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Abstract

Since most easy oil has been produced, theaa isicreased interest in enhanced oil
recovery methods, e.g., in-situ oil combustion. @mbustion in its current form was
first patented in 1953, by R.L. Smith and K.M. WatsIt has not seen widespread use,
because controlling the process is considered g#figult, and explosion hazards and
corrosion in wells made thermal oil recovery by @&ymg steam, which was also
developed in the fifties, more popular. Neverthglea steady stream of research
continued to be done throughout the years.

Experimental and modeling work largely focused the so-called longitudinal
behavior, which describes the process in the fdrenwave-train related to a propagating
combustion zone. In practice, however, the overofdmjected air implies the existence
of reactive and transport processes perpendicolahé main direction of gas flow.
Therefore, this paper embarked upon an experimstudly of oil combustion processes
occurring below and perpendicular to the overridygag stream.

A T-shaped quartz-reactor is used, of whichvirical part is filled with a mixture of
sand and oil. An electrical resistance wire wasdute heat up the interface of the
overriding gas-stream and the oil-saturated sahdwa The composition of the effluent
gas was recorded using a gas-chromatograph. Thpetatare in the vertical part is
recorded using thermocouples.

From the produced data, a theoretical modeliggyssted describing the reactions and
transport phenomena occurring perpendicular tontaen gas-flow direction. Both low
temperature oxidation and high temperature oxidatice observed. Air is transported
through the sand by thermally driven natural cotieecand diffusion. Coke formation is
observed. From the coke formation observed whemgusure hexadecane it is inferred
that a mechanism exists that forms coke directiynfihydrocarbon components that are
in the gas-phase. An experiment using glass beadsporous medium instead of sand
proves that this mechanism also takes place imbsence of potential catalysts. The
amount of coke and the amount of transport of orytgethe combustion zone can both
limit the continuation of the combustion. Whichh& case depends on what oil is used.
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Introduction

Much of the world’s ‘easy oil’ has already bgamoduced. This has led to increasing
attention for heavy oil. The Canadian Athabascaaiids currently contain 10.7% of the
world’s proved oil reservésLarge quantities of heavy crude are also presksetwhere,
like for instance in the Orinoco belt in Venezueldermal methods for enhanced oll
recovery are required for unlocking the potentiatheese heavy oil reservoirs and oil
sands. In-situ combustion is a technology very aflgt for thermally enhanced
production of heavy oil.

The idea of underground combustion dates bad88&8, when Mendeleev suggested
injection of air into a coal seam in order to proglcombustible gas front.itApplication
of underground combustion to oil reservoirs istfitescribed in a US patent from 1823
It explains the concept of generating heat in thdeuground cavity at an oil well by
injecting air and combustible gas, followed by tomvective displacement of generated
heat into the surrounding rock by injection of ingas. The first field application dates
back to 1934, when Russian engineers performed fiests employing a similar
downhole combustion technideEven though difficulties with igniting the oil ased
the field tests to be considered failures, theydkdonstrate that combustion can occur
within the porous structure of an oil-bearing saods. In 1947 a team of researchers
from Sinclair Oil and Gas Company was assignechvestigate thermal methods for oll
recovery. Their work formed the foundation of tlmesitu combustion process as we
know it today. This process, involving a combustisupported heat wave and a
combustion wave, is first proposed in a US pateting from June 1953Field tests and
experimental work corroborated the conceptual idéasarticlé published in “The Oil
and Gas Journal” of August 1953 by researchers fagnolia Oil Company showed
they too had been working on in-situ combustioneylarrived at similar conclusions
only months after the patent had been filed, k&t the in-situ combustion process forms
a feasible thermal recovery method. As the proesssfurther developed and more field
tests undertaken, engineering difficulties were oentered. Some of the problems
encountered are explosions in the production fesli heavy corrosion, sand production,
liquid blocking and gravity segregationrBecause of this, steam injection is the most
employed thermal recovery method nowadays. Howelwgther development of the
understanding of the underlying processes of im&dimbustion continued throughout the
years, with much attention for the kinetic behavidore recently the concept of Toe to
Heel Air Injection (THAI), which combines a verticair injection well with a horizontal
producer, has been proposed and experimentalseshdtv potential for its application in
bitumen- and heavy oil productitn

On a basic level the in-situ combustion pro@Esaprises injecting air into a reservoir,
igniting the oil at the injection well and propaigat of the combustion front by continued
air injection. What happens in the reservoir is ownly conceptualized as a sequence of
propagating zones at different temperatures whidiereht phenomena occur (Figure 1).
The maximum temperature is encountered in the cetidyuzone where the combustion
takes place. The burnt zone has been swept bydmbustion wave, leaving behind
mainly clean sand. Just ahead of the combustioe high temperatures cause in-situ
cracking of the oil, resulting in deposition of eo&n the matrix surface.



