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A STUDY ON THE EFFECT OF PRESSURE ON IN SITU COMBUSTION
KINETICS OF BATI RAMAN CRUDE BY CONVENTIONAL AND
ISOCONVENTIONAL METHODS

SUMMARY

Crude oils are often grouped into three categdréssed on specific gravity range as
either; heavy oil (19— 2@ API), intermediate oil (20— 3® API), or light oils (> 30
API). A fourth classification is the so-called extreavy oils (<19. Heavy oils have
higher viscosities (> 100 cp) and contain largerlanalar weight components.
Conventional oils (light oils) consist of only 30 &6 the world oil resources and
therefore technology and resources must be focosdtbw to extract the abundant
heavy and bitumen resources in the various patiseofvorld.

Current methods for extracting heavy and bitumesouweces are usually grouped as
thermal and non-thermal methods. For very visauiss thermal methods, which
employ the use of heat to reduce oil viscosity, aseally preferred. Thermal
methods include, steam injection, in situ comburstand hot water injection. On the
other non-thermal methods of oil recovery suchwagerflooding, CQ flooding etc.
are employed for less viscous oils. Surface mingngsually employed in bitumen
extraction, since there is practically no mobilily bitumen reservoirs and
waterflooding is a preferred choice in North Seaaawhere heavy oils are less
viscous. Steam injection, which is by far the mpspular of the thermal methods,
involves the use of an injection well to introdwteam into the reservoir and the use
of a production well to produce the mobilized avrh the effect of the steam. The
main problem with steam injection method is heasés. Heat losses for steam
injection occurs in the surface lines used for tl@sportation of steam, in the
wellbore to the surrounding formations and in tleservior to overburden and
underburden. In addition, problem of gravity oveeriis experienced in relatively
thicker formations. In situ combustion, which ha&sb around for a while, is not as
limited as steam injection. It is mainly appliesidgry forward combustion, in which
dry air is injected to a reservoir to create adpsweep within the reservoir, as wet
forward combustion in which a water alternating gascess is employed to utilize
the heat generated efficiently through the watgyovaand the hot air sweep and
finally as reverse combustion, where injected ad &urning zones move counter
currently. The main advantage of the in situ costibn process is the generation of
heat in situ within the reservoir and the containtn& combustion products within
the reservoir. The air required for injection iedrand can be found in any
environment — onshore or offshore. The in situ castibon process is however
complex and difficult to engineer and requires salviaboratory studies to acquire
kinetic parameters and to formulate appropriatetiea models to understand the
burning characteristics of the oil involved durthg combustion process.
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The main objectives of this study is to formulagaation models for the Bati Raman
crude oil, a 12API heavy oil from the Southeastern part of Turkeystudy pressure
effect on the isoconversional kinetic analysis, &ndlly to predict the suitability of
the crude oil to undergo combustion using isocosivaal methods. Combustion
kinetic studies within the literature usually falinder conventional and
isoconversional methods. Conventional in situ costibn kinetic studies done by
Tadema (1959), Bousaid and Ramey (1968) and Fg4$81) all apply a sort of
straight-line approach in their interpretation lihetic data. In these studies,
reactions are grouped and lumped together but afitye crude oil combustion
involves several complex reactions. The isoconuveedi approach, however,
provides model free methods which can by-pass @mptex reaction model for
activation energy estimation. The isoconversionathad also provides screening
criteria for determination of good and bad candiddbr combustion. Conventional
and isoconversional studies, which have been doeg¢qusly point to three main
reactions during in-situ combustion process. Thesactions are namely: Low
Temperature Oxidation (LTO), Middle Temperature ®ems (MTR) and High
Temperature Oxidation (HTO). LTO reactions occealolv 300C (573.15 K) as a
result of injected oxygen reaction with oil. It gueces water, partially oxygenated
compounds and carbon oxides. MTR occurs betweet-380CC (573.15—- 673.15
K) and show the characteristic negative temperattggion where oxygen
consumption decreases as temperature increases. ddke (carboneous material)
deposits on the rock matrix during this reactionque HTO reactions occur above
40C°C (673.15 K) as a result of reaction between iegdair and deposited coke.
Fuel combustion occurs during this period and d@dpices carbon dioxide, carbon
monoxide and water as its main products. In thislys kinetic experiments were
conducted at 100, 150, 200 and 250 psig to stueyrttsitu combustion kinetics of
Bati Raman oil. In addition effect of pressure e tsoconversional analysis was
investigated. The ramped temperature oxidation awtetvas employed, and the
produced gases were analyzed for the oxygen ammrcarxides in the effluent gas
composition. A plot of gas composition versus tiaeall heating rates for all
operating pressures give a curve that shows tree thegions of the three major
reactions that take place during crude oil oxidatamely; LTO, MTR and HTO.
Using the gas composition plots at various heatatgs, it is observed that peak
oxygen consumption increases with increasing hegatite. Conventional methods of
kinetic studies employ straight-line approach HKoretic data analysis. Activation
energy values are estimated for high temperatuidat@n region by Fassihi's
method. For this method activation energy valuesegaly decrease with increasing
heating rate and increase with increasing pressure.

The isoconversional techniqgue which is model-free aleconvolve multi-step
reactions naturally is also used in the calculatbractivation energy in the high
temperature region and compared with those obtawitgdthe Fassihi method. The
Fassihi method activation energy values are gelgenajher than those estimated
with the isoconversional method. Pressure effectaotivation energy is studied
using the isoconversional fingerprints generatedifé&¢rent pressures for consumed
oxygen with the isoconversional method. The isoeosional fingerprint
comparisons show that increase in pressure hasrasponding activation energy
increase in estimated values for Bati Raman crudé&iTO region. In addition,
reaction models were formulated for all operatimgspures. Finally, using the
various fingerprints obtained at different pressuiati Raman crude oil is viewed
as a good candidate for combustion.
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BATI RAMAN PETROLUNUN YER INDE YANMA K INETIGINE
BASINCIN ETK iSINiN ALI SILAGELM iS VE ESDONUSUM
YONTEMLER i iLE INCELENMEST

OZET

Ham petroller 6zgul @rliklarina gore genellikle U¢ kategoriye ayrilrlagir petrol
(100 — 2@ API), orta dluzey petrol (20- 3® API) veya hafif petrol (> 30API). API
dereceleri 10°’dan diik petroller extra @r petrol (bitimen) olarak adlandiriimakla
birlikte bu petrollerin akmazliklar oldukca yuksek Agir petrollerin molekdler
agirhklan yuksektir ve daha blyik bgenleri icermekle birlikte akmazliklari
yuksektir (> 100cp). Allagelmi petroller (hafif petroller) dinya petrol
kaynalarinin sadece %30’'unu icerirler. Bu nedemlknolojinin ve kaynaklarin,
dinyanin cgtli yerlerindeki, bol &ir petrol ve bitimen kaynaklarinin ¢ikartilmasina
yogunlasmasi beklenir. &ir petrol ve bitimen kaynaklarinin c¢ikartiimasina
kullanilar mevcut yontemler gak ve 1sil yontemler olarak ikiye ayrilir.

Akmazligl cok yuksek petroller icin, akmagiidisirmeyi hedefleyen 1sil yontemler
tercih edilir. Isil yontemler buhar basma, yeriyd@ma ve sicak su basmay! kapsar.
Diger yandan, akmazh daha diuk asir petroller ici madencilik, su basma gibi
sogguk yontemler uygulanir. Yizey madengilirezervuar keullarinda mobilitesi
olmayan bitimen c¢ikariminda tercih edilirken, sasriha Kuzey Denizi gibi gar
petrollerin akmazfii daha dgik oldusu yerlerde tercih edilir.

En yaygin kullanilan isil yéntem buhar basma, bjeksiyon kuyusundan buharin
rezervuara iletimi ve buharin etkisi ile mobilitestan petrolin tretim kuyularindan
Uretilmesini icerir. Buhar basma ileskili en dnemli problem 1si1 kayiplaridir. Isi
kayiplar esas olarak buhari kuyuyastil@n ylzey hatlarinda, kuyu igcerisinde kuyu
boyunca ve rezervuarda Ust ve alt formasyonlargegéssir. Buna ek olarak goreli
olarak kalin rezervuarlara yercekimi ardalanmasisilegilan diger onemli bir
problemdir. Uzun siredir bilinen yerinde yanma wint buhar basma ydnteminin
bir ¢cok sinirlamasini icermemektedir. Temel oladaku ileri basmaseklinde
uygulanir. Bu uygulamada kuru buhar ile rezervuignusultr. Dger bir yandan islak
ileri yanma yonteminde hava ve su beraber veyalaifaasilirlar. Buradaki amag
geride kalan isiy1 su yardimi ile stpurugin@aktir. Dger bir yontem ise tersinir
yanmadir. Bu yontemde basilan hava ve yanma cepitgginlerde haraket ederler.

Yerinde yanmanin en oOnemli avantajli isinin yernd#i Uretiimesi ve yanma
artnlerini yer altinda kalmasidir. Yanma icin gédirdlava Ucretsiz olmakla birlikte
heryerde ulalabilirdir — karada veya suda. Ancak yerinde yanpnasesi karmgak
olmakla birlikte mihendisti zordur; kinetik modellerinin kurulmasi ve yanma
Ozelliklerinin anlgilmasi igin birgok laboratuvar cainasi gereklidir.

Bu calsmanin temel amagclari; Turkiyenin gunegdeunda yer alan Bati Raman
sahasinin 12 API'ik agir petroli icin yanma kineli reaksiyon modelini
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olusturmak, basincinsedonisiim yontemi lzerine etkisini incelemek ve kullanilan
petroliin yanmaya uygun olup olmaohi &g donkum yéntemi ile incelemektir.

Literatiredeki yanma kindi calismalari algilagelms yontemler ve g donkum
yontemleri olarak iki gruna ayrilabilir. Tadema §B), Bousaid ve Ramey (1968) ve
Fassihi (1981) tarafindan gergegtiglen yerinde yanma kinetik ¢amalarinin hepsi
bir tir esri-cakistirma yontemine dayanmaktadir. Bu gadalarda, reaksiyonlar
gruplanir ve bir veya birden fazla reaksiyona igdiirler. Ancak gergekte yanma
bircok karmaik reaksiyonu icermektedir.

Es-donGsim yontemi ise modelden @iansiz bir ydontem sunarak, kargnareaksiyon
modelini devre du birakarak aktivasyon enerjisinin tahmininglsa. Ayrica g
donisum yontemi kullanarak bir petrolin yanmaya uygunupol olmadgi
incelenebilir. Daha 6nce ggfiirilen alisilagelmi ve & donigim yontemleri U¢ grup
reaksiyona garet ederler. Bu reaksiyonlar @ik sicaklikta oksidasyon (DSO), orta
sicakliktaki reaksiyonlar (OSO) ve yuksek sicakiktksidasyondur (YSO). LTO
reaksiyonlarl petrol ve oksijenin 3@ altindaki reaksiyonlaridir.Bu reaksiyonlar su
ve kismi olarak oksitlenmibilesenler ve carbon oksitler Uretir. Orta sicakliktaki
reaksiyonlar 308400°C (573.15— 673.15 K) arasinda gercegkler ve sicakigin
artarken, oksijen tuketiminin azafdinegatif sicaklik gradyani bdlgesi icerir. Bu
reaksiyonlar sirasinda kok kati kaya¢ matrisi imer¢okelir. HTO reaksiyonlar
¢cOkelen kokun oksijenle reaksiyonu sonucusotwe 400C’nin (673.15 K) Uzerinde
gerceklgir. Yakitin (kok) yanmasi bu dénemde gercekleve karbonmonoksit,
kardondioksit ve su, bu dénemin en 6nemli GrinleridTO reaksiyonlari 1sI treten
reaksiyonlardir.

