performed on
several different reservoirs undewrariety ofoperating conditionsTheir work demonstratettiat

the conceptual model fan situ combustionthatinvolves the propagation of agdi-temperature
combustion front, wheréuel is a cokdike substance laid dowduring thethermal cracking
reactionss inadequatdor describing the performanad all reservois as equalFor this reason

and because each reservoir has different properties and chatiastebboratory combustion

studies ar@anecessary first step design an air injecticbased project.
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CHAPTER 417 RESERVOIR UNDER STUDY

Mexi cobs oil and gas sector Iis committed to 1ir
thatthey obtain the maximum volume of crude oil and natural gas from fields in operation or in

the process of being abandoned. They need to do this eapromil v even t hough
condition varies unpredictably (CNH, 2012)ydi#ocarbonproductionhas beerdeclinng in the
countrywhile demand for crude oil and gas grows.

Mexi cobs r egul astoo Nagiona deeHidrogarbyras,oQiidstimates a rgat
potentialfor implementing EOR in the country. According to their reports, up to 10% of the
remaining oil could be recovered which is equivalent to more than #85aon the next 20 years
(CNH, 2012).

Despite CNHO6s expect athaseanydimitedfield gxperedcea with EGRn Me
Accurate studies and pilot testee needed o confirm or adj ust EOR su
mature oil fields (Alvarado et.ak017). This countrizas conducted analysebich haveexposed

the potential for DR methods to increase national production.

Over time, research has established an operational paradigm; the exploitation of a reservoir begins
with the primary recovery (natural production mechanisms) and when a significant fraction of the

r e s er vegyisexhaustedsecondary recoverg executed. The secondary stage incorporates
methodsthatincrease omaintainthe productionof the reservoir by injecting water and/or gas
under immiscible conditions for pressure maintenaki¢een stage one andio are exhausted,
tertiary or enhanced recoveigllows. Mexico ischallenging the industry established sequential
process. It has developethns to maximize the efficiendgcludingincorporating EOR in stage

one or two(CNH, 2013.

Based on the propies of the reservoir roekuid system, hydrocarbon prices and the feasibility
of their applicationsselected reservoirs were identified forther studyusing EOR methods
(CNH, 2012).

Reservoir geological characteristibgive played a prominent role ithe outcome of many
historicalcombustion projects. Air injection offeunique economic and technical opportunities
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for EOR in many candidate reservoirs. Concentrating on the economically advantaged class of
light-oil reservoirs, potentidEOR process beefits include an excellent displacement efficiency

and mobilization of extra combustion oil, rapid reservoir pressurizationgésestripping of the
reservoir oil, oil swellingandinjection-gas substitutionWhenair injectionis into high-pressure
reservoirs(like the one under stuglgdditional benefitare:spontaneous oil ignition and complete
oxygen utilizationandnear miscibility of the generated flue gawl oil (Fassihet al, 1994). The

sinde greatest limitatiorof applying EOR processésthat the reservoir must haaéemperature
whereoxygencanbe consumedluring combustion. Otherwise, the presence of oxygen in the

reservoir could lead to bacterial growth and emulsions.

In light oil reservoirsrock composition is more important thaii propertiesto determire the
amount of fuel available for combustion (Earlougher ¢t18170). The clay and metallic content

of the rockis critical to understand. The clay and metallic content impact surface area which
influences the fuel depositionrad oxidation rate The pesence of clays and fine sands in the
matrix contribute toincreased rates of fuel formatio@Glay content, such as kaolinite and illite
amplify fuel formationunderlow-temperature oxidation reactions. Rock minerals (pyrite, calcite

and siderite) favar fuel-forming reactions (Sarathi, 1999).

4.1. Generalities and reservoir properties

The reservoir under study is located in the geological province of Salina del Isintesgpart of
the Tertiary basingound inthe South East (SE) of Mexico. The reservoir was discovered in
November 2013 using seismic data and regional geology stutdiestructure is defined as an
anticline consishg of a system of normal faults usfedt its delimitation witha NW-SE orientation

that belongs to the Miocene sandstone formations. The structuras pragented ifrigure 11.
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Figure 11. Structural map of the Miocene reservoir (after CNH, 2018).

The petrophysical characteristics of these formations were estimated based on the information
from well logs (resistivity, neutron, lithodensity, sonigservoirsaturationtool [RST]) and
interpretations of petrophysical models. The geological charsiitsri fluid and reservoir
propertiesandthe recovery factor are presented able3.

Table3. General Characteristics of the Miocene Reservoir (CNH, 2018)

General characteristics Miocene reservoir
Area (kn%) 78.893
Discoveryyear 2013
Exploitation start year 2014
Average depth (m) 3050
Elevation (m) 17
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Number and type of drilled wells
Operating wells

Closed wells

Wells with exploitation possibilities
Wells withouexploitation possibilities
Type of artificial production systems

Wells

19 (Vertical and directional wells)

13

4

1

3

Pumping system/Hydraulic pumping jet

Geological framework

Era, period and time
Basin

Tectonic regime
Deposit environment
Lithology depot

Cenozoic/Neogene/Miocene
Salina del Itsmo

Divergent

Sea fan

Sandstones

Petrophysical properties

Mineralogy

Initial water saturation (%)
Intergranular porosity (%)

Absolute prmeability (mD)

Average gross and net thickness (m)
Net/gross ratio

Clay, Qz, FId, Ca, Dolomitdyrite
2071 30

2071 22

25071 500

7571 181

0.41

Fluid properties

Hydrocarbon type

Density APl @ reservoir conditions
Density APl @ standard conditions
Viscosity @ reservoir conditions (cp)
Viscosity @ standard conditions (cp)
Initial and current gas/oil ratio (rffm°)
Initial and current Bo (rfnT)
Saturation pressurgé6ig)/(MPa)

Black oil

34.1

36

0.43

1.92

175 and 140
1.512 and 1.46
3114.9121.47

Reservoir properties

Temperature (°C)

Initial pressure psig)/(MPa)

Current pressure (ps)¢(MPa)
Primary and secondary mechanisms

97.7

4722.1%332.55
2489.0917.16

Solution gas and hydraulic
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Hydrocarbon extraction
Current oil rates (MStb) 8.4
Current gas rates (MMScf) 7.0
Maximum oil rate (MStb) 16.7 (March 2016)
Maximum gas rate (MMScf) 15.2 (May 2016)
Water cut (%) 17.3
Recovery factor (current) (%) 34.1

4.2. Geology and lithology

The stratigraphic column of the basin Salina del Itsmo is made up 16 geological forpfetions
which 5 aréMesozoic formations and 11 are Cenozoic formations. Thedobtainn is constituted
of an alternation lithology of sand and shaiéh variable thickness, ranging from Early Miocene
to Pliocene The predominant lithology is sandstoneheT stratigraphic regional column
additionally holdsolder units from Jurassic ar@retaceous (Aulis, 2015kigure12 presents the
ideal representation of the Salina del Itsstratigraphic columyoriginatedat LateMiocene and
Early Pliocene
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(Millions Stratigraphic Thickness .
of years) Age unit (m) Lithology
Pleistocene Paraje solo 690
1.7 Late Filisola
Higher
. ) Concepcion
2.4 Pliocene | Middle 610
Lower
Conception
34 Early
Encanto
5.2 Late
10.2 Miocene | Middle
16.4 Early
Late
25.2 Oligocene | Middle 1899
Early
Late
36 Eocene Middle Eocene
Early
Late
54 Paleocene Siidale
Early

Figure 12. Ideal reoresentation of the stratigrapldolumn ofSalina del ltsmdAfter Aulis,
2015.

When the movement of the Jurassic sathe geological province of Salina del Istias carried

out as a product of overloadnd due to the effects of the regional deformation, numerous salt
structures with diffenet geometries and sizesre createdyenerally aligned in NHSW direction.

These structures were modified by deformation to the stratigraphic sequence due to the vertical

and horizontal movement of the salt through the surrounding layers.

The salt bodiesvere originally accumulated in an area subject to deformation by extension, a rift
basin. Later, because of the Yucatan block moven&mitly of Mexico) two regions with salt
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were separated, one part remaining in the north of Gulf of Mexico anthiétr®oe in the western

sector dthe Yucatan platform, this last one, being buried by Late Jurassic, Mesozoic and Cenozoic
sediments. Subsequently, the accumulation of a greater volume of terrigenous sediments in the
Miocene generated its greatest mobilityeating younger sequences in vertical and horizontal

orientation building domes, diapirs and canopies.

The faults created by the salt movement contribute to the formation of structural tramps in Salina

del Istmo basinandalso provide excellent migratianutes for hydrocarbons.

4.3. Production history and reserves

The original oil volume of tareservoir is 40.1 MMtandthe original gas volume is 57.6 Rf.
The certified reserves 1P to January 28668.592 MMStb for oil and 6.581 8cf for gasThis is
preented inTable 4. Figures B and l14represent the evolution of the oil and gas reserves
respectively Theirdiminishment wasdue to the reservoir characterization and delimitation after

the drilling of the development wells.