Gaseous- and liquid hydrocarbons which now flow eneasily with their viscosity
thermally lowered are swept downstream of the catibn front. As the temperature in
the reservoir decreases with increasing distanm@ fthe combustion front, gases will
condense resulting in a zone with elevated oilraéitbn. Around the combustion zone, a
heavy fraction separates from a lighter fractiore da distillation. Thermal cracking
breaks large molecules into lighter hydrocarbonse b these effects, the oil in the oil
bank is upgraded with respect to its original stétevill have a lower density, be less
viscous and consist of relatively more saturatesaomatics, with respect to resins and
asphaltenes. The water, which is originally presethe reservoir or produced by the oil
combustion reactions, will also be swept away ftbecombustion front in a vapor state
and condense downstream.

Kinetic effects that are commonly distinguishe@® pyrolysis effects and oxidation
reactions. Realistically the nature of crude oisasscomplex that individual modeling of
each component is not feasible for simulation psegso Hence, pseudo-components are
commonly used. Several kinetic models are fountthéniteraturé'®. Pyrolysis processes
that are commonly distinguished are distillatioisbveaking (mild cracking) and (heavy)
cracking®. Oxidation reactions are separated into low-terupee oxidation (LTO) and
high-temperature oxidation (HT&)® The latter is the complete combustion, at high
temperatures, of heavy oil residue and coke. Thendo is the oxidation of liquid
hydrocarbons at lower temperatures, resulting m fibrmation of alcohols, ketones,
carboxylic acids and other partially oxidized hycharbond®. Both reaction types occur
simultaneously at intermediary temperatures; th@ptrature determines which reaction
is dominant.

Gravity override of injected gas occurs in itustombustion (Figure 2). Nevertheless
most previous theoretical work considers the in-sdmbustion process as a longitudinal,
one dimensional problem. The propagation directibthe stream of injected gas and the
various propagating waves are the same. The wasepted here focuses on the thermal
and chemical processes occurring in the directierpgndicular to the main gas flow
direction. An experimental setup has been builtylmch air flows through the horizontal
part of a T-shaped quartz tube in which the vedrpeat is filled with an oil-sand mixture.
At the interface between the vertical and horizbptats of the tube, injected gas flows
over the oil-saturated sand. This emulates thatsiio where gas in a reservoir overrides
the reservoir liquids. It also resembles the sitma¢ncountered in a THAI setup, where a
combustion front adjacent and parallel to a vekjes stream propagates laterally. Clear
understanding of this perpendicular behavior presidhe knowledge necessary to
accurately simulate the in-situ combustion proceD or 3D models.

First the experimental setup and proceduresdaszribed. Next the results of the
experiments are presented. Then a discussion akthts and conclusions of the work
follow.



Experiment and results

Experiment

An experiment has been devised with the purpbsdserving the processes occurring
during in-situ combustion in the direction perpendar to the flow direction of the
injected gas stream. A T-shaped quartz tube is asareactor. Its vertical part is filled
with a mixture of sand and oil. Sand containingl$éplars, of the same batch, is used for
each experiment. When packed in the reactor thespgr(42.7%) is determined from the
volume of the vessel, the densities of air and siame& and the weight of the sand in the
vessel. Three types of oil are used, a heavy, medamd light oil. Additionally,
experiments are done with pure hexadecane as robdd€&he densities and API gravities
are given in

Table 1. Furthermore, an experiment with hexadecghess beads with a 6ot
diameter, and nitrogen injection is done to gaitraexnsight in the coke formation
process.

Experiments with injection of normal air and lwihjection of nitrogen are performed.
Figure 3 shows a schematic representation of thepseThe injected gas first passes
through a back-pressure valve (1) which is setwo bars absolute, then through a
regulating valve (2) that is used to control thewflrate. A buoyancy-based Matheson
FM-1050 flow meter (3), calibrated with a Sierra &tmmTrak 2 mass flow meter,
measures the flow rate into the reactor (4). Nlegtgas flows into the reactor. At the exit
of the reactor the pressure is determined by mebasnanometer (5). The effluent gas is
directed through a glass bottle (6), which is dilleith cotton wool to capture oil droplets
in the gas stream. This is necessary to avoid nantdion and blockage of the flow lines
and the columns of the gas chromatograph. Justéoélie gas enters the gas analyzer it
flows through an extra gas liquid separating filfé) that is connected to the analyzer.
The gas analyzer is an Agilent 3000 MicroGC. It basen calibrated with a calibration
gas mixture and pure air.