Bu calsmada 100, 150, 200 ve 250 psig basing altinda nké figitma hizlarinda
deneyler gercekigiriimis ve Bati Raman petrolinin yanma kigetirdelenmi,
buna ek olarak basincing edongim yontemi (zerine etkisi incelengtir.
Gerceklatirilen deneylerde sicaklik artirimli oksidasyonnggmi uygulanmy ve
uretilen gazlardan karbon oksitler ve oksijen, ldigadlgtimleri ile birlikte analiz
edilmigtir. Bu deneylerde ornek (petrol, kum ve su &am) reaktorun igerisine
konulur. Ardindan reaktor firinin icine yegtdlir ve sicaklik daha o©nceden
belirlenen 1sitma hizina gore isitilir. Reaktorigiae yerlatirilen sicaklik sensorleri
aracilglyla sicakhk deney boyunca kayit edilir. Deneylmyunda reaktére sabit
debide hava basilir. Rektdr icerisinde sigakliartmasiyla birlikte 6ncelikle su
buharlgir. Ardindan petrolin awmasi baar ve sicaklik yeterince yukselince
kinetik reaksiyonlari gercekye. Sistem basinci, geri basing regulatori sayesind
kontrol edilir. Reaktdrden cikan gaz bir dizi fdtlen gecerek sudan, ggan
hidrokarbonlardan ve pargagiklardan temizlenir deg gazin igerindeki C£ CO,
O2 ve CH, dergimleri kayit edilir.

Elde edilen oksijen tuketim verileri zamana goralgdiginde butin 1sitma hizlarinda
ve butin basinglarda U¢ ana reaksiyon bdlgesigaldgorilmgtar: DSO, OSO
sicakliktaki reaksiyonlar ve YSO. Isitma hizi &gt oksijen tiketiminin ukdug
maksimum dger artmaktadir.

Alisilagelmi yontemler, dg@rusal eri-cakistirma yontemlerini  kullanmaktadir.

Aktivasyon enerjisi YSO bolgesi icin Fassihi modkgiillanilarak hesaplansiir.
Fassihi yontemi ile elde edilen aktivasyongeeri irdelendginde, artan isitma
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hiziyla hesaplanan aktivasyon enerjisgeléerinin azaldil, artan basingla birlikte
arttigl goézlemlenmgtir. Buna ilaveten modeleden gensiz ve reaksiyon gruplarini
ayristirabilen g-donisim yontemi kullanilarak aktivasyon enerjisi hesapig ve
Fassihi yonteminden elde edilengdderle kiyaslanmtir. Fassihi yontemi ile elde
edilen aktivasyon enerjisi gerlerinin daha ytiksek olgu goralmitur.

Basincin etkisi gdonum yontemi ile hem oksijen dlguimleri hem de karbaib
Olcimleri kullanilarak incelenrgtir. Es-donsim  esrileri  farkh  basinglarda
karsilastirildiginda, Batt Raman petrolinin YSO boélgesinde basiacimasiyla
daha yuksek aktivasyon enerjilerinin hesaplandorulmistir. Bunlara ek olarak,
bitin basinglar igin reaksiyon modelleri gilrulmustir. Son olarak g donum
egrileri degerlendirilerek Bati Raman petroliiniin yanma igin lyi aday oldgu
sonucuna varilngtir.
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1. INTRODUCTION

Crude oils are often grouped into three main categdbased on specific gravity
range as: heavy oil (220 API), intermediate oil (2630° API) and light oil (>30
API). One of the greatest hydrocarbon resourceshénworld is heavy oil and
bitumen (oil sands). Heavy oils are highly viscqu400 cP) and consist of high-
density napthenes, aromatics, and heteroatomsateapoor in conventional oils.
Bitumen (oil sands) are extremely dense hydrocal§eh® API) having viscosities
around 10000 cP. A fourth classification of crude © the so-called extra heavy oil
(Schlumberger, 2006). The API gravity is less th@nand share many attributes of
bitumen (oil sands) although bitumen are densgurgi 1.1 shows the United States
Geological Survey (USGS) percentage allocationsdial oil reserves (conventional
and unconventional oils). From Figure 1.1 we notiwd heavy oil resources are very
abundant and therefore technology and research lpeukicused on how to extract
these resources for human consumption. Figuresadd? 1.3 gives the various
regional distribution of heavy oil and natural loiten resources in the world. It is
apparent that most of the heavy oil and bitumeoua®s are concentrated in the
Americas and interestingly the total combined heailyreserves of Canada and

Venezuela is much more than the conventional eduece of Saudi Arabia.

Conventional oil Heavy oil
30% 15%

Figure 1.1: World oil reserves distribution (Schlumberger, 2006



3se3 3|PpPIW

BlUBIDQ PUE BISY 1SE3YIN0S
eIy 4Inos

2Isy 1583

BISRINEISURL|

(s|2.4eqg o suol|ig :0g9)
ace|d ul |10 Aaeay (eulbuo g0

00000

eISSMY
2oLy

adoung
eILBWY YHON
eIUBLY YIN0S

Figure 1.2: Heavy oil resources in the world (Cinar, 2011).
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1.1 Recovery Methods for Heavy Oil and Natural Bitmen

Most heavy oil and natural bitumen are recoveradevinanced oil recovery methods
(EOR). Heavy oil resources are naturally recovegdthermal and non-thermal
methods depending on the viscosity of the oil witthe reservoir. For very highly
viscous crude oils, thermal methods i.e. steantiige, hot water flooding, in situ
combustion are employed. Heat is either generaidtiesurface and transferred into
the reservoir as in the cases of steam injectioh,water flooding or the heat is

generated within the reservoir through the prooéss situ combustion.

1.1.1 Mining

Mining process is applied extensively in Canada r&hmost mining of heavy oil
resources occurs in open pit mines. However, irsRusubsurface mining has been
reported (Meyerhoff and Meyer, 1987). The opennpethod is used exclusively in
Canada due to the vast amount of heavy oil anangituresources and the economic
considerations. Most of the bitumen is mined bgksaand transported to processing
sites by trucks due to the viscous nature of thanten. Bitumen can also be
transported by pipeline if it is diluted with a dansate. In the processing plants,
warm water is used to separate bitumen from thel sard diluted with lighter
hydrocarbons to form a synthetic crude.

1.1.2 Waterflooding

Waterflooding has been employed in some heavyesénvoirs around the world
with some amount of success. In the United Kingdoomtinental shelf where
viscosity of heavy oils range from 10-100 cP, wikeding has been extremely
successful (Etebar, 1995). Viscous fingering, haveis a major issue in heavy oil
reservoirs and appropriate precautions must bentake the viscosity increases, the

recovery factor of waterflooding decreases.

1.1.3 Steam stimulation (Huff n Puff)

This method was discovered accidentally by Shelemezuela during heavy oil
production in Lake Maracaibo area. It is a singlellwmethod that involves three
main stages as shown in Figure 1.4. The first stagalves the injection of steam

into the reservoir. In the second stage, time Imaadd for the steam to diffuse into



the reservoir and heat the heavy oil in place. I§inthe heated oil is produced along
with water to the surface from the same well arhtbeparated.

Figure 1.4: Schematic representation of Huff n Puff Method{8mberger, 2006).

1.1.4 Steam flooding

Among the thermal methods, steam flooding is thestnsmuccessful and popular
method used in the recovery of heavy oil. It iswtiwell process which involves the
injection of surface generated steam from sevejatiors at various locations into
the reservoir. The energy from the steam helpsett the oil within the reservoir,
reducing the oil's viscosity and hence helps theécomove towards the producer



wells. Recovery factor is estimated at about 50%dROQ’he main challenge with
steamflooding stems from gravity override. Owingtie density difference between
steam and oil, steam has a tendency of rising abbweithin the reservoir. The oil
below the steam does not get affected much withhtsat from the steam and
therefore gets left behind or recovers slowly fritra condensed hot water from the
steam. Early breakthrough of steam front into poeduwells is also a major
challenge in steam flooding process. Another limgtifactor is the depth; as the
depth increases heat losses from the injection welhe surrounding formation

increases.

1.1.5 In situ combustion

In situ combustion (ISC), which is also known ie fiterature, as fire flooding or air
injection is the oldest EOR thermal method. Theaidé in situ combustion was
granted a patent in 1923 (Howard, 1923). Basedendspective directions of front
propagation and airflow, in situ combustion is cuterized as either a forward
process, when the combustion front advances insémee direction as airflow or
reverse, when the front moves against the airflBwgham and Castanier, 2003).

Forward is applied in two forms namely:
- Forward dry combustion
- Forward wet combustion

In dry forward combustion which is the most commain,is injected into a heavy oil
reservoir through selected injection wells to cgeatcombustion front within the
reservoir, then ignition is initiated and a combrstfront is propagated through the
reservoir with the continuous injection of air. Tieat generated within the reservoir
reduces the viscosity of the oil and thereby insesathe oil production rate and

recovery.

Wet combustion is the second form of forward iw sibmbustion. Regarding this
method, water is injected concurrently or altenelyi with air to get more efficient

heat utilization. The purpose of injecting watetdstransport heat from the burned
zone to the colder regions downstream of the cotrdyugront from rising steam

generated from the heated water. This variation sftu combustion is most suitable
for thin reservoirs, where heat loss to adjacennédions is significant (Dietz and
Weijdema, 1963).



The second type of in situ combustion is the rever@mbustion process. In this
process, the injected air and the burning zone ncouater currently. This method is

suitable for highly viscous crudes such as tarst@and Weijdema, 1963).

Figure 1.5 shows a schematic representation ofvéneus zones formed after air
injection in a dry-forward in situ combustion prese Figure 1.5 shows that as the
combustion front propagates through the resendifferent zones with varying

temperatures and saturations are formed withimetbervoir.

The first zone is termed as the burned zone. Fhisd zone swept by the combustion
and is saturated with air. The temperature in #use is usually very high. The
second zone is the combustion zone. This is whest reactions take place. As the
temperature within the reservoir exceeds about°®@G0(b73.15K), the oil may
undergo a process called pyrolysis to form a Meldtiaction and a low-volatility
heavy residue (coke). The volatile fraction is igatin the gas stream to upgrade the
original crude oil while the non-volatile heavy idkge is burned as fuel to sustain the
combustion process (Castanier and Brigham, 2008¢. third zone is the coking
zone. Coke is a carboneous substance laid dowml ati¢ebe combustion zone to be

burned to sustain the combustion process.

It forms as a result of some injected oxygen birepkhrough the combustion front
and reacting with crude oil (Burger and Suhuqué@6). The fourth zone is the
steam zone. This zone results from the vaporizaifonater in the reservoir as well

as produced water from the combustion zone.