Table4. Original Volume and Reserves to January 2018 (CNH, 2018)

Original volume Expected recovery Reserves Accumulated production
Type of factor
Oil Gas reserve . ol Gas oll Gas
(MMStb) (MMMSc) Ol (%) Gas(%) vsi) (BScf)  (MMSth)  (BScf)
40.1 57.6 1P 51.6 30.3 8.592 6.581
40.1 57.6 2P 54.8 32.6 9.859 7.548 12.1 10.8
40.1 57.6 3P 54.8 32.6 9.859 7.548
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Figure 13. Evolution of oil reserves (after CNH, 2018).
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Oil and gagroduction history over timés presented in Figuresl

Reservoir hydrocarbons production
18 16

16

14

12

10

Qil production (MStb)
(o]
Gas production (MMScf)

2 2

0 o}
07/2015 01/2016 08/2016 03/2017 09/2017 04/2018 10/2018 05/2019 12/2012 06/2020
Months

Reservoir oil production (MStb) = Reservoir gas production (MMScf)

Figure 15. Oil and gas production (after Gob.mx, 2020).

In the HighPressure Air Injection procedseimainfluid involvedis air, which is very mobile and
sensitive to formation heterogeneities, saturation and temperaadiengs, and oil properties
(Moore et al., 1995)Several factors must be taken into consideratgaolodcal site, reservoir
rock and fluid properties, ade oil characteristics and reservoir geometiésore and Mehta
identified several common parametefssuccessful HPAI reservoi{$loore and Mehta, 2019)

which arelisted in Table comparedvith the Mexican reservoir under study.

High-Pressure Airnjection EOR waghosen to increase the production of the Mexican Miocene

reservoir since better fits with the necessary requirements for its application.
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Table5. Parameters for HPAI Projects and the Mexican Reservoir Under Safidy Moore

and Mehta, 2019)

Parameter Medicine Buffalo Capa W. Horse  Mexican reservoir
Pole Hills Madison Hackberry  Creek under study
Formation Red River Red River Madison Oligocene Eie\}/(::r Upper Miocene
Total depth (ft) 9,500 8,450 8,400 9,200 9,100 10,006
Net pay (ft) 18 10 20 31 20 246
Permeability (mD) 5 10 1 3007 1,000 1071 20 25071 500
Porosity (%) 17 20 10 25 12 2071 22
Water saturation 43 45 42 i 35 207 30
(%)
Temperature (°C) 230 215 236 200 220 97.7
45.7
OOIP (bbl/acft) 530 735 250 - MMbb! 8.592 MMStb
Gravity (°API) 39 31 43 33 32 34.1@r.c/36@s.c.
Oil viscosity (cP) 0.48 2.1 0.28 0.9 1.42 0.43@r.c/1.92@s.q
Bubble point (psi) 2,246 3,000 3,317 - 625 -
Air injection rate
(MMSGH/D) 9 33 4 4 8.5 -
Oil production 950(1,200 2,600 126. (275
rate (bbl/D) eak) (2,800 during air - ; ]
P peak) injection)
Incremental oil
production (Air 1.1 10 0.078 - - -
injection, MMbbl)
Cumulative
n : 12 2.4 - - -
injected air (Bscf) 90
Average air/
incremental oil 11 9 30 - - -
ratio (Mscf/STB)
Instantaneous
Air/Oll ratio 9.5 12.7 14.5 - - -

(Mscf/STB)
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CHAPTER 57 ACCELERATING RATE CALORIMETRY TESTS

Five ARC tests were conducted on oil and core samples from the studied re§ér@@amples

wereprovidedto the ISCRG at the University of Calgany a Mexican oil company

5.1. Equipment and procedure

The basic principle ahe ARC is tomaintaina sample in adiabatic conditions once an exothermic
reaction is detectedAdiabatic conditions are ¢hkey factorfor optimal ARC design and
construction. ARC consists of a small spherical diameter sample hat#deethe reactants are
placed; the diametes generally2.54 cm.The samplesrecontained in higipressure holders or
bombs madeof variousmaterialswith different masseglass, titanium, stainless steel, hastellogy
and tantalum. Theolume and mass of theaterialfor the reaction holdewas determined based

on the chemical reaction undstudy. Titanium spherical bombs have a low thermapacity,

which supportsmodelling of the conditions encountered in an actual lssggle decomposition
(Little, 2000. The bomb is placed inside a precisely heated calorimeter whose temperature is

maintained exactly to ensure no variation between the lamaihe calorimeter wall.

The temperatures are measured with thermocouples placed on the bomb armlitertvedls of

the calorimeter which contaithe heaters. The heat flow toward the outside of the bomb varies
according to the differencm temperatire between the bomb and the calorimeter walls. This
permits the tracking of rapid exothermic reactions under strict adiabatic conditions. ARC measures
theself-heatrate (SHR) anthe rate of temperature rise related to the energy generatiowiaa.

SHR is achieved othe exothermic initiation is detected, the sample completes its thermal spiral
adiabatically Thetime, temperature and pressure datarecordedntil the exothermic reaction

is complded

In most ARC studies, the sdikat rate thresha is usually set at 0.025 °C/min or greater. In the
ARC study conducted for the selected Mexisandstoneeservoir a value of 0.020 °C/min was
established as the séléat thresholdA pressure transducer attached to the bomb ressitkthe
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pressure mearement inside the bomb. The schematic drawing of dbeeleratingate

calorimetryunit is presented iRigure 16taken from Mallory et al., 2019, after Sarathi, 1999.

Bomb
Tharmosouplis

----.-.--.:-:.---.=./—Jaeuer
o f— Thermocoupss

/—Jaclm

= 116" Pressunzratonfnjsction Line

(=]
O st 20 \O

' Boftom Zone Thermeccuple

— Vapour thermocouple

Figure 16. Schematic drawing of an ARC unit (Malloryadt, 2019 after Sarathi, 1999).

When utilized for thermal decomposition of reactive chemicalthér postrun calculations can

be used to make predictions abouthledaviourof the isolated chemicalndthe behaviourof the
chemical in other environm&nThe various kinetic parametethat describe the decomposition
reactioncan bedetermined These results assist the plant operator to make accurate hazard

predictions.

The ARC traditionally operates as a closed system withigpiggifictemperature ah pressure
performance envelop&his closed system hagdixed amount of airinitially at reservoir pressure,

over the oil sample and anearperfect adiabatic operation. This operating misdiae standard

used toobtain most kinetic parametefsr the oxidation of oils at the test presssirén real
reservoirsthe reaction kinetics are dynamic and affected by oxygen Ylarnimaras and Tiffin
developedaflowing mode typeof ARC testing(Yannimaras and Tiffin, 1995). In flowing mode,
theair is continuously supplied to the reaction cell for the duration of the run at reservoir pressure

and quasadiabatic operation. When ARC is operated in flowing mode, SHR, volumetric flow rate
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and composition of the produced gases are obtained using a wettesand gas chromatograph
(Fazlyeva et al., 2019).

There are two types of ARC tesszanning or heawait-search (HWS) andsoagingalso known
as isothermal agind@ he information providetfom each typés very similarandtheir difference
lay mainly in thewaiting period minutes (HWS) versus days (Isoagingpthermal aging offers

the advantage to determine if the oil reservoir is likely taigeite upon air injection.

HWS or scannings programmed to raise the system temperdtinermal equilbrium)in pre
determined steps, after a certain waiting and searching period of typically 20 minutes to one hour.
If an exotherm is encountered, the oil is allowed to react adiabatically at its inherent reaction rate.
When the sample is reacting, theradsforced baseline heating, the system boundaries are kept at
a temperature equal to the sample holder temperature to ensure adiabatic operation. A@canning
HWS run is useful for quickly establishing the temperature intervals in which the oil realsts wit

air.

Isoagingor isothermal aging involves holding the oil, core and air sampldékeateservoir
temperature and pressure for typically five to seven dagssoaking periodA low level of heat
transfer isrequired.As reactions take place, the systéemperature may slowly increase until
ignition occurs anthere aresustained exotherm results. Ignition in an ARC experiment is defined
as the temperature at which the SHR exceeds theepriareshold value and produces a-self

sustaining exotherm.

The ARC screening of oils for suitability to air injection was developed by Amoco Production
Company(Amoco). Amoco used it as a fingerprinting tool to screen candidate reservoirs for their
potential to increase production using HPAhe technique is based e@xamining the auto
ignition behaviouras well as the extent and continuity of the exothernetadtained in an ARC
experiment. The santechniqueapplied to the experiments conducted for this thesis research.
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5.2. Operating parameters

The design paramets for this study are presentedTiable 6. The studyconsisted of four tests
using theclosed ARC mode system and ousing theflowing ARC mode system with the

variations in the cell content.

The cell content was the @lonesample or the opluscore samplgat HeatWait-Search (HWS)
or isoage plus HWS conditionBhe HWS tests were conducted using a target starting temperature

of 80°C.The isoage tests were initiated usthg target reservotemperaturef 90.5°C.