Three thermocouples (8) are positioned in thtereof the vertical tube, into which the
oil-sand mixture is loaded, to monitor the tempamatat three different positions during
the experiments. They are inserted through a ruplogrthat closes off the bottom of the
vertical part of the quartz tube. The upper thermoupte measures the temperature at the
interface between the sand-oil mixture and the gfesam, where the horizontal and
vertical parts of the tube meet. The other therraptes measure respectively one
centimeter and two centimeter below the interfA@mperature data are recorded each
second. The top of the reactor consists of a cangagtrusion through which the tube
can be loaded with sand and oil. After filling, aagtiz plug with a convex end that
exactly fits this protrusion is clamped onto thaater in order to close it off. The top of
the intersection of the horizontal and verticatparf the tube are wrapped in an electrical
heating cord (9), which can be set to temperatupeso 900°C. An electrical power



source with adjustable voltage is used to setehgperature. Finally, the heated part of
the reactor is insulated using stone-wool fixecdhviigat resistant tape.

For each experiment the reactor is loaded withixdure of sand and one of the crude
oils or hexadecane. The mixture is made such kmaliquid saturation is 50%. Once the
reactor is loaded with the mixture, the top is etbsvith the plug and clamp, and the
heating cord is wrapped around the intersectior ddrd is wrapped in such a way that
the upper two centimeters of the vertical partyvall as two centimeters of the horizontal
part directly upstream of the intersection, aretéwtaThen the stone wool is applied
around the heated area as insulation.

The initial flow is set to 390 ml/min for experents with air, and to 800 ml/min for
experiments with nitrogen, as these rates givestnae reading from the Matheson
buoyancy flow meter. The flow rate is not manuakyanged throughout the experiment.
As the pressure in the reactor increases, the fader decreases to 20 ml/min for both
gases. The pressure is kept constant throughowxieriment. The pressure attains, and
stays at, a value of 1.80 bar for each succesgpgranent. If the pressure is lower the
set-up is leaking, if it is higher there is liquidlocking, caused by condensing
hydrocarbon components in the capillary tube tla@td$ to the gas chromatograph.
Therefore experiments for which the pressure desifiom 1.80 bar by more than 0.05
bar are aborted and considered failures.

Injected gas flows through the reactor and tlesgure rises to 1.80 bar before the heat
source is activated. For the experiments with géroinjection, the reactor is first purged
until only trace amounts (under 0.2 mol%) of oxygee left. The temperature of the
heating cord is set to 900°C for all experimentse Rctual experiment starts when the
heat source is switched on. Temperature data aredséach second and gas samples are
taken and analyzed each five minutes. The expetimencontinued until the
concentrations for each component are close to dhigiinal values.

The mass of coke that is deposited in each ef dkperiments is determined by
weighing a sample of coke-covered sand and weigagain after removing the coke by
heating the sample in an oven to 1@nder oxidizing conditions.

Results

All experiments show a sequence of reaction gsses occurring in the sand
perpendicular to the main flow direction. Cleand@nobserved near the interface after
air injection experiments. Such clean sand is nogeoved after nitrogen injection
experiments. The presence of hydrocarbon gas ieftheent gas, produced as a result of
cracking, indicates that while passing through txélation zone in the air injection
experiments these gases are not oxidized. Sandhich woke has been deposited is
observed for all experiments. In the experimenhwiiass beads, coke formation is also
observed. The relative volumes of clean sand akd twat have been produced in each
of the sand-experiments are schematically depict&igure 4.

Figure 5 to Figure 12 show graphs of the tentpegaand compositional data for the
experiments. The maximum values for oxygen consiomptarbon mono- and dioxide
production and hydrocarbon gas production for eagberiment are found in Table 2.
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Generally, carbon monoxide is formed first befowrbon dioxide is observed. An
exception is the light oil experiment, for whichlyprcarbon dioxide is formed. The
maximum concentrations of carbon mono and dioxide amost equal for heavy and
medium oil, but for hexadecane the maximum carboonoxide concentration is
approximately twice the maximum carbon dioxide @nrication. The hydrocarbon gases
are produced simultaneously with the carbon morexadd start to disappear when
carbon dioxide is formed. More oxygen is consumeahtrequired for the produced
guantities of carbon mono- and dioxide. The obskprecesses resemble those observed
in combustion tube experiments.