A fifth zone, the water bank forms ahead of theastezone from the condensing
steam from the fourth zone. The last zone is théamk where the mobilized oil
accumulates. A comprehensive review of in situ castibn projects have been
compiled and compared in the literature (Farouq 29i72; Sarathi, 1999).

In situ combustion is difficult to engineer duethe complexity of the process, and it

also requires extensive laboratory studies pridietd pilot tests.
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Figure 1.5: In situ combustion schematic - showing variousesof€inar, 2011).

1.1.6 Carbon dioxide flooding

Carbon dioxide flooding is a popular gas injectrnethod in EOR. Depending on
the reservoir pressure, @@ooding is applied as a miscible or immiscibl®gess.
Miscible fluids form a single homogenous phase wimxed together (eg. CGand



oil). Immiscible fluids separate into two distimgftases when mixed together (eg. Oil
and water). The success of £frojects, however, lies in finding a cheap sowte
carbon dioxide. The Bati Raman oil field in the 8skastern part of Turkey which
was discovered in 1961 and its the largest oitlfiel Turkey is currently undergoing
an immiscible C@flooding process. Owing to the viscous naturehef il with API

of 12 and less reservoir pressures, the Turkish Petrol€arporation chose the
immiscible CQ flooding project in 1986 as a tertiary recoverytinogl. The main
source of carbon dioxide to the Bati Raman fielérasn the vast Dodan field which
lies 90 km from Bati Raman. Recovery factor by G©oding from Bati Raman is
estimated at around 7% of 1.85 MMMbbl OOIP to datech is a limited success

considering the vast resources of Bati Raman el fi

1.2 Statement of the Problem

Depending on the viscosity and temperature conditiwithin a heavy oil reservoir
various types of recovery methods are available ifsr extraction. However,

economic costs as well as technology and resechairacteristics become critical in
choosing which method to use for heavy oil prodarctiin situ combustion process
involves the generation of heat in situ and comt&nt of combustion products
within the reservoir (Moore et al., 1997). Upgragliof heavy oils through the
burning of the heaviest parts and air utilizatievhich is cheap and available
everywhere gives in situ combustion an added adgent Although in situ

combustion has been characterized as a high mpobdtto process, it appears to
have areal stability with less fingering tendenchhe reported areal sweep

efficiencies have been around 50% (Farouq Ali, 3972

Modeling of complex in situ combustion process meggian understanding of the
behavior of different physical phenomena such aselchange, chemical reactivity
as well as heat and mass transfer (Cinar, 201hpwi€dge of the kinetics involved
in the various reactions of an in situ combustioacpss is essential for making
meaningful predictions of the effectiveness of amnbustion project. Chemical
kinetics studies of crude oils help to obtain aateidata to form a reaction scheme
of various reactions that occur during crude oildakon (Freitag and Verkoczy,
2005; Mamora, 1993). The main objective of thisjgebis to study the effect of

pressure on combustion kinetics of Bati Raman coidd 2°API) and to compare its



kinetic parameters such as activation energy, usatg conventional method given
by Fassihi (1981) and an isoconversional analysshod described by Friedman
(1964). Reaction scheme models for the Bati Ramaahecoil are also proposed at all

operating pressures used.
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2. LITERATURE REVIEW

Various studies have been conducted in the litezain the oxidation of crude oils in
porous media. The different methods used for criti®xidation analysis can be
classified under three groups namely as; qualgatjuantitative and compositional

methods.

2.1 Qualitative Analysis of Crude Oil Oxidation

The two main methods employed in the literature differential thermal analysis
(DTA) and thermogravimetric analysis (TGA). Tade@®59) and Berry (1968)
both employed DTA in their crude oil oxidation erpeents using an oil sand. In
DTA experiments, a crude oil and sand mixture stée at a uniform heat rate while
air is passed through the mixture. The amount at heleased affects temperature,

which is recorded on a thermogram.

Another method of qualitative analysis is thermeogreetric analysis (TGA), which
involves heating a crude oil and sand sample anhatant heat rate in the presence of
flowing air. Here, the resulting curve of weightatiye versus time or temperature
gives the TGA thermogram. A coupling of TGA and MThermograms also
indicates the occurrence of at least two react@anslifferent temperatures (Bae,
1977). The TGA and DTA data can be used for detangikinetic parameters such

as activation energy, heat of reaction as inditateensively by Sarathi (1998).

2.2 Quantitative Analysis of Oxidation of Crude Oil

This method of analysis is based on produced gasgiarude oil oxidation. This is
usually referred to as effluent gas analysis (EGAGA studies involve crude oil
oxidation at a constant temperature or rising teatpee. Isothermal oxidation
experiments were conducted by Bousaid and Rame3B8j1Weijdema (1968), and

other researchers. Results from these experimémiwesl that the rate of carbon
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combustion depends on carbon concentration, oxypartial pressure, and

combustion temperature.

Non-isothermal EGA studies of crude oil oxidatiom éhe other hand uses
programmed linear temperature rise — ramped teriyreraxidation (RTO). Studies
done using RTO techniques by Burger and Suhuqugat2j] Fassihi (1981), Cinar
(2011) and other researchers also confirm existeicéevo peaks in crude oil
oxidation. The first reaction termed low temperataxidation (LTO) usually occurs
at about 30%C (573.15K). The second reaction termed as higlpéeature oxidation
(HTO) also has a peak at about 4D0(673.15). Later Fassihi (1984a; 1984b)
proposed an oxidation reaction model which empleasihe existence of a third

reaction known as medium temperature reaction (MTR)

2.3 Compositional Analysis

This method of crude oil analysis is used to deieenthe various components of a
crude oil sample by either oxidation or thermalc&rag methods. Studies done by

various investigators revealed several reactioersas in crude oil breakdown.

Hayashitani (1978) deduced from his experimenthémmal cracking of Athabasca

bitumen consisted of the following first order riéags in reaction scheme 2.1;

Maltenes— Asphaltheres
Asphaltheres— Coke
Asphaltheres— Gas

Reaction Scheme 2:1Cracking scheme proposed by Hayashitani (1978).

Adegbesan (1982) using the SARA analysis methoducied LTO experiments on
Athabasca Bitumen and proposed the following reacicheme 2.2 for crude oil

oxidation;

Maltenes+ Oxygen— Asphaltheres
Asphaltheres+ Oxygen— Coke

Reaction Scheme 2:2Scheme proposed by Adegbesan (1982).

SARA analysis separate crude oil components basesotubility of the different
components by various solvents. The crude oil corapts are saturates, aromatics,

resins, and asphalthenes (SARA).
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Belgrave et al. (1993) also proposed reactionraeh2.3 for Athabasca bitumen by
mainly combining the previous reaction schemes aydshitani and Adegbesan in

his oxidation and thermal cracking studies.

Maltenes— Asphalthers
Asphalthers— Coke

Ashalthens — Gas

Maltenes+ Oxygen— Asphalthers
Asphalthers+ Oxygen— Coke
Asphalthers+ Oxygen— Gas
Coke+0O, -» CO, +CO+H,O

Reaction Scheme 2:35cheme proposed by Belgrave et al., (1993).

In this reaction scheme, oil is separated intotivas and each reaction is analyzed

individually.

2.4 Isoconversional Method

Most conventional studies in the literature asswamgort of kinetic model in the
calculation of kinetic parameters. However stralgte-fitting models can introduce
errors in the analysis procedure since hydrocadmonbustion involves lots of other

complex reactions (Semenov, 1935).

Isoconversional methods however, provides mode fethods for the calculation
of activation energies (Vyazovkin, 1997). Isocomi@nal methods leads to
isoconversional fingerprint which is a plot of aetiion energy versus conversion.
Conversion values are estimated based on oxygesuogstion as measured at the
outlet of the kinetic cell. Isoconversional fingent indicates the change in reaction

mechanism in the extent of conversion or averaggéeegature.

In addition the isoconversional methods providescaeening criteria for the
determination of good and bad candidates for cotidyu¢Cinar et al., 2011) based
on combustion kinetics. To apply the isoconverdi@mproach in crude oil kinetics
studies, a general workflow plan by Kovscek et @Q013) shown in Figure 2.1 was

proposed.
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Figure 2.1: Proposed workflow for isoconversional analysis\{&eek et al., 2013).

The workflow entails that we begin with crude oxigation in a kinetic cell with a
series of experiments. Then we can generate arongecsional fingerprint as
Figures 2.2 and 2.3. Based on the fingerprintsestsewe can determine if the oil is
a good candidate or poor candidate for combustiamt foropagation. If the crude oll
turns out as poor candidate (red arrows) for commrugront propagation, we can
use combustion tube experiments, which are on artarger scale to confirm the
kinetic experiment results. A crude oil that tumg to be a good candidate (green
arrows) for combustion front propagation based ioretic cell and combustion tube
experiments can then be processed further alongwtir&flow plan. A detailed
compositional and PVT properties of the oil areagied. An experimental reaction
model is proposed from the kinetic cell and comiomstube results, which will be
compared with a simulated reaction model. Finalfyscaling of the reaction model
is done to project it from laboratory to field sealAn isoconversional fingerprint
shows changing dominant reactions on a plot ofcéffe activation energy with
conversion or average temperature. The smooth itiansfrom the negative
temperature region (NTGR) in Figure 2.2 (conversioh 0.2-0.5) to HTO
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(conversion of 0.6-0.9) is a typical indication afgood candidate for combustion

(Cnar, 2011). Also for good candidates for comiomstthe effective activation

energy value obtained in the LTO region is gengiallver than the HTO region.
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Figure 2.2: Isoconversional fingerprint of a well burning ceudil
(Cinar et al., 2011).
Poor candidates for combustion however, exhibihificant barriers in the LTO
region. Figure 2.3 also shows the isoconversiangefprint for a poor or bad crude
oil for combustion.
_ L , L PO
e . )
E 160000 — ‘- — * —
: L] % . L .
>: B L] o L] . n
=11}
5 120000 — . \ & . s —
5 h ’ vt | . ¢ N
= . .
=) . .
= 80000 | . R _|
E -_%'. :' 1 . .'ov.- : |
g Ve .
= 40000 — % — oos® —
2 L 4 4
3
= 0 — — ]
m — — —
-40000 | | | I | I | | ‘ | J I | I |
0 02 0.4 0.6 0.8 1 480 560 640 720 800
Conversion Average temperature, K

Figure 2.3:Isoconversional fingerprint of a poor candidatedombustion

(Cinar et al., 2011).
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It is observed from Figure 2.3 that the NTGR (casign of 0.2 to 0.4) develops a
high activation energy barrier and does not tramsismoothly into the HTO region,
as was the case in Figure 2.2. A crude oil thé&ilkete a high-energy barrier in
NTGR in its fingerprint is regarded as a poor cdaté for combustion per the

isoconversional analysis method.