For all the tests, the safmepholder was pressurized with & achievethe reservoir conditions
with a pressure of approximately 1706 psig. The-lse#t threshold criterion was set at
0.020°C/min fothe HWS andsoagetests

Table6. Operating Parameteror ARC Tests

— . - . . initial
. ARC Type Initial/ Starting Initial/ Starting Reaction nitial mass Rur}
Experiment Mode  of test temperature ressure (psig) cell (grams) duration
(°C) P PSig content Oil Core  (hours)
1 Closed HWS 22.4/79.7 1484/1679  Oil and air 0.2036 0.0 73.1
2 Closed HWS  22.4/79.7  1495/1687 Oa'l'ngc:f 0.2040 1.0051  39.4
3 (a) Isoage  24.6/90.5 1496/1715  OQil, core, 131.9
3 (b) Closed '\ \ws  21.4/797 148271678  andair 02038 10026 o5
4 Closed 'S°39%  220/905 14881716 O " 02044 10232 1607
/HWS and air
: Oll, core,
5 Flowing HWS 22.4/79.7 1703/1705 and air 0.2082 1.0120 27.2

5.3.  Oil sample

The oil sampleused in the performed experiments was providetthe ISCRGy a Mexicanoll
company, taken from the reservoir under study. The oil sample was tested to determine its chemical

compositionyecorded inrable7.



Table7. Oil Properties for ARC Tests (Analyses by U of C, 2019)

Oil properties

Composition (wt %)

219

Density (g/cc) Temperature (°C)
Density 1 0.8599 @ 15
Density 2 0.8528 @ 25
Density 3 0.8420 @ 40
Density 4 0.8317 @ 55

°API 331 @ 15

Viscosity (cP) Temperature (°C)

Viscosity 1 151 @ 15
Viscosity 2 113 @ 25
Viscosity 3 762 @ 40

Carbon 84.7
Hydrogen 13.23
Nitrogen 0.07

Sulphur 1.3
Asphaltenes 0.44

Molecular weight (g/gmol)

5.4. Core sample
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A representative core sample selected from the reservoir under study was provided by the Mexican
oil company and it was uséuthe ARC and HPRTQesting. The extracted core was placed in an
oven and fired at 350°C for 24 hours to oxidize any residual hydrocarbons. The mineralogy of the
core sample was serguantitatively determined by testinfhe analysis determingble sample

minerd composition ora mass basis d#.6% of quéz, 15.5% of kfeldspar, 34.2% of plagioclase

and 5.7% of illite.
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ForTest 1 a HeatVait-Search (HWS) test was conducted on the reservoir oil only in contact with

air. Figure ¥ shows the temperature giites of thevapour phase (bomb)xnd the control

thermocouplat liquid phase (sampléyr thetime and the pressure profiles recorded during the

test The eight numbers used in to label Figureridicake the stages the sample passed through

during the test.
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Figure 17. Pressure and temperature profiles for Test 1.

1. The test began with the pressuring andiprating the charged reaction cell to the e¢arg

temperature of 80°C

2. The first HWS periodoccurred when the detected de#fating events were below the

exotherm threshold. During the HWS routine, the reactor temperature was increased in

increments of 5°C until the sdifeating rate of the oil was determined to exceed tbe pr

set exotherm threshold value
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3. Aninitial exotherm was identified at a temperature value of 140.2°C. At these conditions
and based on the input exotherm threshold value, the ARC switched to an adiabatic heat
loss prevention routine. The system continuously evaluated the sampteaetite to
determine the duration of the apparent exotherm.

4. This pointindicates the end of the initial exotherm at 149.6 °C, when thésatfrate fell
below the threshold value of 0.020°C/min again. The ARC controller continued to apply a
5°C stepincreae to the heater controls.

5. Following a temperature stabilization, a secondtlesion was identified at 155.0°Che
reactor temperature increased steadily until a rapid exothermic release occurred at 1706.8
minutes, postest initiation.

6. This point was inferred to be the ignitiofhe first major peak observed in the ARC plot
generally corresponds to the ldemperature range. This explosive event was believed to
be a result of an instantaneous-gasse reaction; the maximum sk#atingrate observed
at the control thermocouple placed outside the reaction sphere was 138.8°C/min and the
maximum seHheating rate observed in the vapour phase of the sphere, above the liquid
level of the oil sample, was 20A3/min, as presented in Figure. Edllowing the release
of energy associated with the observed ignition at 285.2°C, the monitordebatifg rate
dropped below the exotherm threshold and the ARC switched its operating mode into a
third HWS routineThe ARC controller continued with itehtwait-search routine until,
at 355.71°C, the third region of exothermic activity was indicated. This event was very
shortlived, lasting just over three minutes and is not noted in the Fidure

7. Shortly after resuming HWS operation, the reaction spteaehed 361.2°C and the fourth
region of exothermic activity was identified.

8. The exothermic behaviour observed at this point continued until the ARC reached its pre

programmed termination temperature of 499°C

The major exotherm associated with this t@sturred between 155.0 and 285.2F®y(re I7).
The maximum selheating rate of 138.8°C/min associated with the control sphere occurred at a
reactor temperature of 247.5°Edure 19.
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Pressure and temperature response plot - Test 1

2500
2250
2000
1750
1500

1250

dT/dt (°C/min)

-
o
o
o

750

500

250

——=dT/dt Vapour thermocouple
——dT/dt Control thermocouple
= dP/dt

0
1706.50

1707.00 1707.
Time (min)

5000

4500

4000

3500

3000

2500

[\
o
o
o

1500

1000

500

0
50

)

in

dP/dt (psi/m

58

Figure 19. Pressure and temperature profiles of the maximumis=iting Rate for Test 1.
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Figure 20 presents theelf-heatrate dataversus control temperature foedt 1 on a modified
temperature scale, for all points that were above the thresholieselfate (exotherms). The ARC
experimental results for SHR data are commonly presented as the $3#¢RqPC/min) vs. the
inverse of absolute terepature (1/T, indid&d as 1/K). Br this thesis, representative temperature
in °C was includedor all tests.Note that the 1/T scale has been modified by reverse plotting of

the values.

Self-heat rate plot - Test 1
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Temperature Plotted as 1/T (K)

Figure 20. Sel-Heat Rate plot for Test 1 displaying ti@delled kinetic zones.

The exothermswveretreated as kinetic zonégcause the reaction activity exceettegthreshold
value In Test 1, foukinetic zones werebserved ovedifferent ranges of temperature, presented
in Table 8 whereeach kinetic zones represented usingith auniquecolour matching thdraces

in Figure 20respectively.The selfheat ratswere modeled to a zerarder Arrhenius equation
for fuel andoxygen concentrationand afterwardshe activéion energy (kimol) and thepseude

pre-exponential factorAdC N (mint) were calculated. They are also presented in Table 8.



60

The neatvertical appearance of the sakat curve above 2394asthoughtto be caused by an
instantaneous reaction in the volume of the reaction sgewgpied by air anthe vapourzed
hydrocarbons (gaghase burn). The temperatugeswhenthe exotherm exhibited its rapid
response corresponds to the normal range associated witls@iesin reactions in light oil

The selfheating rates measureding ARC are considered to beery accurate, provided the
heaters supply the power as required by the control system at each temperature in the exotherm.
At control temperatures above 241.4te ARC heaters were at 100% output capacity and, as
such, modelling kinetic data above this temperatuseassociated with decreasing amounts of

certainty.lt was found that 33.9 percent of the origiothmass was consumed duringst 1.

Table8. Kinetic Zones Found in Test 1

o Activati
Kinetic Temperature Temperature Temperature dT/dt Cetrllf:g;n Ea/R AGC N1
. o ) _ "
zne (°C) (K) (1/K) (°C/min) (kJ/mol) (K)  (n=0)(mint)
155.0 428.15 0.002336 0.03
L 178.2 451.35 0.002216 0.07 °1.91 0257 3.248E+03
178.2 451.35 0.002216 0.07
- 202.0 475.15 0.002105 0.37 11262 13528 3.063E+10
202.3 475.45 0.002103 0.38
3 239.3 512.45 0.001951 13.27 194.26 23308  1.866E+19
239.3 512.45 0.001951 13.27
¢ 241.4 51455 0001943 457  oov44 1E+0S 6.72E+94

Figure 21compares the selfeat rate curvesulting fromthe control thermocouplendthe data

from thevapourphase thermocouple.
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Self-heat rate comparison plot - Test 1

Temperature (°C)
60 127 227 394 540
10000

= Control TC
V TC seneteett
1000 « Vapour - '~.\.

[
.
.

100

Self heat rate (°C/min)

0.1

0.01 m

0.001
0.003 0.0025 0.002 0.0015 0.001
Temperature Plotted as 1/T (K)

Figure 21. SeltHeat Rate comparison plot between the control thermocouple and the vapour
phasehermocouple in Test 1.