For nitrogen injection experiments the produgedntity of hydrocarbon gas is lower
than for the corresponding air injection experinentith the exception of the light oll
experiment, for which exceptionally large quansitief hydrocarbon gas are produced
during the nitrogen experiment but almost nonerdyuthe air experiment. Trace amounts
of carbon dioxide and oxygen are found for eacthefitrogen experiments.

The analysis of the effluent gas indicates thactions begin at different times for
different experiments. The formation of carbon made coincides with the formation of
hydrocarbon gases in the air experiments. The maxinamounts for the different
hydrocarbon gases also coincide Table 3 showsirtiestat which the peak values are
observed.

In the graphs of the temperature data, T1 reptsghe temperature at the interface, T2
the temperature one centimeter below it and T3t¢hgerature two centimeters below
the interface. R1 to R3 are numerically determitexhperature rates of temperature
change. The temperature increase is caused byieddtteating and chemical reactions.
For the air experiments, the highest temperatuceirscclosest to the interface between
the sand and the overriding gas stream, with tiee@ion of the heavy oil experiment for
which the highest temperature after some time entered at the thermocouple one
centimeter below the interface. This is becauger abme time, when the sand level has
dropped due to consolidation as oil is displaced axidized, this thermocouple is no
longer covered by sand. For nitrogen experimentssitally is the thermocouple one
centimeter below the interface that shows the lagtemperature after some time. The
maximum, minimum and average temperatures are foumdble 4.

For early times the maximum temperature ratebgerved for the thermocouple closest
to the surface. The rates steeply increase to dr200°C where they level off. The rates
for the heavy oil experiments show steep dips 8fCOSpikes in the rate to some degree
are observed in all experiments. These occur diries that compositional data indicate
that reaction processes are occurring. It can Isergbd at a single thermocouple or at
multiple thermocouples simultaneously. This behaws more pronounced in the air
experiments than in the nitrogen experiments. Acepkon is the nitrogen experiment
with light oil (Figure 10), which displays a strdpgpiking rate for the thermocouple at
the interface throughout most of the warm-up periddhe temperature at this
thermocouple is lower than the temperature at therahermocouples for the duration of
the spiking rate behavior, but increases as tleestabilizes. Higher rates are observed in
the air experiments than in the nitrogen experiment

The quantity of coke that is deposited for eaxperiment, in grams per kilogram of
sand, is found in Table 5. For the experiment vaithflow and hexadecane, after the
experiment no zone with continuous coke deposisarbserved, but a zone with patches



of coke dispersed throughout the sand. Both belod a@bove the zone with the coke
patches, zones with only clean, dry sand are foAhdhe lower end of the vertical part
of the reactor, a zone of liquid saturated sarubsgerved.

Discussion

First and foremost, the experiments have shohat Dxidation reactions occur
perpendicular to the main gas flow direction. Irdma of Figure 5 to Figure 8 shows
that in all experiments where air is injected oxyge consumed and carbon monoxide
and carbon dioxide is formed. Moreover, for allinjection experiments a zone of clean-
burned sand can be observed (Figure 4). This isobgserved in the corresponding
nitrogen injection experiments in which only colkerered sand is observed. This further
corroborates that a combustion reaction must hagerced. The lack of produced carbon
mono- and dioxide in the nitrogen experiments shihasthese experiments can serve to
study only thermal processes, i.e., evaporatiotilditon and cracking, without the
interference of oxidation.

Figure 13 shows a schematic depiction of theatibn in the vertical part of the tube
after some time. It illustrates the various reac@md transport processes that play a role
in this set-up. The interface with the overridingected gas stream is located at the top of
the zone with gas-bearing sand. On the left a salietemperature profile is shown. The
dashed line indicates how temperature increaseb tuime, as conduction slowly
distributes heat deeper into the lower end of #ector. This continues until a steady
state situation between generated and lost heagaished, at which point the vertical
temperature profile no longer changes.