2.5 In Situ Combustion Reactions

Kinetic studies conducted on crude oil oxidation porous media by various
investigators: Bousaid and Ramey (1968), Weijdéir#68), Fassihi (1981), and
several other investigators in the literature ptinthe fact that three major reactions

occur during in situ combustion reaction mechamgsmely (see Figure 2.4):
- Low Temperature Oxidation (LTO)
- Middle Temperature Reaction (MTR)

- High Temperature Oxidation (HTO)

2.5.1 Low temperature oxidation

Low temperature oxidation reactions occur at temfpees below 30C (573.15 K)
as a result of oxygen (injected air) during in situmbustion process. Oxygen may be
available downstream after air injection or ignitiMoss et al, 1959; Ramey, 1959;
Tadema and Weijdema, 1970). An LTO reaction yieldater and partially
oxygenated hydrocarbons such as carboxylic acldehgdes, ketones (Burger and
Suhuquet, 1972). LTO reactions are regarded aseoxggddition reactions. Dabbous
and Fulton (1974) showed that during LTO reactiaii$,sion of oxygen into the oil
phase is faster than the oxidation process. LTCtiees are highly complex and not
very well understood. Studies point to the fact tharing LTO, asphalthene content
of the oil is increased whilst aromatic and resontents decrease (Babu and
Cormack, 1984). Alexander et al. (1972) also fotlrat LTO reactions increase the
viscosity and boiling range of the oil. Light odse generally more susceptible to
LTO than are heavy oils. In heavy oil reservoir§Q.tends to be more pronounced
when oxygen, rather than air is injected into svebervoirs. LTO reactions are

generally evidenced by a rapid increase in the emygptake rate as well as the
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production of carbon oxides. Their main charactierifeature is the decline of
oxygen reaction rate even as temperature incregiigie the range of 30C-400°C
(573.15 — 673.15) Moore et al. (1997). This givise to the negative temperature
gradient region seen on Figure 2.4.
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Figure 2.4: LTO, NTGR and HTO regions observed for 1.62 K/ifliB0 psig).

Fassihi et al. (1984b) observed that failure ottiea temperatures to transcend the
negative temperature gradient region would leacety low displacement efficiency.
LTO of light oils does not significantly affect tinenobility. However, in heavy oll
reservoirs, LTO has a significant effect on mopils both viscosity and density
increase, which in turn affect heavy oil recoveryuel availability (coke) and air
requirements for combustion increase for pre-oedizheavy crudes at lower
temperatures (< 573.15 K). During LTO reactionstaiga reactive species in the oil
often produce hydroperoxides intermediates, whatothpose to release much heat,
and can cause oil to auto ignite (Burger, 1976).

Several investigators to estimate the spontanegogian time for an in situ

combustion project have used the heat releasechgdWTO (Gates and Ramey,
1958; Tadema and Weijdema, 1970). LTO reactiond terhave a dominant effect
on fuel deposition and composition.
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2.5.2 Middle temperature reactions

It is generally accepted in the literature thatimiyirmiddle temperature reactions
300°C — 500C (573.15 - 773.15 K), most oils undergo a chematange called

pyrolysis. Pyrolysis reactions lead to the depositof a carboneous residue also
referred to as coke, which serves as the mainféuehe combustion front reactions.

Pyrolysis reactions are of three main kinds:

)] Dehydrogenation reactions: This leads to strippifichydrogen atoms

from the hydrocarbon molecules.

i) Cracking: During this process the carbon-carbondboh the heavier
hydrocarbon molecules are broken which resulteénformation of lower

carbon number hydrocarbons

iii) Condensation reactions: This leads to an increatigei number of carbon

atoms in the hydrocarbon molecule.

The type of oil determines the rate and extenhebé¢ reactions as either a straight
chained or aromatic hydrocarbons. Besides, an figeg®n by Gates and Ramey
(1958) of core samples taken from South Belridgicates that reservoir lithology
plays an important role in fuel deposition. Kiesitudies done by Bousaid and
Ramey (1968) showed that the amount of fuel depdsiicreases with the addition

of clay to the sample of oil and sand.

2.5.3 High temperature oxidation

HTO (combustion) reactions occur at temperatures/@b00C (673.15 K) as a

result of reactions between oxygen in the injeca@dand deposited coke. HTO
reactions yield carbon dioxide (GQcarbon monoxide (CO) and water(®) as by-

products. Fuel combustion mostly occurs at the agtibn front and therefore data
from combustion tube experiments have been useftkfine combustion front and
it's characteristics. Benham and Poettmann (1988luded that HTO reactions are
heterogeneous and characterized by consumptionl @xggen in the gas phase.

They proposed a global reaction for HTO as follows;

CH, {Mﬂ}oz —{i}cm[l}coz +Mho (2.1)
21+m) 4 1+m m+1 2
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m = mole percent ratio of produced &€ CO
n = atomic ratio of hydrogen to carbon

Cady and Satchell (1985) also assert that HTO 9artace controlled reaction and
highly exothermic. The energy generated by thesetiens provides the heat to

sustain the combustion front.

2.6 Previous Kinetic Studies on Bati Raman Crude Oi

Previously, various investigators such ag®at al. (1987), Bgci (2005) and other
investigators have studied pressure effect on Bathan crude oil with limestone
matrix using the effluent gas with programmed terapee method (non-isothermal)
HTO activation were estimated using the conventiomethod proposed by Fassihi
(1981). Baci et al. (1987) particularly went further in thetudies by comparing
the effect of matrix composition on reaction kinstat a pressure of 25 psig for a
17.8 API oil in their study.

Bagci et al. (1987) asserts that, reaction specidesratuch as C&CO and H/C
ratios were more in limestone matrix than in samustmatrix. Infact, they conclude
that, in sandstone matrix the ratios are halvetl dghéimestone matrix. Bzci et al.
(1987) and Bgci (2005) both conclude from their kinetic studigt, pressure
increases with activation energy in the HTO redionBati Raman crude oil. The
various operating pressures used in both studiggetafrom 5-50 psig. Injection rate
of air used in both studies was reported as kBlper minute.

There are no cited works on the study of kinet€sBati Raman crude using
isoconversional analysis method as at the timéisfdtudy. In this study, pressures

of 100 — 250 psig are used and air injection r&alders per minute is employed.
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3. EXPERIMENTAL METHODS

The experimental study is based mainly on RampedpEeature Oxidation (RTO)
with effluent gas analysis approach using kine&tt experiments. The main crude
under investigation is from the Bati Raman Fieldha Southeastern part of Turkey
and the investigation seeks to find the effectreflspure on combustion kinetics for
this crude oil along with the kinetic properties thie Bati Raman Oil. In RTO
experiments, a linear heating rate is imposed uadeonstant pressure whilst the

crude is burned with pre-programmed heating rate.

The schematic of the experimental apparatus is shiowFigure 3.1. The most
important components of the system are shown ineT@ld. The system is designed
to operate and acquire data automatically withooy aser action during the
experiment. There is a temperature limit contradled pressure relief valves to shut
the system down in case of any failures. A Servo#280C gas analyzer is also
installed to measure effluent gas from the burmede: Due to the sensitivity of the
gas analyzer and risk of damage, filters and liquéphs are installed to prevent

contamination from large particles and water mdiexu

The water that remains in the system from condgngas is especially trapped with
Drierite ®. The filter system does not allow particles bigtiean 2 microns to pass
through the mass flow rate meters. The gas analymssures the effluent gases
through four main modules designed for £GO, CH; and Q. Each gas is
monitored individually continuously throughout thgperiment. The COCO, CH,
modules are infrared whereas that for i® paramagnetic. Further details of the
modules are described by (Cinar, 2011). There tenimth where leak testing of the
kinetic cell is conducted. Relief valves are instito depressurize the system if set
pressure limits within the lines are exceeded. Wéwgous gases are removed from
the system through the vents. Backpressure regslate used in setting desired air
injection pressures for the various experiment® ifass flow meters are used to set

our gas injection flow in and flow out rates.

21



et

T

Rotameter
h—-—ﬂ

@iz

YASATUYNY
Sv9

Bugsajeoy

H3ISNIANOD

o 09 4 A m_\

sanjep Ja1loH

1ayung sen

=) —

<

Juap

42314 1 ov T 4831y 1 09

4a1eM plod

=

38NL NOILSNEWOD

.

HLYE H31vM

5 = &

1313 mol4 10je|nbay ainssaid ¥oeq

asypy dedy

pues pinbiy
Ja1ng

7732 DIL3ANIX

G T 20VNNS

BARA JB1I3YH

=
=
EL VIV AN TR 4
_..k\ d o
4 »
-
dwngd 1218/ ”
P
F
NOILVHEITYD s
UO4 LNDLAOHS ﬁVHA
syt seuyrist S M ® )
i) = =4
& &6
dajjosuo)
MO]d SSep

SNLYdVvYddVY NOILSNAWO0D

ANVL NIDOHLIN

Figure 3.1: Schematic of kinetic experimental system (Cin@d,13.
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Table 3.1:Major Components of Experimental System

Componer Manufacture

Mass flow controller Brooks Instrument, model 5850E

Gas flow meter Brooks, F2475-002

Gas analyzer Servomex analyzer, model 4000
series

Temperature Controller Omega, model CN 3261

Data logger Measurement Computing, USB-TC

Back pressure regulator Hamlet H900 series

Relief valves Hamlet H900 series

3.1 Kinetic Cell Apparatus

The kinetic cell is a thick walled stainless stesglctor measuring 12.4 cm long and
1.8 cm in wall thickness. It has copper gasketsstaithless steel plugs to seal the top
and bottom parts. Copper gaskets sit on knife-edggding the cell at high
temperature and pressure conditions. The six scaesvightened over the upper and
lower end caps to obtain the high-pressure enviemndesired within the cell. The
thickness of the cell ensures equal distributiorheét around the packed sample
during the experiments. A schematic of the kinedlt is shown in Figure 3.2. There
is a thermal well at the top of the cell to insarthermocouple directly into the
prepared sample to record the temperature withenc#ll during the experiment at
high pressure conditions. Temperature is measatrdtree different points of the
cell (top, bottom, middle) to check whether the penature is uniform or not.
Normally the temperature is uniform within the sanpiddle measurements are
used for the analysis though all the temperaturastnr@ments are the same within
the measurements errors. Temperature error diC1(0.4%) is reported in the
manual catalogue of the manufacturer (Omega inég¥trGas for the experiment is
usually injected from the bottom of the cell. Thesgs injected through a coiled
tubing. The coiled part of the tubing lies withlretfurnace so that the injected gas
reaches the cell’'s temperature before entering#fie Also a wire mesh is placed at
the bottom of the cell to prevent any sand entetirggsystem. Pressure gauges are
placed to monitor supply pressure from the gas #kinlet pressure to the cell. An
error of £1% span (500 psig) for the gauges is reported byrtasufacturer (Wika

industries).
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Thermocouples

L — Effluent gas

316 SS Socket head cap screw
X 61/4" 20 Thread, 1-1/2" length

Copper gasket - :
0D3.8c¢cm,ID2.8cm Knife edge
Thickness 0.3175 cm

3.1cmID

6.7cm OD ko

Thermal well 1/8 in tubing

Top view

\ ,f;
A B 4

Screw Holes

Pre - heater coil

Gas Injection

Figure 3.2: Schematic of the kinetic cell (Cinar, 2011).
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3.2 Experimental Procedure

Kinetic experiments begin with sample preparatidhis involves the homogenous
mixing of a specified amount of sand (50g), 4mlevaind 1.5g of crude oil. Porosity
of sand is reported as 38% and permeability i®findd. Due to the viscous nature
of the Bati Raman oil (X2API), the amount is obtained through trial and erro
methods. The amount of crude oil used is not toachmto avoid temperature

deviations from the pre-programmed temperatureatineariation and also just

enough to produce acceptable amount of effluentgd® detected by the modules

of the gas analyzer.