56. Test?2

For this experiment second HWS was conducted for an oil/core/air system (the reservoir oil and
the extracted clean core) loaded into the ARC reacfisipresentedn Test 1,Figure 22shows
the pressure and temperature profiles of the process, but now, with six points of interest.

1. The test began with the pressuring anetheating to 80°C

2. This point indicateshe initiation of the HWS process.

3. The first exothernis found at a tempature of 155.8°Cwherethe ARC switched from
HWS mode to an adiatic heat loss prevention mode.

4. This mode ihishesin a rapid, gaphase burn peakihe result wag maximum control
seltheating rate of 135.8°C/min at 907.73 min on the outside surfaasumesel by the
bomb or control thermocoupl&ifure 29. The temperature inside the bomb, intapour
phasewas considerably higher at the time of the peak, with a maximurheatiing rate

of 2262°C/min, at the 907.68 minutésgure 21). The increased pressure and temperature
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are presented iRigure 2. The gasphase burn was accompanied by a pressure spike and
a recorded rate of increase above 4950 psi/min, is shown in Fure 2

5. As aresult of the rapid cooling associated with the gagraction following the pressure
spike, the selheat rate dropped beneath the exotherm identification threshold of
0.020°C/min. Then the ARC switched back to a ‘veait-search control mode. No further
exothermic activig was detected in this test.

6. ARC began its cool down routine when the termination temperatd#53C was reached.

Pressure and temperature response plot - Test 2
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Figure 22. Pressure and temperature profiles for Test 2.
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Pressure and temperature response plot - Test 2
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Figure 23. Pressure and temperature profiles of the majothexm for Test 2.

Pressure and temperature response plot - Test 2
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Figure 24. Pressure and temperature profiles of the maximumtgsting Rate for Test 2.
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Figure 25presents the SeHeat Rate datsersus control temperature foedt 2, again, othe
modified temperature scale, for all points that were above the threshetetaethte. For this test,
even if just one exotherm was fourédkinetic zones wermodelledbetween different ranges of
temperature that @monstrate changes in the trace, @nésd in Table 9 whemach kinetic zone
is represented usingith auniquecolour matching thdraces inFigure 5 respectivelyThe self
heat ra¢és weremodeled to a zerarder Arrhenius equation fduel andoxygen concentrations
Table 9 presentthe activation energy (kJ/mol) and the psepd®exponential factorA & N1

(minY) calculated.

Self-heat rate plot - Test 2
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Figure 25. Self-heat rate plot for Test 2 displaying the modelled kinetic zones.

The neaivertical appearance of the shkat curve above 238.9%as thoughto be caused by
the instantaneous reaction in the volume of the reaction sphere occupied by\apanized
hydrocarbonsthis is thegasphase burn owapour phase combustiorSimilar to Test 1 the
temperaturavherethe majorexothermwasexhibited corresponds to the normal range associated

with bondsdssion reactions in light oils.
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For this test, at control temperatures above 240.8A€ of the ARC heaters was at 100%poiit
capacity. Thusnodellingkinetic data above this temperature would be associated with decreasing
amounts of certaintylThe studyfound that 36.6 percent of the original oil mass was consumed
during Test 2.

Table9. Kinetic Zores Found in Test 2

L Activati
Kinetic Temperature Temperature Temperature dT/dt Zt:g“on Ea/R A GgN1
zone (°C) (K) (1/K) (°C/min) (kJ/m?l’) (K)  (n=0)(min?)
155.8 428.95 0.002331  0.075
L 158.7 431.85 0.002316 0204 2167 02061 2.456E+61
158.7 431.85 0.002316  0.204
- 168.6 44175 0002264 09 24074 28904 2672Ewzy
168.6 441.75 0.002264 0.9
3 211.2 484.35 0.002065 14.877 12267 14735 7.046E+12
211.2 484.35 0.002065  14.877
¢ 232.2 505.35 0.001979 13035 2/96 3356 7.326E04
232.2 505.35 0.001979  13.035
238.9 512.05 0.001953 25859 L0065 16290  1.889E+14
238.9 512.05 0.001953  25.859
© 240.8 513.95 0.001946 70268 o20-30 159646 2.659E+136

Figure I compares the selfeat rate curveeflectingthe control thermocouple dadadthevapour
phase thermocouple
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Self-heat rate plot - Test 2
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Figure 26. SeltHeat Rate comparison plot between the control thermocouple and the vapour
phase thermocouple in Text

5.7. Test3A and 3B

Test 3wasplannedto subject theeaction cell content to a closed isoage routineforaximum
five days period, followed by a heatait-search routine. However, due to technical problems in
the laboratory, it was not possible to complete the test as expEetetsthereforewasrepeatd

in a new experi@nt under the same conditionse6t 4).The information obtained before the
technicalproblemwasincorporated into théhesisdata. It waglivided into two parts, @sts 3A
and 3B.

When operating imsoage mode, the ARC maintains the reactor at the reservoir temperature until
the time limit for theisoageperiod is reachedr a selfheat rate is detectetiat exceeds the
exotherm threshold limit, which for this test was 0.020°C/min. If the temperature of the reactor
dropped 2°C below the reservoir temperature setting, the AfRiG@edadditional energy to the
reactor until ireached theeservoir temperature again.
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Figure 27shows the recorded pressureldaemperature profiles of thee3t 3Awith four points of

interest.

1. This pointidentifies the initiation of the test; heating the sample container to®@0t5é
target reervoir temperature.
2. This point represenis the onset of isoage heating control. At any time during the isoage
period, no setheat values greater than the threshold value of 0.020 °C/min were detected.
3. When the ARC switched to HWS motte lack of reactivity indicated a nautcignition
upon air injection

4. HWS mode continued untihe power to the entire laboratory went offline.

The ARC system temperature dropped to room temperature before the breakers could be reset and
the progranrestared. Since the bomb frome$t 3 had not yet exhibited notable dedfting, the
decision was made to subject it to a HWSt,tevhich became test 3B starting at reservoir

temperaturavith the purpose toompardts information with the collected daturing Test 4.

Pressure and temperature response plot - Test 3A
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Figure 27. Pressure and temperature profiles for Test 3A.
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In Figure B, theresults of the HWSor Test 3B are detailedith six points of interest.

=

The test began witthe preheating of the sample container to 79.7°C and 1678 psig.

This pointidentifies where the ARC controller switched its operational mode to HWS
heating control.

The temperature increased without identification of notaeliheating until, at 155.4,

the measured selfeat rate exceeded the exotherm identification threshold and the ARC
switched to the isothermal operation mode.

This pointindicates the presence of a rapid-ghase burn event, with the vapour phase
within the reaction sphere reangjia maximum temperature of 398.3°C, at 962.2 minutes
into the test. The control temperature, which was associated with the temperature of the oil
and core within the reaction sphere, reached its peak temperature of 276.1°C, at 963.4
minutes into the tegFigure D). Figure 30ndicates the rate of the increased pressure at
the time of the gas phase burn was more than 4700 psi/minute and -iheasielf) rate of

the vapour phase was over 2000°C/min.

Following the gas phase burn, the dedfting rate compged from the temperature of the
control thermocouple dropped under the threshold value of 0.020°C/min and the ARC
returned to HWS mode. No further significant exothermic activag determined during

this test.

ARC began its cooling and shutdown routleen the control temperature reached 475

°C.



Pressure and temperature response plot - Test 3B
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Figure 28. Pressure and temperature profiles for Test 3B.
Pressure and temperature response plot - Test 3B
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Figure 29. Pressure and temperature profiles of the major exotherm for Test 3B.
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Pressure and temperature response plot - Test 3B
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Figure 30. Pressure and temperature profiles of the maximumtgsdting Rate for Test 3B.

Figure31 presents theelf-heatrate dataversus control temperature foedt 3Bwith a modified

temperature scale for ale points that were above the threshold bt rateDuring this test,

one exotherm was fouralit severkinetic zones wermodelledbetweern variety oftemperature

ranges presented in Table 10. In this tabdach kinetic zonés represented usingith aunique

colour matching theraces inFigure 31respectivelyThe selfheat ra¢s weremodeled to a zere

order Arrhenius equation féwel andoxygen concentration3able 10 also preserttge activation

energy (kJ/mol) and the pseugoe-exponential facir, A & N (min?) calculated.
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Self-heat rate plot - Test 3B
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Figure 31. Sel-Heat Rate plot for Test 3B displaying the modelled kinetic zones.

At a temperature of 238°C the exotherm exhibited the-uegical appearance of the sékkat

corresponhg to the normal range associated with b@adssion reactions in light oils.

At control temperatures above 240.4°C for this test, certain ARC heaters were at 100% output
capacity andmodelling kinetic data above this temperatunas associated with decreag
amounts of certaintygimilar to theothertests.25.0 percent of the ainal oil mass was consumed

in Test 3.
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Table10. Kinetic Zones Found in Test 3B

Kinetic Temperature Temperature Temperature dT/dt Ac;tril\;a;gzn Ea/R AgN1
zone (°C) (K) (1/K) (°C/min) (kJ/mol) (K)  (n=0)(min?)
A g
0p e om0 0% e s aomes
D ol UL
e R B0 e e e
o mE o mIolmE S ws e e
al SME e ES e sees semes

Figure 2 compares the selfeat rate curve associated with the control thermocouple (liquid phase)

with thevapourphase thermocouple.
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Self-heat rate plot - Test 3B
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Figure 32. SeltHeat Rate comparison plot between the control thermocouple and the vapour
phase thenocouple in Test 3B.