Initially the whole vertical tube contains a ituise of sand with one of the crude oils or
hexadecane. Figure 14 schematically shows whiclctioss occur in different
temperature intervals. Reactions with oxygen arehenleft, reactions without oxygen,
but only resulting from heat, on the right. The pamatures that are shown in this figure
are indicative values and vary for each crude ©He processes are not mutually
exclusive; they overlap and compete with each ofiemperature dictates which of the
processes are dominant at any given time. As thedmirce is turned on the temperature
increases and evaporation of lighter componentseamees, effectively distilling the oil.
As the temperature further increases, more ofithed phase evaporates and the volume
of the gas-bearing zone extends vertically. Consetgilly, a heavy fraction of the liquid
phase that does not evaporate at the current tatopers left. With further increase of
the temperature, cracking and coking begin. Crackorms lighter hydrocarbons, as
observed in the effluent gas of the experimentsarRaegement of molecules,
dehydrogenation and polymerization all are pathefcoking process. Ultimately all that
is left in the reactor is coke and sand.

The presence of a vertical temperature gradmplies the presence of successive
zones where different processes are dominant. @of@med in the upper zone, where
the temperature is high enough to crack any prebgdtocarbon components. For
hexadecane, a zone where all liquid has evapotaiedvith temperatures too low for
cracking is found below it, followed by a zone waHiquid phase. For the oils, there is
coke-covered sand up to the depth where therdigsiid phase. In Figure 13 this would
imply that the cracking zone’s lower boundary cales with the gas-liquid interface.
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The gas-liquid interface slowly moves downwardshaat penetrates deeper into the
vertical tube and more of the liquid phase evagstat

For the oxidation reactions we distinguish highmperature oxidation (HTO) and low
temperature oxidation (LTO). The upper part of egtical tube will eventually be at
temperatures in the range necessary for HTO, ombastron. The fact that three out of
four figures with the compositional data for the experiments (Figure 5 to Figure 8)
show an initial carbon-monoxide peak followed bgasbon dioxide peak indicates that
for those cases there initially is incomplete costlmn, followed by complete
combustion as temperature further increases. Thepéwn is the light oil experiment
(Figure 6), which displays an early carbon dioxmsk and no carbon monoxide peak,
but does produce a 1.3cm long zone of burned-cdaad (Figure 4), which is probably
connected to the relatively large quantities ofrogdrbon gas that distill from the light
oil. Hexadecane shows a larger peak for carbon mdaothan for carbon dioxide,
indicating a stronger degree of initial incomple@mbustion followed by complete
combustion.

Deeper down the vertical tube, temperatures drefow the value required for
combustion. The presence of coke-covered sandwhtble® sand that has burned clean in
the air experiments, indicates that coke is stiinfed at the lower temperatures
encountered here (Figure 4). These temperatureslsoewithin the range where low
temperature oxidation occurs. Since low temperataradation reactions are
homogeneous reactions between dissolved oxygenligumid hydrocarbons, they can
only occur in a relatively small region near the-gjguid interface, of which the extent is
determined by the diffusion coefficient for oxygianthe liquid phase. LTO reactions are
exothermic reactions, so the heat they generateases the temperature at the interface
and assists in evaporating liquids, moving therfate further down.

In the vertical tube both free convection anfffudion occur. Since there is a vertical
temperature gradient, there will be thermally dnifeee convection in the gas-bearing
sand volume. Moreover there will be diffusion igas phase, which is relatively fast at
the temperatures encountered here. These mechatiemmsport (injected) gas between
the bulk gas-stream and the gas-liquid interfaceths interface diffusion of gas in
liquid, which is much slower, causes some of thected gas to penetrate into the liquid
zone. This facilitates the LTO-reactions in theuidgphase when the injected gas is air.
At the interface evaporation occurs. For crudedlod is a distillation effect, which slows
down the temperature increase. The simultaneowaban of the liquid hydrocarbons in
air-injection experiments continually changes tlmnposition of the liquid near the
interface. This results in distillation behavioreevor experiments with pure hexadecane.
Hexadecane evaporates at the interface togethér thit alcohols, ketones and other
partially oxidized hydrocarbons, which all havefe@iént boiling points. Gas moves
upwards from the gas-liquid interface by convectima diffusion, through the zone that
is at cracking temperature and eventually intolik (horizontal) gas stream.

As was mentioned before, after an experimenh wit injection and hexadecane a
succession, from top to bottom, of the followinghes is observed: a zone with clean
sand, a zone with patches of coke distributed tjitout the sand, another zone with
clean sand and finally a zone with liquid hexadecarhe generation of coke during the
hexadecane experiments, implies that the producti@moke from a heavy fraction of oil,
is not the only coke-forming mechanism at work. @sgible explanation for the coke
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generation from pure hexadecane can be found inlitdmture on refininy. Coke
formation from hexadecane in the presence of sdloamina components is documented
there. The mechanism involves initial adsorption hgfdrocarbon on the catalyst,
followed by reactions of the adsorbed material. SEheeactions include condensation
reactions, followed by direct dehydrogenation am&l recombination of free radicals that
are produced by cracking a hydrocarbon moleculé, @rect hydrogen transfer. In
refining alumina-silica catalyst offers the surfam@ which the initial adsorption takes
place. This leads to believe that feldspar, a gafupinerals often consisting of alumina-
silica, possibly acts as a catalyst for this precgsoviding the surface at which coke
deposition originates. However, the nitrogen-experit in which glass beads replace the
sand with feldspar also showed coke formation flemradecane. This indicates that it is
possible for coke to be formed directly from hexaae in the gas phase, without any
catalyst.