A small wire mesh is usually placed at the bottdnthe kinetic cell to avoid sand
from escaping through the coil used for gas ingectDry sand is also filled at the
bottom section of the kinetic cell to serve asftuder. After homogenous mixing of

the sample is achieved, it is packed into a kinegitand screws are tightened.

Leak testing is conducted using nitrogen gas wWithdell placed in a water bath to
ensure the kinetic cell is fully pressure sealdte &xperiment is conducted in a leak-
free environment to avoid the effluent gas measargmfrom being compromised.
After leak test is passed, the kinetic cell is pthdn the electric furnace and

connected to the filter system.

This three-stage filter system is placed to remmwetaminants, which are contained
in the effluent gas coming out of the kinetic detim entering the gas analyzer. The
filter is basically filled with two different meskize sands namely fine and course
sand. Condensing liquids in the effluent gas ase &lapped in the liquid trap. To
begin the kinetic cell experiment, the heating iatehanged to the desired time and
all recording programs for gas and temperature epdrom the mother computer.

Air is injected at 2 standard liters per minute P8 rate from the air tank.

The experiment begins with the initiation of tengiare controller. Backpressures of
100, 150, 200 and 250 psig were used in all experim The kinetic cell experiment

is fully automated and does not require any hunimteluring the experiments.

25



3.3 Experimental Samples And Pressures Used

The sand sample used for all experiments were rddafirom Alacgizi area. Table
3.2 shows the general chemical composition of thaec#izi sand sample. The
reservoir rock was crushed and sieved into size858f microns. After sample
sieving, the resulting sand was placed in the owearnight to remove any
contaminants as possible. Each experimental sesisted of five experiments
conducted at different rates (1.62 K/min, 1.70 KInii.90 K/min, 2.2&/min, 2.40

K/min) and repeated at different pressures of 1080, 200 and 250 psig.

Temperature target for all experiments was®65®23.15 K).

Table 3.2:General Chemical Composition of Alaga Sand.

Chemical Percent Composition
SiOz 98.10
Al 203 0.54
FeOs 0.65
TiO2 0.02
CaO 0.10
MgO 0.09
N&aO 0.01
K20 0.09
Cr203 0.01
MnO <0.01
P-Os 0.018
SrO <0.01
BaO <0.01

26



4. EXPERIMENTAL DATA AND ANALYSIS METHODS

Kinetic experiments were conducted using backpressaf 100, 150, 200 and 250
psig. The activation energy for each experimerdb&ined using the conventional
approach described by Fassihi (1981) and isocoiovexis analysis described by
Friedman (1996) and adapted by Cinar (2011) topnétate his RTO experiments.

4.1 Conventional Methods

Various conventional studies in the literature asswcrude oil oxidation kinetics as a

global (single step) reaction;
Fuel+O, -»CQ,+CO+H,0O 4.2)

The rate of Equation 4.1 is found by assuming ethéxius type rate constant;

dCfueI
dt

R=- =KR.C; (4.2)

fuel

The rate constan is usually a function of temperature and follove tArrhenius
law (Carberry, 1976 ; Smith, 1970).

E
K(T) = Aex;{— R—Tj (4.3)

If the order of reaction with respect to oxygemg&sumed as unitya£l) then the
reaction order of carbon, b is evaluated from Equa#.2 by taking logarithm on
both sides to obtain Equation 4.4;

dC,,, /dt
lo B — =blogC,,, +l0ogK (4.4)

O,

The activation energyE), which represents the energy barrier to be owveecby

molecules for a reaction to occur, can be obtaihexligh Equation 4.5.
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InK=InA—(£j (4.5)
RT

Equations 4.1 to 4.5 form the basis of early kinetiudies performed by various
investigators within the literature (Bousaid andrieg, 1968; Burger and Suhuquet,
1972; Mamora, 1993).

4.1.1 Fassihi's oxidation model

Fassihi (1981) proposed an oxidation reaction maaélis non-isothermal kinetic
studies. In this reaction model, reaction kinetiae grouped into three regions
namely as low temperature oxidation (LTO), midddenperature reaction (MTR),
and high temperature oxidation (HTO). The equatioglew formulate the basis for
the calculation of activation energy in the HTOiogg which is of interest in this
thesis work. Further equations on the LTO and MTah de referenced from

Fassihi’s PhD thesis work.
The change in oxygen concentratiokico,  during the tkinexperiment can be
calculated from Equation 4.6 as;

_ NZiOZ — Ozi (1_ Coz —CO) _Oz

ACo, =0,
N 1-CO,-CO-0,

2p

(4.6)
The subscriptg,andp represents the injected and produced gas contiensa

The rate of oxygen consumption per unit volumeivemgyas;

AC
% = AR C},, ex;{— RETJ 4.7)

Hereq represents the volumetric flow rate (It/mify, the cross-sectional area @m

and L is the length (cm) of the sand mix in theekic cell.

It is assumed that the rate of oxygen consumptioproportional to the rate of

decrease of fuel as;

AC dc
qu =-v dft“e' (4.8)

v is a proportionality factor given by Fassihi (198% equal to the amount of oxygen

in moles that reacts with 1g of fuel can be evaluated as shown in Equation 4.9;

28



[ac,,dt
q t
V= 49
L (4.9)

f(c.+c,,)dt
t

C and CH2 are the instantaneous concentration of cabdrhydrogen burned. The

rate of oxygen consumption at any time can beioétbby combining Equations 4.7
and 4.8;

AC dc
W, _ ppe C?ue.(— Ej el (4.10)
AL : RT dt

Integration of Equation 4.10 from timd¢o time infinity yields;

©

VC i (1) = | AAsz dt’ (4.11)

t

From Equation 4. 7Cre = 0 at t=o. We can then get a term f&i,., as:

1
Chalt) = A?L = (4.12)
AP? ex;{— j
’ RT
If we substitute Equation 4.12 into Equation 4\i&,obtain the following
expression:
AC, E
— =2 - f'exp -— 4.13
[ac,,dt
t
b-1
_(a) AR
r{ar) ¥ o

The left — hand side of Equation 4.13 is evaludtedugh integration of the oxygen

consumption by using either Trapezoidal or Simpsanile with respect to time
AC,, = f(t). The values obtained can be plotted against 1/Tbtaim the slope as

—E/RTand g' as the intercept. ActivatiorE} obtained here is in the HTO region.
The left-hand side of Equation 4.13 is termed as'Relative Reaction Rate (RRR)”
- (Fassihi, 1981).
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4.2 Isoconversional Approach

For the combustion of crude oil, Equation 4.2 is $hmplest way of representing the
reaction rate of fuel. However, Semenov (1935) ulisp the overly simple
representation of fuel oxidation given by Equatbh. The isoconversional analysis
method provides a way to bypass the complex anchawk reaction models
involved in crude oil combustion. Equation 4.2 ¢enwritten in a simple form as a

function of temperature and concentratiGn,
_OclT(t:: K(T)f(C) (4.15)

K(T) is the rate constant arfd(C) is the reaction model.

E
K(T) = Aexp{— Fl'j (4.16)

The isoconversional principle states that, the treacrate at a constant extent of
conversion (X) is only a function of temperaturei¢Bman, 1964). Under this
assumption, it implies that at the same converdiom value of f(C) in Equation
4.15 is equal irrespective of the temperature. \Afe substitute Equation 4.16 into
Equation 4.15 and rearrange in terms of converXiomhich can be estimated from
oxygen consumptioto obtain the following expression:

dX

o = AT (4.17)

Taking natural logarithm of both sides of Equatidrl7 gives the following

expression:
In(d—xJ—ln A+|n[f(X)]—£ (4.18)
dt RT '

Equation 4.18 is known in the literature as thee@man method or differential
isoconversional method. It forms the basis of sdcbnversional methods within the
literature. If 3-5 series of experiments are amted at different heating rates, a
plot of left-hand side (LHS) vs 1/T gives a slode eE/R from which activation
energy (E) can be obtained without assuming/detengiany particular kinetic
model as the use of Equation 4.2 in conventiorgthods. InA and Inf(X) become

constants on the intercept which are same forrdifficheating rates.
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4.2.1 Equations for isoconversional analysis

Cinar (2011) develops the following equations fbe tkinetic cell experimental
design. The kinetic cell can be assumed as a neiactbe sense that, it is filled with
oil-sand-water mixture and a linear heating rateémposed with air injected at a
constant pressure (steady-state). During the duratif the experiment, carbon
oxides, water and other hydrocaarbon are continyqueduced. If we assume no
gravity effects, laminar flow and no radial varaatifor concentration, velocity and
temperature as well as no spatial variation forréction rate in view of the large

air rate then we can write a mass balance for ithetik cell as:

Flow,, — Flow,, + Generation Term= Accumulatbn Term (4.19)

out
Mathematically, this can be expressed as :
dN

Fo, —F, +IrjdV=d—tJ (4.20)

Where:

Fjo molar flow rate of species j into the system, ma¥m
Fj is molar flow rate of species j out of the systemo)/min
rj is the generation term (sink)

dNj/dt is the accumulation term

Molar flow rate, F is related to concentration, i@ arolumetric flow rate, q as:

mol It mol
It min) min
After the integral in Equation 4.20 is taken thelenmalance becomes:
dN,
Fo—F +rV = (4.22)

If we consider the addition of air (oxygen) frometkank to the kinetic cell at a
constant pressure and assume that there is a parfeag of fuel and air, then the

accumulation term can be neglected from Equati@@ 4nd written as:

(4.23)

We can also write a mass balance for the fuel gdtiat there is no in and out flow

of fuel :
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dC,

fuel

Mool =5 (4.24)

If we definea as the number of moles of oxygen consumed per wiofael that

reacts then we can relate the rates of disappeardrioel and oxygen in a relation :

r
rfuel = = (425)
(04

In the RTO experiments with effluent gas analysethnd, the oxygen consumed is
measured and not the weight of the fuel. Equatth28 and 4.24 helps to avoid any
discrepancies caused by phase changes. We catitiggb&quation 4.23 into

Equation 4.25 to obtain a new term for the ratdisppearance of fuel as:

1
= (4.26)
(94

If Equation 4.26 is integrated from time zeraatoy time t and rearranged in terms

of conversion we obtain :

1 1 ;
X et (t) = ==——=[ (Fo,, = Fo,)dlt (4.27)
C fuel, a 0 ‘
Conversion,
C..(t
X 1— fuel( ) (428)

el = Cfuel (t = O)

Without an extensive compositional analysis, ihitimolecular weight and
concentration of fuel is difficult to estimate @r, 2011).Since it is known that as
time goes to infinity conversion, w% goes to unity and all fuel is consumed, then

Equation 4.27 becomes:

11 !
CodV [
0 &V [ (o0 = Fo,)dt

(4.29)

We can then write conversion as :
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(Fo, — Fo,)dt

I
D — (4.30)
!

(Fo,o — Fo,)dt

Finally if we substitute Equation 4.21 into Equati4.30, conversion can be written

in terms of molar concentration, C as:

(Co, —Co,)dlt

X (4.31)

t
B
fuel = o
j (Co,, — Co,)dt

0
To apply the isoconversional analysis method, Eqoat4.18 and 4.31 are used

alongside recorded temperature measurements.
4.3 Results and Discussions

The results obtained from the analysis methodgeesented in the section 4.3.1 for
Fassihi's method and section 4.3.2 for isoconveedionethod. A matlab program
using Stormy (2013) as a guide was written to helphe handling of large data

output from the gas analyzer and the temperaagerder.