58. Test4

This experimentepeatsTest 3. Figure 3providesthe recorded pressure and temperature profiles

with seven points of interest.

1. This point representke initiation of the test, heating the sample container to 90.5°C (target
isoage operating temperature).

2. The onset of isoaging heating conti®lindicated at this poingnd, like Test 3, no seif
heating values exceeded the detection threshdd@D°C/min. This may indicate a non
autoignition upon air injection

3. Atfter five days of isoagingthe ARC switched to heatait-search mode and the ARC
controller began adiabatic operation, similar to the standard HWS tests.

4. At the 7938.5 minutes, thARC detected selfieating rates (150.6°C) exceeding the
detection threshold. The unit dahed to adiabatic heating mode.
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5. A sudden gagphase burn was observedthis point,and the vapour phase peaked at
418.2°C. The control thermocouple peaked at a maxi temperature of 277°C.

6. This exotherm was almost imperceptible (from 8104.3 to 8105.0 min), ending at a
temperature of 154.4°C in point 6. The vapour phase peak was observed in Eignde 3
the changes to pressure and temperature over time are piesdrigure 5.

7. The ARC switched back to its HWS operation and continued without further exotherm
identification until it reached a temperature of 475°C when the ARC unit bégan i
shutdown procedure.

Pressure and temperature response plot - Test 4
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Figure 33. Pressure and teperature profiles for Test 4.
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Figure 34. Pressure and temperature profiles of the major exotherm for Test 4.

Pressure and temperature response plot - Test 4
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Figure 35. Pressure and temperature profiles of the maximumtBsdting Rate for Test 4.
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Figure & presents theelf-heatrate data versus control temperatdatafrom Test 4 Similar to
the other tests conducted ttemperature scalwas modifiedfor all points that were above the
threshold selheat rateOne exotherm was found and se¥keretic zones wereodelledbetween
a variety of temperatureanges, introduced in Table 11. Each colour corresptmdsspecific
colored exothermshown inFigure 34.The selfheat ragés weranodeled to a zererder Arrhenius
equation forfuel andoxygen concentrationsAfter the activation energy (kJ/mol) and the pseudo

pre-exponential factorA & N (mint) were calculated

Self-heat rate plot - Test 4
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Figure 36. Sel-Heat Rate plot for Test 4 displaying the modelled kinetic zones.

At 237.8°C the exotherm exhibited the neartical appearance of the sékeatcorresponuhg to
the normal range associated with bewission reactions in light oils.

For this test, at control temperatures above 2418°Ce A RCO6s tube dutpt er

capacity andmodelling kinetic data above this temperatunas associated with decreasing

W ¢
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amounts of certaintyt was found that 23.0 percent of thegimal oil mass was consumed iesE
4.

Tablell. Kinetic Zones Found in Test 4

Kinetic Temperature Temperature Temperature dT/dt Ac;tri]vea:g;n Ea/R AGC N1
zone © (K) (1/K) (°C/min) (kJ/mol) (K)  (n=0)(min?t)
5 DR omE wn em s e
B o 5% summ o e sen soues
] ims e om0 e s s
225 agsss  ooooso 1aasg 79 533 BOR0ENDS
o b
o T mEm o omNN OB s wu o
s 0% 0o M ik s 2o

Figure 37compares the selfeat rate associated with the control thermocouple (liquid phase) with

that of thevapourphase thermocouple.
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Self-heat rate plot - Test 4

Temperature (°C)
60 127 227 394 540
10000

= Control TC
YT LI LTY
1000 = Vapour TC 0’ %,

.,
L

100

Self heat rate (°C/min)

0.1

0.001
0.003 0.0025 0.002 0.0015 0.001
Temperature Plotted as 1/T (k™)

Figure 37. SeltHeat Rate comparison plot between the control thermocouple and the vapour
phase thermocouple in Test 4.

59. Test5

Unlike thepreviousfour tests,in Test 5the reaction vessel was installed into the ARC sydtem
allow a constant pressure air purge at a flow rate of 0.037 slpnddstHiters per minute) at 1706
psigso aflowing ARC testcould beperformed The reaction cell contained the reservoir oil and

core material.

Figure 38presents the pressure and tempeearesponses recorded duringsT5 with five points

of interest.

1. This point represents the initial heating of the system to the target temperature of 80°C.

2. The ARC control system began the HWS process.

3. The first idenification of the sekheat rate exceeding the threshold value at a temperature
of 155.3°C
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4. The end of the same exothernaisa temperature of 411.0°C; when the ARC unit switched
back to HWS mode. This exotherm process is presented in Figaed3he chnges in
pressire and temperature in Figure.40

5. The unit switched to a cool down mode when the temperatuhe ¢fWS routine reached
475°C The peak recorded gabase setheat rate of 11.7°C/mioccurred 1139.9 minutes

into Test 5.

Pressure and temperature response plot - Test 5
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Figure 38. Pressure and temperature profiles for Test 5.
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Figure 39. Pressure and temperature profiles of the major exotherm for Test 5.

Pressure and temperature response plot - Test 5
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Figure 40. Pressure and temperature profiles ofrtteximum selheating rate for Test 5.
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Figure 41 presents theelf-heatrate dataversus control temperature foedt 5, on a modified
temperature scale, for all points above the thresholchselfrateThe exotherrapresented during
the testarepresented akinetic zons, modelled for the changes in the trace. Ten kinetic zones
were modelleaver the total exotherremperaturgange They are presented in Table 12 where
each kinetic zonés represented usingith a unique colour matching thetraces inFigure 41
respectively.The selfheat ra¢s weremodeled to a zererder Arrhenius equation fduel and
oxygen concentration3able 12 also preseritse activation energy (kJ/mol) and the psepds

exponential factorA € N1 (min?) calculaed.

Self-heat rate plot - Test 5
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Figure 41 SeltHeat Rate plot for Test 5 displaying the modelled kinetic zones.

For Tests 1 through,4he seltheatratenearvertical appearandedicatesthe temperatureshere

themajor exhibitecexotherms noticeable. Howevefor Test 5 thidehavioudid not appear. fie
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highest seHlheatrate observedwas above 242.3°C, corresponihg to the normal temperature

ranges associated with beadission reactions in light oils.

Tablel12. Kinetic Zones Found in Test 5

Kinetic Temperature Temperature Temperature dT/dt Ace:tri]veartgz)/n Ea/R AgNt
zone (°C) (K) (1K) (°C/min) (kJ/mol) (K)  (n=0)(min?)
1 1222 jgigg gzggzgig 8:822 429.98 51655 2.594E+50
DA 000 SR Cooios om0 mM asmes
| ass  ames  ooozoss o 19616 16733 80zEns
223 s1s4s oo aiae 11220 13492 10B3EM
268 sves  oooweis  paos L7221l 2223803
©  ams  soes  ooow st 10008 1y OS9%EL
s23  oisas  ooowzs Lo 120 1953 10uE0l
w51 osmes ool 7ier 11346 13612 17596408
igg:é 232:32 gzggii;g Z:;i; 7243 -8687 8.283E07
10 402.6 675.75 0.001480 4.915 665.70 - 3 260E52

409.7 682.85 0.001464 1.022 79975
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Figure 42compares the seleat rate associated with the control thermocouple (liquid ptase)
thevapourphase thermocouple. The separation between the traces-béaifg rates measured
by the control angtapourthermocouples observed in each of the closeduestaot displayed in
theflowing test. Unlike the results of the four closed ARC tegkgrethe amount of oil consumed
during each test varied between 23.0 and 36.6 percent, the mass loss of oil5imgest97.6
percent. This meamtearly all the initial oil in plae was consumed during the testcounting for

the vertical drop at approximdyel10°C.This result suggests that, in the presence of a continually

flowing air stream, the reservoir oil will burn very efficiently.

Self-heat rate plot - Test 5
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Figure 42. Sel-Heat Rate comparison plot between the control thermocouple andplour
phase thermocouple irest 5.

In flowing mode, som@ases were produced during testing. Figured3 displays thgroduced
gas compositional analysis. The plot contains the rate of the produced gases iratstamdard
conditions indicatirg the presence of nitrogen, carbon monoxide, oxygemban dioxideand

methane after the gas injection. The rapid increase in temperature, occurring shortly after 19 hours
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(between the 1100 and 1250 minutes) was associated with the maximum redtictkygen

concentrationn the effluent gas and the greatest increase in the production of carbon dioxide.

Produced gas analysis - Test 5
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Figure 43. Produced gas analysis in test 5.