Gaseous hexadecane, and in the case of thejetion experiments gaseous partially
oxidized hydrocarbons, are supplied from the sagldvb the cracking zone. As gases
produced at the gas-liquid interface are transpdtieough the cracking zone they form a
source of material that produces coke. The fadtféldspars are not evenly distributed
throughout the sand possibly explains why cokeisé in patches after an air injection
experiment, as it could preferentially form arouhdse minerals. With nitrogen injection,
for sand as well as glass beads, the coke ishlisa continuously throughout the porous
medium, which further indicates that the coke fdrora process from gaseous
components occurs in the absence of any catalist.rdlatively large carbon monoxide
peak observed in the experiment with hexadecanaiandjection could indicate that the
process of coke formation from gaseous componanstoiver than the process of coke
formation from the heavy fraction, thus resultimgai limited availability of fuel at early
times and thereby incomplete combustion.

The high temperature combustion reaction is tarbgeneous reaction between solid
coke and oxyger. The solid coke itself is porotfs The reaction mechanism involves
transport of oxygen from the bulk gas-stream toga®e-solid interface, adsorption on the
interface, reaction with fuel, desorption of reantiproducts and finally transport of
reaction products back into the bulk gas-str€amiigure 15 schematically depicts the
situation of a gas reacting with a porous solidthe boundary layer there is a laminar
flow region through which an oxygen molecule diflasither to the exterior surface of a
coke particle or to the interior surface. The inserface of the porous particle generally
is several orders of magnitude larger than therautdace. Therefore the reaction occurs
mainly at the inner surface of the particle.

The process is a diffusion-reaction protesshe efficiency factor is obtained by
dividing the diffusion flux through a spherical pele by the diffusion flux through a
spherical particle of which the entire inner suefggarticipates in the reaction. This
results in a solution involving a dimensionless bem which was named after its
inventor, the Thiele-modulus:

Where:
k" = reaction rate constant per unit surface afemke [kg of coke / f/ s]
Ag = unit surface area [ kg of coke]
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D = diffusion coefficient [M/ s]
R = radius of the patrticle [m]

This number relates diffusion to reaction ratdoliows for the efficiency facton that:

3
=— (g@cothg-1
Ui 7 (gcothg— 1)
When® is small the efficiency factor is close to one aviten® is large the efficiency
factor goes to zero. An efficiency factor closez&yo indicates the reaction taking place
mostly at the outer surface of the coke-particleergas an efficiency factor close to one
indicates the entire inner surface of the cokeigarts participating in the reaction. The
former situation is referred to as reaction limjtéte latter as diffusion limitédl For an
increasing efficiency factor deeper penetratiothefoxidation reaction occurs.

The same theory can be applied to determineettient to which LTO-reactions
penetrate into the liquid. This reaction takes @lag the vicinity of the gas-liquid
interface, which has a slab-like geometry. The [Bairodulus for a slab 8

_ |k
w_ Bxp

Here:
k = reaction rate constant [1 / S]
D = diffusion coefficient for gas in liquid [frl s]
Xp = penetration depth [m]
The efficiency factor now becomes
_ tanhg

Y

Again, when® is smalln goes to one and for largk, n goes to zero. An efficiency
factor close to zero indicates that the reactiortascentrated at the surface; for an
increasing efficiency factor there is an increagiegetration depth of the reaction. With
deeper penetration there is a larger volume oflfleiacting. This would suggest that,
assuming k to be of the same order of magnitudaliféerent oils, a higher diffusion
coefficient would mean a smaller Thiele modulusjolvhleads to an efficiency factor
closer to one indicating a larger volume of liquid which LTO occurs. Since the
diffusion coefficient increases with viscosity, ghineans that heavier oil has a smaller
Thiele-modulus and therefore a larger volume ab&l&éor LTO. Based on this reasoning
it would be expected for LTO to occur only in aatelely small zone near to the gas-
liquid interface, due to the low diffusion rateafygen in hydrocarbon liquid. The extent
of this zone decreases with decreasing diffusicgffmdent. Since the diffusion rate is
lower for oils with a higher viscosity, the prodect of oxidized hydrocarbons by the
LTO reaction decreases for increasingly heavy oil.