4.3.1 Fassihi analysis

Plots obtained for different heating rates at 15i@ jare given in Figures 4.1 through
4.5 to illustrate the analysis procedure for Fassinethod in the HTO region. In all
the figures: (a) represents the gas compositionesiif(b) represents the programmed
temperature profile, (c) represents the plot o&tre¢ reaction rate vs inverse of
temperature and (d) is the HTO linear decomposgioaight line obtained from (c).
Table 4.1 summarizes the activation energy valséisated for all heating rates at
100, 150, 200, and 250 psig.

The gas composition curves (a) obatined for alking rates clearly shows the LTO,
the first peak (smaller), MTR, the negative regftvalley of Death’) where oxygen

consumption decreases even as temperature incréHsessecond peak (higher)
HTO region represents the combustion region wheedrtjected oxygen reacts with

the deposited coke to sustain the heat at the cstioiburont.
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It is not necessary that the LTO peak should alwaysmaller than the HTO peak
for heavy crude oils as observed in Figures 4.dufjin 4.5. Bardon and Gadelle
(1977) reported that for a French oil the LTO peas much higher than the HTO
peak. The height of the LTO and HTO gives somerm#ftdion about the reactivity of
the oil being used for analysis. According to Haisst al. (1984a) very high HTO
peak than the LTO peak indicates the propensitthefoil to deposit coke on the
rock matrix whereas a much higher LTO peak thanHh® indicates the reactivity

of the oil with oxygen at low temperature condigon

It must be noted that an oil that deposits too neake on the rock matrix increases
the air requirements for in situ combustion operatwhereas an oil that deposits a
small amount of coke on the rock matrix does nowigie enough fuel to sustain the

fire front for the combustion process.

It can be observed from gas composition plots thaing the LTO, oxygen is

consumed to produce a low amount of carbon dioedeé carbon monoxides. It
seems that the total amount of produced carbonesxioh the LTO region does not
equal the amount of oxygen consumed. This cleadicates that consumed oxygen
is used in other reactions. However, in the HT@awes the produced carbon oxides
are almost equal to the consumed oxygen and godcaiion of complete

combustion. From Table 4.1. it is realized thaineated activation energy values

generally decrease with increasing heating rate.

The programmed temperature recorder shows threatoms, first is at 350K
(76.8%C) which is attributed to the evaporation of wdtem the kinetic reactor and
second in the LTO region and third in the HTO regilbose. Deviations in LTO and
HTO regions are direct results of exothermic readi Figures 4.1 — 4.5 show the
plots used in the activation energy evaluation bg tse of Fassihi’'s analysis

procedure for the HTO region for the experimentsduwted at 150 psig.
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Figure 4.1: Kinetic plots for heating rate of 2.40 K/min (1p8ig).

(a) Gas composition curves (b) Programmed tempergiwfile (c) Relative reaction
rate (RRR) vs inverse of temperature, 1/T (d) himgecomposition straight line
obtained from HTO region of (c).

An activation energy value of 94000 J/mol wasneated for the HTO region.
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Figure 4.2: Kinetic plots for heating rate of 2.20 K/min (1p8ig).
(a) Gas composition curves (b) Programmed temperaiwfile (c) Relative reaction
rate (RRR) vs inverse of temperature, 1/T (d) hAmdecomposition straight line

obtained from HTO region of (c).

Activation energy value estimated in the HTO reg®t04000 J/mol.
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Figure 4.3: Kinetic plots for heating rate of 1.90 K/min (1p8ig).
(a) Gas composition curves (b) Programmed tempergiwfile (c) Relative reaction
rate (RRR) vs inverse of temperature, 1/T (d) himgecomposition straight line

obtained from HTO region of (c).

HTO activation energy obtained is 109000 J/mol.
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Figure 4.4: Kinetic plots for heating rate of 1.70 K/min (1p8ig).
(a) Gas composition curves (b) Programmed temperg@iwfile (c) Relative reaction
rate (RRR) vs inverse of temperature, 1/T (d) hm@ecomposition straight line

obtained from HTO region of (c).

The HTO activation energy value estimated is 11206l.
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Figure 4.5: Kinetic plots for heating rate of 1.62 K/min (1p8ig).

(a) Gas composition curves (b) Programmed temperg@iwfile (c) Relative
reaction rate (RRR) vs inverse of temperature ,(dJTLinear decomposition
straight line obtained from HTO region of (c).

An activation energy value of 120000 J/mol is eaédd in the HTO region.

Table 4.1 summarizes the activation energies obddiar the various heating rates in
all operating pressures using the Fassihi (1981hadeof analysis.

Table 4.1:HTO activation energy evaluated with Fassihi’'s moelt

Pressure 2.40 2.20 1.90 1.70 1.62 Average
psi K/min K/min K/min K/min K/min J/mol
100 - 82000 85000 87000 89000 87000
150 94000 104000 109000 112000 120000 108000
200 94000 110000 120000 120000 130000 115000
250 120000 133000 140000 150000 150000 140000
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4.3.2 Results for isoconversional analysis

Experiments conducted at different pressures ofirgéction with the same sand
sample were analyzed with the isoconversional a&imlyEach pressure RTO
experiment was conducted at five different heatiages. For each set of heating
rates, isoconversional analysis was applied #p @, and CO data. Results are
summarized for each pressure case in the follos@ugions.

4.3.2.1 Experiments at 100 psig

Isoconversional analysis was applied to consumgderx produced carbon dioxides
and carbon monoxides measured in all five heatatgst The aim is to generate
isoconversionl fingerprints and estimate the atibn energy for Bati Raman crude
oil. Figure 4.6 gives the set of oxygen data alentp temperature measurements

used for obtaining the oxygen fingerprint in Figdté.
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Figure 4.6: Oxygen consumption (left) and temperature prdfilght) at 100 psig.
Temperature data for 2.4 K/min were not consisteith the other recorded
temperature and therefore it was ommitted alomgisl oxygen consumption from
the analysis: The general trends observed in akeeriments were not observed in
aformentioned one. This experiment was repeateceraevtimes, however, a
meaningful set of data was not obtained becausmefational problems. In Figure
4.6, it is seen clearly that peak oxygen consumgtiareases with increasing heating
rate in both HTO and LTO regions. The temperat@@rder was programmed to
take measurements at a frequency of 1K/s.
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There is an observed deviation at around 350K, @ae be attributed to the
vaporisation of water from the sample mixture ia #inetic cell. A hump is seen in
the middle section of the temperature profile atb6B0K. This can be evidence of
LTO reactions. Finally a major departure from thegpammed temperature recorder
occurs at 680K indicating HTO reactions. As staadier, using Equation 4.18 and
4.31 alongside recorded oxygen and temperature urezasnts the fingerprint for

oxygen is obtained in Figure 4.7.
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Figure 4.7:1soconversional fingerprint for oxygen at 100 psig

The isoconversional fingerprint above shows the L(EGnversion 0.1-0.3), NTGR
(conversion 0.3-0.6), and HTO (conversion 0.6-0/@gions. We can estimate
activation energy values for different regions frtime stabilized activation energy
values developed. These stabilized values aredtid& of dominant reactions that
are occuring in each respective region. Two staggiliregions are observed in Figure
4.7; LTO and the HTO region. HTO activation eneigestimated at around 70000
J/mol. In the LTO region stabilized values are acb60000 J/mol.

Then we apply isoconversional analysis method tara oxides produced from
oxygen consumption. The data set of produced caolzates at 100 psig are shown
in Figure 4.8. From Figure 4.8, it can be obseérireat, more carbon dioxides are
produced than carbon monoxides at each heating Aateunt of carbon dioxides

produced at each heating rate is almost doublddfl@rbon monoxides.
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Figure 4.8: Produced carbon dioxides (left) and carbon matesx(right) at 100
psig.
Using data obtained in Figure 4.8 and recorded ézaipre in Figure 4.6,
isoconversional fingerprints for carbon oxides wgemerated. In Figure 4.9, the

combined fingerprints for oxygen, carbon dioxidel @arbon monoxide are shown.
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Figure 4.9: Combined isoconversional fingerprints for ogggand produced
carbon oxides at 100 psig.

The fingerprints obtained for the produced carbwides do not fit that of oxygen in
the NTGR as seen in Figure 4.9. Also the NTGR far ¢arbon oxides fingerprints
appear to be shifted to the left of the NTGR of gty fingerprint. This is an
expected behaviour because curves are based oarsmvof different species; time

dependence of convergence would be different filerdint components.
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One other observation regards oxygen consumptiomofe balance indicates that
not all the oxygen converted are produced as caokimes. Remaining oxygen takes
part in oxygen addition reactions. Therefore bylgpg a mole balance, we can find
the amount of oxygen taking part in oxygen additi@actions to generate its
isoconversional fingerprint. For generation of anele of carbon dioxide one mole
of oxygen gas is needed. Similarly, one mole ofg®ty gas could generate two
moles of carbon monoxide. If X0epresents total moles of oxygen consumed and
COz and CO represernt total moles of carbon dioxid® @rbon monoxide produced
then Q-CO,-CO/2 would yield total moles of oxygen gas thdtet part in oxygen

addition. Data obtained for the oxygen additicact®ns is shown in Figure 4.10.
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Figure 4.10: Oxygen addition (left) and temperature profiligitt) at 100 psig.

The data set obtained in Figure 4.10, shows a ivegabnsumption for all heating

rates at later times. A possible explanation cdiddthe oxygen atoms attached to
carbon surface on the coke as oxygen functionalggoWhile coke burns, oxygen

attached to the molecular structure of coke alsopaoduced as carbon oxides. We
regret that we cannot provide further experimemtatence to support the idea.
Using the data set in Figure 4.10 along with terapee recording of Figure 4.7

the isoconversional procedure is applied anditigerprint generated is shown in

Figure 4.11.
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Figure 4.11:Isoconversional fingerprint faxxygen addition at 100 psig.

From Figure 4.11, LTO activation energy of 5000al is estimated fobxygen
addition.

4.3.2.2 Experiments at 150 psig

Experiments were repeated at 150 psig to obtaiooiseersional fingerprints and
activation energies. Figure 4.12 shows the oxgyamd recorded temperature at
various heating rates.
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Figure 4.12: Oxygen consumption (left) and temperature prdfight) at 150
psig.
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The oxygen data show a good consistency and amwaltes is made that higher
heating rates have high oxygen peaks. Using thgenxydata along with recorded
temperature, the isoconversional method is apptiebtain the fingerprint in Figure
4.13.
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Figure 4.13:Isoconversional fingerprint for oxygen at 150 psig

HTO activation energy is estimated around 8200®Ul/irhe HTO activation energy
for 150 psig is higher than that obtained for 18@ypvhich was estimated at 70000
J/mol. The produced carbon oxides data are algthgdhin Figure 4.14.
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Figure 4.14:Produced carbon dioxide (left) and carbon mormexityht) at 150

psig.
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The produced carbon oxides data also show a goosistency and therefore the
isoconversional method can be applied along wittongded temperature profile in
Figure 4.12. The amounts of produced carbon diexidee more than those of
monoxides at each heating rates as seen in Figlideabove. Also carbon dioxides
produced at each heating rate are almost doubkdothcarbon monoxides. Figure
4.15 shows the combined isoconversional fingerganbxygen, carbon dioxide and

carbon monoxide at 150 psig.
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Figure 4.15: Combined isoconversional fingerprints for oxygam produced
carbon oxides at 150 psig.