5.10. Analysis and discussion of results

The five ARC tests performed on the oil and camples provided a qualitative evaluation of the
oxidation characteristics of the oil sampl€ee maximum SHR that the ARC tests were capable

of ensuring adiabatic operation was approximately 15 °C/min.

The temperature points for thearvertical appeance of the selfeat curvdrom each ARC tests
are displayed in Tabl#3. This is an important parameter to mention asehgeraturat which

the majorexothermwasexhibitedcorrespondto the normal range associated with b@adssion

or combustiorreactionsfor light oils. It is a reliable representation of the ignition phase of the

combustion process.
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Table13. Temperatures When the Major ExothéasPresenedat Each ARC Test

ARC Test Major exothermtemperature(°C)
Test 1(HWS and closed) 239.3
Test 2 (HWS and closed) 238.9
Test 3 (Isoage/HWS and closec 238.1
Test 4 (Isoage/HWS and closec 237.8
Test 5 (HWS and flowing) 242.3

Figures 44and 4 provide a comparison of terapature and pressure. Figuresatl 4 are a
comparison in the rate of temperature and pressure increase versus time for the five tests. The
traces for tests 2, 3 and 4 after the isoaging period are very similar. The effect of isoaging appeared
to slightly reduce the maximum séiéat responsduring a closed ARC test using oil and core
material. The flowing test was associated with the highest control thermocouple temperature
during the period when the SHR was above the threshold value of 0.020 °C/min. This test allowed
evolved vapour fuel toontinually be in contact wita sustain supply @ir and as a result the rate

temperature increases for this test are not high.

Convective heat transfer to the flowing gas stream is believed to be at least partially responsible
for the lower sehheat rée for flowing Test 5. The very rapid heat responses observed during the
closed ARC tests were not observed during the flowing Test 5. The rapid heating events during
closed ARCTests 1 to 4 appears to be associated with the ignition of a vapour phasademrn
conditions where the air/fuel ratio is close to stoichiometric. The fact that this type of temperature
response was not observed during flowing Test 5 suggests that the fuel concentration during the
exotherm did not enter the flammable range, exicepthen the setheat rate was at its maximum

value (see Figure 40).
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Comparison of the temperature increases in ARC tests
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Figure 46. Comparison of the temperature increases {Selt Rates) for the five ARC tests.

Comparison of the pressure increases in ARC tests

5000

| —Test 1 Test2 =—Test3 =——Test4 —Test5 ‘

4500

4000

3500

dP/dt (psi/min)
8] n w
o w o
o o o
o o o

1500

1000

500

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (min)

Figure 47. Comparison of the pressuriserate for the five ARC tests.
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Figure 48presentgshe SHR plots for all five ARC tests. There was a strong overlap in the data
from tests 2, 3, and 4 because of the characteristics in their design operation (oil, core and air in a
closed mode). Test 1 was only oil and air and initiated with a comptetigent trace. At 240°C,

the Test ltracefollowsthe same path as the other closed tests. Test 5 presentstherm trace
completely different from the closed tests. This trace converges at approximately 240°C, matching
the traces from the other tesi$e geometry of the closed ARC system contributes to the rapid
selfheating rates above 240°C and it can be assumed that in this range of temperatures, the
presence of the core does not have a significant influence on the reaction, hence mass tsansfer wa
not a controlling factor. Beyond 250°C all the SHR suffer a sudden decline. This is attributed to
insufficient oxygen or mixture that was too fualh. What is interesting was that ire$t 5 the

SHR started to decline around 250°C to 335°C. This flowsisg was not associated with a lack

of oxygen unlike the other four the closed tests. This decline in SHR may be the result of a
reduction in the available contact time between oxygen and hydrocarbon fractions. The
hydrocarbos wereincreasingly convertigp from the liquid phase to the supercritical fluid phase

as the temperature increased inside the reaction sphere.

In Tables 9 through 1fhat correspondo Tests 2 to 5t is noticeablehat negative activation
energiesvere observedThey, over a temperaie rangeare believed to be indication of either
mass transfer limitation, the vapour phase being too fuel rich or too fuel lean to support
combustion, the presence of endothermic reaction (distillation or cracking) or a combination of the
above situatins.

In Test3 and4 it was noticeable that the oil was unable to successfully generate enough energy to
surpass the exotherm identification threshold duttiegtestsnitiated at the reservoir temperature
(90.5°C). This does not mean that the reservdimat selfignite in the field as the field will act

as a much superior insulator, when compared with the equipment in the laboratory. The major
problem in the | aboratory is the effective he
up the eergy generated by the low temperature range that are responsible for spontaneous ignition.
This heat load prolongs the time period over which the LTO reactions occur and results in a greater
modification to the oil composition than would occur under tloeenadiabatic environment of a

large eaction zone in a field setting. The degree of oil composition modification that occurs in the
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laboratory often appears to result in the formation of a skin on the oil, which causes the oxygen

uptake rates and there@prenergy generation rates to decrease with time (Gutierrez 20@9).

According to literature (Mallory et al., 2019), the shape of the SHR associated with a light oll
subjected to a closed ARC test should take the shape of an inverted hook. Therm&kiiiRu

should exceed 10 °C/min for the oil to be considered a good candidate for field recovery using
HPAI. Good prospect oils are those associated with continuoukesglhg profiles, including a

wide range of temperatures when they are subjected tmfiodRC tests. While the mass loss of

fuel from closed ARC tests usually ranges between 25 and 60% it is usual to see fuel consumption
values associated with the flowing ARC test that exceed 90%. The variance in mass loss of initial
fuel between closed arlbwing tests was attributed to the air/fuel stoichiometry within the bomb

in the closed tests at elevated temperatures. Based on the findings presented, the reservoir oil under

study is an ideal candidate for consideration for the application of HRA¢ifeld.

Comparison of SHR results
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Figure 48. Comparison of the Selleat Rate plots for the five ARC tests.



5.11.

90

Summary of the lsservations from AR@ests

The exotherms found in the ARC tests were in the ranges of 283°C, depending on

the kind oftest the sample was exposed @mly ARC Test 1 presented more than one
exotherm. Increasing rates of reactivity between 156287.5°C and continuous activity

to 285.2°C with a maximum selffeating rate of 138.8°C/min were observed.

ARC closed tests thahvolved an oil/air/reservoir system displayed increasing rates of
reactivity between 1554212.5°C and between 225.@47.0°C, with continuous activity

to 277°C. The maximum selfeating rates varied and were dependent on the type of test
(isoaging oHWS). The derived values were 135.8°C/min for Test 2, 108.8°C/min for Test
3 and 101.9°C/min for Test 4.

ARC flowing test involved an oil/air/reservoir system. It displayed rates of reactivity
between 155.3 242.3°C and between 318(5385.1°C, continuosi activity to 411.0°C

and a maximum selfieating rate of 11.66°C/min.

In Tests 3 and 4he reservoir oilvas unable to successfully generate enough energy to
surpass the exotherm identification threshold dutigisoage periodhich initiated at

the regrvoir temperature.

Self-heat rates for all ARC tests converge at approximately 240°C. The geometry of the
closed ARC system contributes to rapid-$mdfting rates above this temperature. Itlman
assumed that in this range of temperatures (240°Cprésence of the core did not have

a significant influence on the reaction, hence mass transfer was not a controlling factor.
Beyond 250°C approximately, all the SHR suffered a sudden decline. This decline in the
closed ARC tests could be the result of ffisient oxygen or that the mixture was too fuel

rich. In the flowing ARC test, the decline in SHR may be the result of the hydrocarbon
concentration in the vapour phase, moving out of the flammable range (fuel lean) pending

the onset of thermal crackingactions.

. The gases produced in ARC Test 5, correspond to the expected gases fresnissiod

reactions.
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CHAPTER 6 17 HIGH -PRESSURE RAMPED TEMPERATURE
OXIDATION TESTS

Three ramped temperature tests wereqoeréd on recombined reservoir core matrices containing
the reservoir oil and clean, sieved s& the studied reservoiby the ISCRG at the University
of Calgary The samples halvo oxidation tests and one thermal cracking¢estucted on them.

6.1. Equipment and procedure

The ests were accomplished using highpressure ramped temperature oxidation system
(HPRTO)first described by Barzin et al. (Barzin et al., 20HB)] usedontrolled heating of a re
combined oHsaturated core packed into a afimensional plug floweactor and mounted into a
high-pressure annular jacket. This reactor capttine overall oxidatiorbehaviourof the oil by
physically simulating the higpressure air injection process under a-geened heating rate
schedule (tymally subjected to 40 60 °C/h) or at a fixed temperature at reservoir pressure

conditions.