Figure 4 shows that HTO occurs only up to aatertlepth into the vertical part of the
reactor. It is observed that the extent of the H0De increases with increasing density
of the oil, also implying an increasing viscosiyith the exception of medium oil, which
produces only a small burned-clean volume. Seviacbrs determine whether, and to
which degree, the reaction process will be possibke, oxygen availability, fuel
availability and temperature.
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Figure 5 to Figure 8 show that there is no catgpbxygen consumption at any time for
any of the experiments, indicating that bulk oxygerailability is never the limiting
factor. The mechanism of diffusion of the reactanin the bulk to the fuel surface
requires that the localized oxygen concentratiosuficiently high for the reaction to
occur. Whether this concentration is high enoughiniturn determined by the rate at
which natural convection and bulk diffusion trandggbe gas throughout the upper, gas-
bearing part of the porous medium. Table 2 shoves rthnimum concentrations of
oxygen encountered in the experiments. The valoiekéxadecane and heavy oil are the
lowest. This could indicate that for these expentadocalized oxygen availability could
indeed drop below the level required for HTO towcd he values for light and medium
oil never drop as low, indicating that for thes@@&xments oxygen availability will most
likely not be a limiting factor.

Table 4 shows that in the upper two centimefehe vertical part of the reactor, the
highest average temperature is found for heavyfalilpwed by respectively light oil,
medium oil and hexadecane. This holds for bothamd nitrogen-injection experiments.
Figure 4 shows that this does not exactly matchtteed of the extent of the HTO
reaction, which is largest for heavy oil followe#, wespectively, light oil, hexadecane,
and finally medium oil, for which a relatively srhalolume of clean-burned sand is
observed. There does appear to be a connectiorebetiie temperature and the volume
of sand that is burned clean. It seems likely, hatethat the higher temperatures are a
result of more extensive HTO rather than that theythe cause for it. This explains the
high temperatures for the heavy oil, which displthes most intense combustion, judging
by the high oxygen consumption, burned-clean sadnve and carbon monoxide and
carbon dioxide peaks. The second highest temperancountered in the light olil
experiment also produces the second largest vohinteirned-clean sand, but displays
less oxygen consumption than the hexadecane exgmarirhilowever the absence of a
carbon monoxide peak and the early carbon dioxédk [indicate that HTO in light oil is
fast. It is also observed that very little hydrdmar gas is detected. However, for the
nitrogen-injection experiment with light oil muchydrocarbon gas is detected. This
indicates combustion of gas rather than coke, whighlains the lesser degree of oxygen
consumption. The third highest temperature, for thedium oil experiment, would
indicate even less extensive HTO occurring herachvis corroborated by the fact that
even less oxygen is consumed and only very ligledsurned clean. However the lowest
temperature, encountered in the hexadecane expdrinmes not follow this trend, as it
produced more than double the volume of burnedactsamd with respect to the medium
oil experiment. It also displayed the highest degof oxygen consumption. What
distinguishes the results of the hexadecane expatifnom the rest is the fact that there
is a very significant carbon monoxide productiomiam more than the other experiments.
Additionally, the reaction seems to take place @venger period of time judging by the
lateral stretch of the oxygen consumption (Figurarislicating a slower reaction process.
This results in less heat generation by the reacégplaining the lower temperature.

The third factor that could form a limitatiorrfihe HTO reaction is the fuel availability.
Each air-injection experiment showed a zone of emkesred sand directly below the
burned-clean sand. In the case of hexadecane dhes lzas patches of coke distributed
throughout the sand while in the other experiméméscoke distribution is continuous.
Table 5 shows the quantities of coke that have lEposited on the sand in each
experiment. Data for the nitrogen-injection expenms show that pyrolysis generates
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similar amounts of coke for the heavy and light dthe amount of coke production for
hexadecane and medium oil is significantly lowde tatter having the lowest coke
production. As was argued before, there are at teasmechanisms of coke formation,
i.e., coke formation from cracking of the heavycfran of the oil and coke formation
from gaseous components moving upwards throughtube. Hexadecane will for
obvious reasons only display the latter. The amaof@irdoke formation being similar for
hexadecane and medium oil could indicate that &teara of the heavy fraction of the
medium oil makes it less suitable for the soliddes cracking mechanism, as a result of
which the coke formation leans more heavily on tf@seous component cracking
mechanism. However, more insight in the exact caitijpm of the oil is required to
make more conclusive remarks on this.