It can be observed from Figure 4.15 that, NTGR tf@ produced carbon oxides
fingerprints are shifted to the left of the NTGR okygen fingerprint. This

phenomenom has already been discussed for 100cpsig and same reason is
attributed to the 150 psig experiments. Also clpseximity of activation energy

values in the HTO region obtained for both carbgides and oxygen indicates that
carbon oxides production and oxygen consumpdan controlled by the same
reaction having an activation energy of around 8200nol. On the other hand in
LTO region, there are more than one controllingctieas for oxygen consumption
and carbon oxides production as isoconversionalysisado not yield the same
value. Also the fingerprints indicate another colliimng reaction with an activation

energy of 110000 J/mol at large conversions. Thewts of oxygen not used in the
production of carbon oxides is estimated at eacttiig rate and graphed along with

recorded temperature data in Figure 4.16.
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Figure 4.16: Oxygen addition (left) and temperature profiligitt) at 150 psig.
The oxygen addition data shows negative consumptigionefor all heating rates
in the 150 psig experiments at late times. We laite this difference to oxygen
addition onto coke surface. Using the oxygen aoitilata along with recorded
temperature, the isoconversional fingerprint inuFgg4.17 was obtained.

80000 T T T
..
L ]
Gop
®
60000 | ., 4
= .
g 'n..o Beto o Ssagee, o
3 . -
o 50000 ...t.. - =
2 "o e
£ 40000 va
w B . 7
c .
2 L .
© .
=
o oy
< o
20000 —
-0
. 4
[ )
. »
0 ! ! ! L
0 02 0.4 06 08 1

Conversion

Figure 4.17:1soconversional fingerprint for oxygen additianl&0 psig.
The LTO activation energy is estimated to be 500@@ol from Figure 4.17.
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4.3.2.3 Experiments at 200 psig

The RTO experiments were repeated at 200 psig t@irobisoconversional
fingerprints and activation energies. Figure 4.08vés the oxgyen and recorded
temperature data at various heating rates.
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Figure 4.18:Oxygen consumption (left) and temperature prdfilght) at 200 psig.

The oxygen data show a good consistency and amwbesn is made that higher
heating rate oxygen consumption peak is higher.

The temperature data, however, does not change #igcsame heating rates were
used and as seen clearly, the same minor errorsnaus in 100 and 150 psig
experiments are also observed in 200 psig expetsnésing the oxygen data along
with recorded temperature, the isoconversional otktls applied to obtain the
fingerprint in Figure 4.19.
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Figure 4.19:Isoconversional fingerprint for oxygen at 200 psig
HTO activation energy value of 100000 J/mol wasmated from Figure 4.19.
This activation energy value is higher than frevious estimated activation
energies from the oxygen conversion fingerprint tie 100 and 150 psig
experiments. An increasing trend of activation ggewith pressure increase is
observed. The produced carbon oxides are also gdaphFigure 4.20 and are also
used in the isoconversional analysis to generatgefprints as previously done in

the other two pressure experiments.
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Figure 4.20: Produced carbon dioxide (left) and carbon monoxitght) at 200

psig.
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Carbon oxides data in Figure 4.20 show carbon desiproduction are more than
monoxides as observed from previous experimeddtd. Using these data along
with the recorded temperature of Figure 4.18, soeanversional method is applied
and fingerprints obtained. In Figure 4.21, embed isoconversional fingerprints

of oxygen, carbon dioxide and carbon monoxide stiewn.
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Figure 4.21:Combined isoconversional fingerprints for oxygand carbon
oxides at 200 psig.

The trends observed from Figure 4.21 are consistatit those of previous
experiments. Figure 4.21 indicates three dominaattions having activation energy
values of 70000, 100000, and 130000 J/mol. NTGRHerproduced carbon oxides
fingerprints are shifted to the left of the NTGR axygen fingerprint.

This phenomenom has already been discussed inOherid 150 psig sections and
the same reason is attributed to the 200 psig ewpaets. Using the amounts of
oxygen not used in the production of carbon oxidesstimated at each heating rate

and graphed along with recorded temperature ddtagure 4.22.
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Figure 4.22: Oxygen addition (left) and temperature profiligiit) at 200 psig.

The oxygen additon data shows a negative consampgigion for all heating rates

in late times. Again possible explanation may ta,tm the initial stages of oxygen

addition, some amounts of oxygen are stored inaraxdxygen bonds and this may

lead to extra oxygen within the system. Using tRggen addition data along with

recorded temperature, the isoconversional fingetjmi Figure 4.23 was obtained.
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Figure 4.23:1soconversional fingerprint obtained for oxygemligidn at 200 psig.

An LTO activation energy of 50000 J/mol is obtained
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4.3.2.4 Experiments at 250 psig

Finally, the RTO experiments were repeated at 260 fw observe any changes in
the isoconversional fingerprints and activationrggeralues. The oxygen data along
with recorded temperature are graphed in Figuzé.4.
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Figure 4.24: Oxygen consumption (left) and temperature pedfiight) for 250
psig.
The temperature data and the oxygen consumed stgmodiconsistency in Figure
4.24. Using the oxygen data and their tempeeapuofiles, the isoconverisonal

process was applied and the fingerprint in Figu 4vas obtained.
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Figure 4.25:Isoconversional fingerprint for oxygen at 250 psig
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HTO activation energy value of 110000 J/mol wagestied from Figure 4.25. This
activation energy value is higher than the presi@stimated activation energy
from the oxygen conversion fingerprint for 10801and 200 psig. This suggests an

increase in activation energy with correspondimgyeéase in pressure.

The produced carbon oxides are also graphed inréigu26 and are also used in the

isoconversional analysis to obtain fingerprintgesviously done in the other three
experiments.
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Figure 4.26: Produced carbon dioxide (left) and carbon monogiigat) at 250
psig.

From the carbon oxides data in Figure 4.26, thewsnsoof carbon dioxide are more
than that of monoxides as seen from previous exyrial data.

Using these data along with the recorded temperatfr Figure 4.24, the
isoconversional method is applied and fingerpriotdained. In Figure 4.27, a
combined isoconversional fingerprints of oxygenrboa dioxide, and carbon
monoxide are shown.
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Figure 4.27: Combined isoconversional fingerprints for ga&g and carbon
oxides at 250 psig

Fingerprints obtained for the carbon oxides dofitahe NTGR of oxygen but it is
an expected behaviour since in the LTO region sooresumed oxygen is used to
form water and other unknown reactions. Again aermdlance is employed on the

oxygen and carbon oxides data to find the molaruartsoof oxygen used for oxygen

addition reactions. We obtain the raw data in Fegli128.
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Figure 4.28: Oxygen addition (left) and temperature profilglit) at 250 psig.
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We observe negative consumption in the oxygen datareviously seen from the
other experiments. Using the raw data for remainmgygen and recorded
temperature values, we used the isoconversiondhnigge to generate the

fingerprint in Figure 4.29.
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Figure 4.29:Isoconversional fingerprint obtained for oxygemiéidn at 250 psig.

In this case, we were unable to estimate an amivanergy for the LTO reaction.
We attribute this issue to experimental error. Wepgct one of the experiments is

inconsistent.

Cinar (2011) explains that, inconsistent reactimay result from allowing sample to
wait in a reactive environment for a few hours with beginning experiment. This

may lead to changes in the oxygen consumption aatireleased.

Secondly, if packing of the sample differs fromatlsets of experiments, the oxygen
consumption curves may show different trends. Athepunforseen mistakes in the

sample preparation or experimental setup may abs o inconsistent results.
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4.4 Comparison of Isoconversional Results at Diffent Pressures

Figure 4.30 shows the oxygen consumption, carbordesx production and

temperature profiles obtained at 1.62 K/mim heatatg for all operating pressures.
A good consistency is established in oxygen consiompcarbon oxides production
and programmed temperature profiles. It seems #ienated consumption and
production values are quite close.
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Figure 4.30: Oxygen consumption, carbon oxides production amgpéerature

profiles at 1.62 K/min for various pressures.

Here, we compare all oxygen fingerprints obtainetha various pressures of 100,
150, 200, and 250 psig to observe pressure effeattivation energy values. Figure
4.31 shows the isoconversional fingerprints forstoned oxygen obtained at various
operating pressures used in this study.
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Figure 4.31:Oxygen fingerprint comparisons at 100, 150, 200, 250 psig.

Figure 4.31 gives a clear trend that for the HT(Bafi Raman crude oll, effective

activation energy increases with increasing pressur

Table 4.2 shows the estimated activation energyegabbtained in the HTO regions

using the isoconversional fingerprint diagrams igiuFe 4.31.

Table 4.2: HTO activation energies evaluated with the iseessional method.

Pressure HTO
Psi J/mol
100 70000
150 82000
200 100000
250 110000
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4.5 Comparison of Fassihi and Isoconversional Regsl

Average activation energy for various heating rades particular pressure were
calculated in Table 4.1 for Fassihi's method ie HiTO regions and compared with

activation energies evaluated with the isoconveaimethod in Table 4.3.

Table 4.3:Comparison of HTO activation energies evaluatetth Wassihi and
Isoconverional methods

Pressure Fassihi Isoconversional Deviation
psig (Averaged) Analysis

J/mol J/mol (%)
100 85000 70000 21.4
150 108000 82000 31.7
200 115000 100000 15.0
250 140000 110000 27.3

Fassihis Method- Isoconver®nal Method

Deviation= _ 4.32
Isoconver®onal Method ( )
Therefore at 150 psig,
. 108000- 82000
Deviation= =0.317(31.7%
82000 BL.7%) (4.33)

We have intentionally used the word deviation iadteof error to avoid any

controversies.