For these tests, mixtures of reservoir core, oil and brine were pactedhen reactorand
pressurized with air while the annular space in the enclosing prgaske¢wassimultaneously
pressurized with helium to bring the whole system up to reservoir conditions. Once the heating
schedule for the systemas defined, air or ultréhigh purity (UHP) nitrogerwas fed into the
reactor at a preetermined injection dix. The typical slow heating rate used for RTO reactors
supportedthe callection of the produced gas sompositional datallowing adetailed analysis
following each test. The comparisons of the temperaiardge seven reactor zones proddbe

ability to identify the temperaturewhere significant changes in the energy generation or

consumption rates ocaed

Following the test, analysef the produced gas profiles and the reactor temperature pvediles
conducted. Depending on the feed gas, theygen uptake and fuel consumption rates, the
appearance of distillation/cracking reactions and the subsequent generation of light hydrocarbon

componentsvere all calculatedThe produced liquid analysiexposedthe changes in the oil
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(upgrading/downgradingpfter completion of the tests, gas injection into the reaction was stopped
and the system was depressurized. The contents of the liquid production traps were transferred to
storage bottles to be analyzed. The reactor was unpacked antkgposbre anabis was
conducted.

Posttest analysisof the oxidized core provide information about the composition and
concentration of the residual hydrocarbon in the-pesttcore The information providgémade it

possible to establisha@mplete set of dafar the studyof the reaction kinetics of oil oxidation.

Figure B is from Mallory et al. (Mallory et a] 2019);a schematic of the HPRTO system used in

the three tests presentedThe tubular reactor was mstructed from nominal 25.4 mmdonel

tubing with477 mm of inside length. The reactor was equipped with seven internal thermocouples,
egually spaced across the length of the reactor. A proprietary heater design was used to supply
energy to the tubular reactor and a custitesigned data acquisition systevas used to record

reactor and heater temperatures and pressure data.

A mass flow controllercontroled the flow rate of the gas into the reactor A back pressure
regulator maintaiedthe desired test pressurdnelcomposition of the produceds was aalyzed
usinga gas chromatograph and stored on a computer for subsequent aAalysistest meter

provided a cumulative reading of the volumetric flow of the exit gas stream.
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Figure 49. Schematic flow diagram of HPRTO systela(lory et al., 2019).

6.2. Operating parameters

The general operating parameters are report@alote 14. The heater ramplesign had aate of
40°C/h, starting atoom temperature to maximum set point temperathetween 260°C and
450°C. The lower of the two maximum set point temperatures (260°C) was mhbleckuse it is
the temperature rangwhere light oils operate withinhe bond scission reaction modghis
temperature range is not applied for heavy oil hiwdttion. The higher maximum set point
temperature (450°Glasthe default temperature used to exanpneduced gases, produced oil
and water, and hydrocarbon residue on the post testwbesthe oil thermally cracksrfay be
lower than 450°¢

For eachtest, a nominal injection flux of 33(ST)/n?h was appliedThisis the typical value
used for combustion tube tedtsr the combustion tube test for the reservoir under study the same

injection flux valuewas applied
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Tests 1 and Svere oxidation tests he air was injected until the concentration of the oxygen in
the produced gas returned to within 0.5% of the initial bottle concentration. Afterward, helium was

injectedto aproduced gasoncentration 099.5%.

Test 2 was designed as a thermal crackiperiment Thepurpose was tmvestigate the ratesf
thermally cracked compourmtoductionfrom the premixed core material as the temperature of

the HPRTO reactancreaseat 40°C/h up to 450°C. UHP nitrogen was injected until the nitrogen
concentrabn in the produced gas returned to 99.5% of its original bottleecration, after
purgingthe system with helium in a similar way to the oxidation telte. test waslesigned to
establish the compositiandproductionrateof light hydrocarbon fractiogin the produced gas,

as well as produced oil and water characteristics. Post test core analysis was also performed for

comparison with the residual hydrocarbon during oxidation tests.

Table14. Geneal operating parameters for HPRTO tests

Test condition Test 1 Test 2 Test 3
Injected gas
(The r.eactc.)r was purg.ed with heliun Air UHP No Air
following air or UHP nitrogen
injection)
Injection flux (M(ST)/nth 30.0 30.0 30.0
Injection rate (slph) 11.51 11.51 11.51
Oxygen concentration (mol %) 21.44 0.00 21.44
System back pressure (psia) 1706 1720 1717
Heating rate (°C/h) 40 40 40
Maximum set point temperature (°C 450 450 260
Duration of heating ramp (h) 10.65 10.65 5.85

. . 14.1 (air), 14.0 (air), 23.0 (air),

Duration at set pointemperature () ) oiimy  20.9 (helium)  23.1 (helium)

At approximately 8.7 hours intoeTs t 1 ,0OD {obt&de diametetube running from the exit
of the reactor to the outlet process connection on the annular jacket suddenly became compromised
and helium began to flow from the annulus to the production sy3teminimize the amount of

helium traveing to the productionystem, the pressure in the annulus was reduced. Thisveaent
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not thought tohave adversely affected the computation of the kinetic parameters associated with
this test The behaviourof the hydrocarbon components and the changes in temperatutteg for

reactor and gas chromatograph are displayed for this test.

6.3. Core

The sand utilized for these experiments was sampled from the same outcrop as the material used
in the ARC tests tprovide consistency between the studiese extracted core was placed in an

oven and fired at 350°C for 24 hours to oxidize any residual hydrocarbons. The mineralogy of the
core sample was sefguantitatively determined by testinBasedon the analysis, the sand was
comprised of the mineral composition on a mass basis of 44f.étadz, 15.5% of kfeldspar,

34.2% of plagioclase and 5.7% of illite.

6.4. Brine

For this set of experiments, a synthetic brine was prepared in the labptseegd upon a
compositional analysis of the native brine from one specific well in the reservoir under study. The
required amount of salts was dissolved inatg@zed water to produce a brine with a composition

of 55780 mg/L of sodium, 30400 mg/L of calaiu 3360 mg/L of magnesium, 427 mg/L of
bicarbonate, 149450 mg/L of chloride and 53 mg/L of iron. The brine density was 1.164@tg/cm
22°C.

6.5. Oill

The oilsampleused inthe performedARC experiments wagsed fothe HPRTOstudiesas well;
for this reasonthe properties are the same for both sets of experiments, andréhfuad in
Table 15



Tablel5. Oil properties for HPRTO Tests (Analyses by U of C, 2019)

Oil properties

Density (g/cc)
Density 1 0.8599 @
Density 2 0.8528 @
Density 3 0.8420 @
Density 4 0.8317 @
°API 331 @

Viscosity (cP)
Viscosity 1 151 @
Viscosity 2 113 @
Viscosity 3 762 @

Composition (wt %)
Carbon
Hydrogen
Nitrogen
Sulphur
Asphaltenes

219

Temperature (°C)
15
25
40
55
15

Temperature (°C)
15
25
40

84.7
13.23
0.07
1.3
0.44

Molecular weight (g/gmol)

6.6. Sample preparation
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For each testhe reactor was packed with prepared mixt(ses Table 16)f the crushed reservoir

core, the synthesized brine and the reservoir oil.

6.7. Packing

To introducethe prepared sample into the reactor for each experimpriapeetary methodology

developed by the ISCRG from the University of Calgary was used.layers of 1émesh silica
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sand were placed upstream and downstream of the core pack; thayotvsaturated with oil or

brine This silica sand was used to ensure that no reservoir material would be pushed into the
injection lines via the injectioface slotted plate, and to prevent plugging of the produetimh
slotted plate due to fines migratiorespectively.

The reactor was sealed, and the thermocouples installed. After testing for leaks, the heater

assembly was installed around the reactor and all electrical connections were completed.

After a second leak check, the reactor assembly wasrdalinto the annular jacket and the head

was sealed. The entire jacket assembly was then rotated 180° and the connections to injection,
production and annular feed lines were ensured. The reactor inlet was located at the top of the
assembly withthe gas fow in the downward directionTable 16reports the summarizing

information for the packing of the reactor for the HPRTO tests.
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Tablel16. Core Pack Details for HPRTO Tests

Reactor mix design Test 1 Test 2 Test 3
Samplecomponent
Core material (g) 316.3 316.3 316.3
Brine (g) 214 214 21.4
Oil (g9) 62.4 62.4 62.5
Pack details

Injection silica frac sand (16 mesh) (g) 12.67 11.69 12.61
Pre-mixed core matrix (g) 287.74 288.92 291.42
Production silica frac sand (18esh) (g) 31.69 32.32 31.87

Actual pack contents (estimated)

Core material (g) 227.8 228.6 230.3
Brine (g) 15.2 15.7 15.6
Oil (9) 44.8 44.6 45.5

Initial concentrations (core)

Core (dry sand) (mas%) 79.2 79.1 79.0
Oil (mass%) 15.6 15.4 15.6
Brine (masg) 5.29 5.43 5.35
Porosity and fluid saturations Reactor/Pack Reactor/Pack Reactor/Pack
Porosity (%) 44.2/44.3 44.1/44.1 43.7/43.6
Oil saturation (vol%) 64.7/77.3 64.6/77.4 66.6/79.7
Brine saturation (vePo) 16.1/19.3 16.7/20.0 16.8/20.1
Gas saturation (ve?o) 19.2/3.4 18.7/2.6 16.6/0.22
Permeability (Darcy) 12/12 12/12 12/12

The porosity calculatedtasbased on the sand density = 2.67g/cc and the frac sand density = 2.65
g/cc. The fluid saturationserebased on the oil density of 0.855 g/mL at 22 brine density

of 1.1649g/mL at 22°C Porosity and saturations are indicatexdbothentire reactor and the pre
mixed core packut not for the 18nesh silica sand. The gas saturatiobyislifference.
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6.8. Testl

A nominal heating rate of 40°C/h was maintained up to a maximunetaope of 450°C, when

the formation of a definite oxidation zone was observed. Once formed, the oxidation zone
advanced through the core, with the rate of advance being deterimynetianges in the
temperature readings from each thermocouple loctaty the core centerline. The associated
temperature mfiles are presented in Figure ®th a combination of the gas composition profiles
recorded by the gas chromatograph. A helisaklbecame evident @gst 1 was running, Figure

49 presents the gas compositmrrected by removing the helium. This correction was possible
as the producedag was analyzed by two sepamgds chromatographs (GC). The first GC analyzed

to normal combustion gases, while the second GC monitored the helium. The helium leak was

determined to be at the core outlet, hence, it was not diluting the gas stream within the core.

There were two otheethncal issues encountered duringst 1 As the test progressewd of
zone 7thermocouple wires werebserved to berossed. Thempact was noticeable in the
temperature plot of zone 7 befdhe twohour point, see Figure 5This twahour portion of ne

7 traces were removed from all the other plotsTiest 1.The second problem was found in zone
1. The thermocouple failed just before 11 hours.

The molar flow rate of the nitrogen (inert) into the reactor remained esfentinstant during
oxidationTests 1 and 3. There was an increase in the nitrogen composition during the period of
increased oxygen consumptiby oxygen addition reactions. The elevated nitrogen levels dropped
when carbon dioxideand carbon monoxidgeneration wabserved Kigures50 and 51)
Eventually, as the individual zone temperatures became stabilized, the nitrogen concentration
dropped back to its initial value, indicating a reguimolar replacement of the reacting oxygen

in the gas phase. At this stage, the oxidation wagml primarily by bonescission reactions
(carbon oxides and watésrming). The influence of the different oxidation reactions on the

nitrogen composition in the produced gases is presented in Table



100

Tablel7. Oxidation Reattons Presented in Tests 1 and 3

L . Influence of the reaction on the nitrogen
Oxidation reactions e
composition in the produced gases
6 0 © 060 No net effect
o E(’) O H0 Tends to decrease concentration
C
cO B(j o0 00 Tends to increasé concentration
C

e ”, 8 14 114 9, 14 - L1 -
00 EU 0O 000 Tends to increase concentration

The locations of data points in all figuregre derived using gas compositional détat was
adjusted to reflect the delay associated with the passage of produced gas from theutéztdior o
the gas chromatograph. @hdjustmenivasbased upon the computed volume of the dead space
within the tubing running between the exit of the reactor and the gasatograph. It does not
reflect the time taken for the gas to travel from the readtont to the exit of the reactor, as this
guantity is constantly changing. Fbest 1, the GC delayme applied is between 0.13 and 1.66 h.
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Figure 51. Gas composition and temperature profiles in the reactor for Test 1.
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Figure 2 displays the measured composition of the hydrogen and the light hydrocarbtaisexh

in the produced gas oE&t 1. The oxidation test prockd hydrogen but did not produce significant
amounts of light hydrocarbons. Hydrogen production appears before the passage of the thermal
front across the first zone of the reactbhis suggests that hydrogen and light hydrocarbons
(methane, ethylene, leine, propylene, propane, 4batane, Fbutane, and ispentane)were
consumed during this oxidation te$he peak of maximum hydrogen concentration prior to the
leak registered during Testrbay be attributetb theline ruptureor perhaps because of gmition

event The line connecting the production end of the reactor to the outlet of the annular vessel was
constructed of SS316L stainless stéethe testshatfollowed, an Inconel line was used instead.

The temperaturassociated witlthe appearance of the exothermic activity in downstream zones
wascontrolled by thesupplyof oxygen to these locatisnWhen the peaks from different zones
displayed a superpositiofZzones 1 through 4)xhe LTO reactions are thought to be playing a
significant role in the oxygen uptake. However, at higher temperatures, when the displayed peaks
were successive, sharp and more unifdisplaying limited overlappin§Zones 5 trough 7}he
bondscission (HTO) reactions appeared to domin@ace formed, theéhermal front was

observed to pass through the core during the oxidation test in a very steady trend.
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Hydrogen and light hydrocarbons - Test 1
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Figure 52. Hydrogen and light hydrocarbons contained in the produced gas in Test 1.

The rates of the temperature change feritidividual thermocouples as a function of the run time
for the first 12 hours of this test, are presented in FigBre 5

It was observed that certain zones displayed more than one peak. In each case ubsitiviag

peak arrived before the d{jpo r g atniev ead exptleeanic pvent occurred, as it is observed in

the oxidation tests behaviour. On the contrary, when the dip arrived befdpositeredpeak, an
endothermic event was indicated, as it is observed in the thermal cracking tests behaviour. For the
oxidation tests, the endothermic events were associated with the distillation/evapouration of water
and light hydrocarbon fractiorikom the coreln some cases, their appearance conflicted with the

smooth, regular nature of the trace associated with an exothermic event.
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Rates of change of temperature - Test 1
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Figure 53. Rates of temperature changes in Test 1.

The oxygen requirements and the combustion parasdezived from the test data, were less
favourable than one would expect to observe during a combustion tube test or field combustion.
This was because of the extensive LTO that occurred during the ramp period at the beginning of
the RTO tests.

During perods of LTO, oxygen was actively combined into the hydrocarbon molecules within the
core. To maintain constant pressure inside the reactor, the nitrogen accumulated within the core.
As a result, the instantaneous rate of production of nitrogen was lcavethil indicated injection
rateduring periods of LTO. It was expected that the nitrogen/oxygen ratio in the feéd gasild

remain constant throughout the experiment., However, the assumption that the rates of nitrogen
injection and production wouldveays be equal may not be correct. The parameters computed

using instantaneous values taken from this experiment data are subjebtednoertainty

Among the combustion parameters obtained in thetpssicore analysis, the front velocity, the

oxygentuel ratio, the apparent atomic hydrogen to carbon ratio, the oxygen utilization, the reacted
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oxygen/fuel ratio and the fraction of the reacted oxygen converted to carbon oxides that were

identified forTest 1, are presented in Table 18.

In Table 18, thesymbol*implies information based on the traditional combustion calculations,

assuming that aldl wasnot going tod 0 wentto form "O 0. The symbol* impliesinformation

based on proprietary calculations from matching produced watéo @stimatehe split between

0 uptake by oxygen addition (LTO) reactions and water of combuskiom procedure used to

distinguish the quantity of oxygen consumed by LTO reactions from the oxygen consumed to form

water relied highly upon thaccuracyof thewatermass balance.

Table18. Air Requirements and Product Gas Parameters Derived from Test 1

Parameter

Oxidation test 1

Velocity of elevated temperature front (ETR)(mm/h)
Zones included ithe computation of ETF

Selected temperature for ETF velocity (°C)

Gas injected (L (ST))

Oxygen injected (g)

Oxygen produced (g)

Oxygen consumed in LTO reactions and water formation
Net oxygen consumed in LTO reactions (g)
Oxygen consumed water formation (g)

Oxygen consumed in carbon oxide formation (g)
Oxygen liberated from LTO reactions (g)

Mass of carbon consumed (g)

Mass of hydrogen consumed (g)

Mass of fuel consumed (g)

Injectedoxygen flux (f(ST)/nth)

Oxygen requirement G8T)/n)

H/C ratio

Injected oxygendfel ratio (n¥(ST)/kg)

Reacted oxygefufel ratio (m¥(ST)/kg)

Overall oxygen utilization (fraction)

Reacted oxygetonverted to carbon oxides (fraction)

93.1
517
340
321.5
93.26
72.34
7.36
3.13
4.31
13.56
0.08
5.45
0.93*/0.54**
6.38*/5.99**
6.43
60.3
2.03*/0.59**
5.40%/6.02**
1.21*/1.35**
0.22
0.65
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The total oxygen uptake was based on the amount okoxgl to the reactor. Figure 8&plays

the total oxygen uptake and carbon samption rates versus time foedt 1. It includes the
computed oxygen uptakrates associated with the production of carbon oxides, LTO products and
water.Oxygen uptake occurred over the time period of 3 to 16 hours as the heater ramped the
temperature to 450°C. It is noted that the spike in the oxygen uptake rates staréifigj@stours

is due to the helium leak, which displaced the combustion gases from the product line in a short

period of time. The spike relates to be the increased gas flow through the test.

Figure 54. Oxygen uptake and carbeonsumption rates for Test 1.

Figure 55displays the same oxygen uptake and carbon consumption information as a function of
a weighted mean temperature (WMThe WMT in K, “Y , is defined byEquation 32, wheréY
is the measured temperature of zonia K.

__ B — (32)






























































































