We used Equation 4.32 in the calculation of degratiof activation energies
estimated with Fassihi’'s method and the isoconwasadi method. By the use of
Equation 4.32, column (4) of Table 4.3 was obtairteguation 4.32, illustrates the
calculation procedure at a pressure of 150 psigvfach a deviation of 0.317 (31.7
%) was obtained. Average deviation as shown in @48 was calculated from the

total sum of the deviations and divided by fougiwe 24 %.
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4.6 Reaction Models at Various Pressures

Reaction models for Bati Raman crude oil are predaost all operating pressures.
Using molecular weight of oil (500 g/gmol), H/Ctices, LTO and HTO ratios of
CGO,/CO and Q/CO,; the atomic mole ratios and molar mass of cokecatculated
based on the reaction model proposed by Cindrl{2@hich is based exclusively
on the various reaction regions shown on the isee@ional fingerprint. The model

is described by Equation 4.34:

Reaction 1: Oil +s,,0, —*>s,,Coke +s,;H,0+s,,CH,
Reaction 2: Cokg +5s,,0, —s,,CO, +5,,CO+s,,H,0
(4.34)
Reaction 3:  Cokg —%—s,,Coke,
Reaction 4: Coke +s,,0, —“—>s,,CO, +5,,CO+s,,H,0

S, represents the stoichiometric coefficients. Thst freaction is termed as the
oxygen addition reaction. The reaction betweeraond oxygen produces coke, water
and little amounts of methane which is usually aetdd during the balancing of the
molar atoms in reaction. Reaction one occurstlie LTO region. The second

reaction also occurs in the LTO region and leadsréaluction of carbon oxides and
water as its products. The third reaction occurshan negative temperature region
where the oxygen consumption reduces even as tatopetincreases. The reduction
in oxygen consumption may be attributed to the eszghe first coke formed in the

LTO region which eventually gets deposited on tbekrmatrix but ends with a

reduced molecular weight as cek€&inally, in the HTO region reaction four occurs
as the oxygen reacts with the second coke depamitéide rock matrix. The products
formed are carbon oxides and water. The variowpgeed reaction models at
different operating pressures are summarized vi@tjuations 4.37-4.40. H/C ratios,

CGJ/CO and @QCO ratios used in the reaction model formulati@me also

discussed in subsequent sections.
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4.6.1 H/C ratios

H/C ratios are estimated from the molar amountsohsumed and produced gases.
H/C ratios are required in estimating the air regmients and also in obtaining
molar ratios in the oxidation reaction of the cruae Here we assume that all the
oxygen molecules that do not form carbon oxidesnfawater. The number of

hydrogen (H) and carbon (C) are estimated from Eoost 4.35 and 4.36

respectively.

4 > 0,-C0,-C0O/2
=4 22.4

H (4.35)

Here, o, is total oxygen consumption in standarersitCo, andCO are total

carbon dioxide and carbon monoxide productionamdgard liters.

. > (€O, +CO)

4.36
224 (4.30)

Applying Equations 4.35 and 4.36, the estimatéd thlues are recorded in Table
4.4.

Table 4.4:H/C ratios estimated at various pressures.

Pressur 240 2.2 1.9C 1.7C 1.62 Average
Psi K/min K/min K/min K/min K/min

100 - 1.85 1.74 1.71 1.49 1.70
150 1.64 1.51 1.7¢ 1.5¢ 1.5Z 1.€0
20C 1.77 171 1.7¢ 1.5C 1.81 1.71
25C 1.5 1.84 1.64 1.8¢ 1.67 1.70

4.6.2 CO2/CO and Q/CO ratios

These ratios were obtained from the plot of tinterwvals for LTO and HTO regions
vs CQ/CO and Q/CO ratios using the 1.62 K/min heating rate foctheaperating
pressure used. The 1.62 K/min expirements wereechbscause they usually span a
much greater time. It must be mentioned that, foCO ratio we use
0,=CQ,+CO0/2 in the ratio calculation. Plots of GQO, G/CO vs time in HTO
region are shown on Figure 4.32. From the plotsthaight line portion is chosen as
the ratio for each of them. Using this method,»@® is 2.4 and &CO is recorded
as 1.2 for 1.62 K/min (100 psig). Table 4.5 summesithe ratios obtained at the

different operating pressures.
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Figure 4.32:CO/CO and Q/CO ratios vs Time for 1.62 K/min (100 psig).

Table 4.5: CO/CO and Q/CO; ratios estimated at various pressures.

Pressure LTO LTO HTO HTO
Psi COJ/CO 0OJ/CO, COJ/CO 0/CO,
10C 1.5C 1.3¢ 2.4C 1.2C
15C 1.61 1.3C 2.4C 1.21
200 1.55 1.32 2.30 1.22
250 1.66 1.32 2.42 1.21
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4.6.3 Reaction models proposed

Formulation of stoichiometric reactions 1 to 4 Eaquation 4.38 are briefly explained
using isoconversional results obtained for 150 pestgeriments given in section
4.3.2.2. Stoichiometric coefficients for the Reawt#4 is obtained from the average
02/ CO and @/ CO ratios in the HTO region. The same ratios, thigetin the LTO
region, are used for the stoichiometry of the Rea.

Using the molar mass of oil (500 g/gmol), H/C raaod mole balances for oxygen,
water and cokg stoichiometry for the Reaction 1 is obtained.alyn the ratio of

molecular weights of cokdo coke is used to formulate the Reaction 3.

Evaluation of activation energies b E; are also explained briefly using 150 psig
data. For the Reaction 1 (oxygen addition reac}jos (50000 J/mol) is obtained
from Figure 4.17 for the oxygen addition reacti@mturring in the LTO region
(0.2-0.4) where a stabilized region is observéf. (70000 J/mol) was obtained from
Figure 4.15 in the stabilized LTO region (0.1 -)0amhere carbon oxides production
are dominant. £(110000 J/mol), which generally develops much laiae to a
possible shift in a dominant reaction with incregstemperature, was obtained in
HTO region (0.8 - 1) from Figure 4.15. Finally; 80000 J/mol) was obtained from
Figure 4.15 in the HTO region (0.6 — 0.8) wheretabitized region is observed.

These steps were followed for all reactions abpdirating pressures.

Reaction model — 100 psig

Reaction 1: Oil+18940, —% »1740Coke+2698H,0 E, =50000 J/mol

Reaction 2: Coke+20, —¢515CQ +CO E, =60000 J/mol
Reaction 3: Coke—¢—17%Coke E,=70000 J/mol (4.37)

Reaction 4: Coke+120, —“>CQ +04CO E, =70000 J/mol

MW, =303/ gmol MW, =168g/gmol
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Note thatactivation energy for reaction three could not beevved for 100 psig. In
this case reaction three is much faster than @adtur and the two reactions are
probably controlled by the same mechanism andefber same HTO activation

energy of 70000 J/mol is estimated for both ieast
Reaction model — 150 psig

Reaction 1: Oil +17530, —%16.85Cokg +3506H,0 E, =50000 J/mol

Reaction 2: Cokg + 210, —216CO, +CO E, =70000 J/mol
Reaction 3: Coke —<—»183Coke, E,=110000 J/mol  (4-38)
Reaction 4: Coke + 1210, —»CO, + 042CO E, =82000 J/mol

MW, =31g/gmot MW, =17.04g/gmol

Reaction model — 200 psig

Reaction 1: Oil +18490, —+17068Coke+36984,0 E, =50000 J/mol
Reaction 2: Coke+ 2050, —5155CQ, +CO  E, =70000 J/mol

Reaction 3: Coke—<—177Coke E,=130000J/mol (4.39)
Reaction 4: Coke + 1220, —CQ, + 044CO E, =100000J/mol

MW, =30069/gmo] MW, =1728y/gmol
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Reaction model — 250 psig

Reaction 1: Oil+17530, —%—1685Coke+3506H,0 E, =50000J/mol

Reaction 2: Coke+ 210, —¢—16CQ, +CO E, =70000J/mol
Reaction 3: Coke—%—183Coke E,=110000J/mol (4.40)

Reaction 4: Coke+ 1210, —“—CQ + 0420 E, =82000J/mol

MW, =31g/gmal MW, =1704g/gmol
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5. CONCLUSIONS AND FUTURE RESEARCH

The RTO experiments were conducted with Bati Ramraide (12 API) and gas
composition curves obtained from plotting gas com@ion versus time at each
heating rate at different pressures all showedethliferent reaction regions (LTO,
MTR and HTO) as observed by Fassihi (1981), Fassial. (1984b), Bgci (2005),
Moore et al. (1997), Cinar (2011), and several otheestigators in their kinetics
studies. Conventional model by Fassihi (1981) éwed isoconversional method were
applied to estimate activation energy for Bati Rarneude. The experimental results
indicate that during LTO, not all consumed oxygsenused for the formation of
carbon oxides but rather other competing reactmswur which makes use of the
consumed oxygen. The isoconversional fingerpriatsstich competing reactions in

the LTO region were generated.

Comparison of oxygen consumption at various hegatates indicates that peak
oxygen consumption increases with increasing hgatiate. Isoconversional
fingerprints obtained using consumed oxygen atvémgous pressures confirm that
estimated values of activation energy increase wittssure increase. From Table
4.1, at a particular fixed pressure, activationrgmes decrease with increasing
heating rate and a trend of activation energy mseewith pressure is observed for
Fassihi’'s method. Bei et al. (1987), Bgci (2005) conducted kinetic studies on Bati
Raman crude with crushed limestones and observauceagase of activation energy
with pressure in the HTO region using Fassihi'sthod. For the five heating rates,
Fassihi's method gives five different activation eggy values whereas the
isoconversional method gives only one activatioargy value. An increasing trend
of activation energy with pressure increase ieoled for both methods as shown
by Table 4.3. Another observation is that, averaffective activation energies
estimated with Fassihi's method are higher thapnseh obtained with the
isoconversional method. Average activation energyiation of 24 percent is

calculated between both methods. Although the a@eeeectivation energy deviation
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between both methods does not seem too much insthdy, the isoconversional
method has the advantage of distinguishing diffemegions of reactions in its
fingerprint as seen from the results of the varidmgerprints generated at the
various operating pressures. Perhaps the only \disgage of the isoconversional
method is the series of kinetics runs (five) tha&eds to be conducted. This
disadvantage does not represent a gain for thahfassiethod because, Semenov
(1935) and Kovscek et al. (2013) asserts thatnglesireaction or characterization is
insufficient to fully probe the complex and numesaeries (parallel) reactions, as

well as the highly exothermic reactive transpdrattare characteristic of ISC.

Reaction models were proposed for Bati Raman cmitleoxidation at various
operating pressures. The reactions at various ymesshows a good consistency
from the estimation of reaction species ratios. rage H/C ratio of 1.7 was
estimated for all experiments at various pressirms Table 4.4. Average C{TO
ratio was estimated as 1.6 from Table 4.5. Averagkecular weights for Cokeand
Coke were estimated as 30.88 g/gmol and 17.04 g/gnsgedively The almost
identical values for these ratios at all operatmgssures may be attributed to the
sandstone matrix used in the experiment. We belilegesandstone matrix does not
not take part in the oxidation reactions and hehedow values. Bgci et al. (1987),

in their comparative study of matrix effect wittatB Raman crude concluded that,
sandstone matrix produces less (twice lower) thewants of CO2/CO and H/C ratio
in limestone matrix for a 17°8API oil. Perhaps, the close proximity of the
stoichiometry of the reactions at various pressumgigate a good trend of consistent

reaction schemes.

Finally, using the isoconversional fingerprint atigation energy vs conversion, the
Bati Raman crude oil is predicted as a good catedfta combustion in a sandstone
matrix as the generated fingerprints does not déxlitny energy barriers in their
negative temperature regions (NTGR). Sandstoneibmigtrused in this study for
reasons such as: owing to the very large perméabiliour sandstone, we eliminate
the effects of oxygen diffusion and target the tieackinetics of the Bati Raman oll
itself. Within the literature, it is reported thatude oil oxidation in limestone
environment is complex and therefore for academirp@ses and as a start, we
believe there is a justification to use sandstoa¢rimeventhough Bati Raman Field

lithology is mostly composed of limestone rockima
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Future research work will concentrate on the kinstudy of Bati Raman crude in
limestone matrix to observe the reactions and pressffect on activation energy
values in comparison with the homogenous sandstoaieix used as well as with
varying particle size. Matching of kinetic experma& results to simulated data and

upscaling of laboratory results to field scale Wil looked at.
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