Data for the air injection experiments show #Hedent situation. The least coke is
formed in the light oil experiment. Slightly moreke is formed in the experiment with
medium oil and finally most coke is, again, genedah the heavy oil experiment. There
are no data available for hexadecane since the-amkered sand is distributed patch-
wise during the experiment and could not be extihetithout mixing it with clean sand.
For medium and heavy oil more coke is generatel aiitinjection than with nitrogen-
injection experiments, but with light oil less coke deposited in the air-injection
experiment. LTO is known to increase the coke fdimmafor certain crude oit§. This
explains why more coke is found for the two heawids. It is reasonable to assume that
LTO does not play a major role for the light oilight oil displays more evaporation
relative to heavier oils, which means that thera shorter time that the liquid phase is at
LTO-temperatures. Less coke production in the rgaetion experiment than with the
corresponding nitrogen-injection experiment coutdgbly be related to combustion of
some of the coke. The fact that the burned-clead salume for the light oil experiment
is larger for light oil than for medium oil, evehaugh the amount of coke is lower, can
be explained by comparing Figure 6 with Figure Tie latter shows that with nitrogen-
injection much methane is produced, which is na¢ ttase for the air-injection
experiment. Combined with the fact that for light only a carbon dioxide peak is
observed, indicating complete combustion, this shtvat the methane forms (in part)
the fuel for the combustion observed in the ligihteaperiment. If the methane ignites,
there is a quick onset of complete combustion efdbke in the upper part of the tube as
well. As the methane runs out, the reaction stagmnabut generated heat facilitates
combustion of some of the coke found on the sardwbéhe zone with burned-clean
sand, generates traces of carbon monoxide (Figuaad decreases the quantity of coke
on the sand. This mechanism possibly creates #agjgoof coke limiting the continuation
of the reaction.

Summarizing, there are different limiting factoior the oxidation of the different
liquids. For hexadecane there is a mechanism aof sloke formation from gaseous
compounds and slower combustion, generating morBonamonoxide than carbon
dioxide. The oxygen consumption is very large andal oxygen concentration is
probably the limiting factor for this process. Tbembustion of light oil is related to
ignition of methane gas. The supply of methaneagakthe lower amount of coke-fuel
are most likely to limit the continuation of theidation process for light oil. For heavy
oil it is also most likely that the local oxygennoentration is the limiting factor, since
oxygen consumption is large and coke levels aré.higedium oil having the most
limited extent of oxidation is hardest to expldinis possible, as the data suggest, that a
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combination of limited fuel deposition from the kigéraction of the oil combined with
the absence of sufficient quantities of light hygndon gas to ignite the oil, play an
important role in this.
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Conclusion

1. An experiment has been designed that enables igaeh of in-situ
combustion processes occurring perpendicular tonidie gas flow direction.

2. The experiment confirms that both pyrolysis anddakon reactions occur
perpendicular to the main gas flow direction.

3. A qualitative conceptual model explaining the vagaeaction processes and
transport phenomena that occur in the transvetsatgin can be given.

4, In addition to the mechanism of coke formation froracking of the heavy

fraction of a crude, another coke formation mecsmaninvolving cracking of

gaseous components exists. This mechanism occtineuwviany catalyst. It

plays a role in coke formation in the transversedion.

5. Based on the Thiele-modulus it is theorized thatwblume of liquid in which
the LTO reactions take place is smaller when thésdieavier. This suggests
an increased importance of LTO-related factors Vigghiter oils.

6. The following tentative mechanisms are suggestedhi® different oils used
for this study and hexadecane:

a. In the case of hexadecane there is slow coke fawm#&tom cracking of
hydrocarbon gas (hexadecane-gas with nitrogentiojechexadecane-gas
and gaseous partially oxidized hydrocarbon compienenith air-
injection), and slow combustion producing large rgilees of carbon
monoxide. Low oxygen concentration most probablynité the
continuation of the reaction.

b. For the light oil, coke deposition is low due t@ ttmaller heavy fraction.
Much methane is detected in the effluent gas of riegen-injection
experiment, but very little in the air-injection gtiment. This indicates
that evaporated light hydrocarbon forms the fuel lee combustion,
leading to early ignition of the sand and fast, ptete combustion. The
available fuel, both in the form of hydrocarbon gasl coke, are most
likely to determine the extent to which the HTOat@n continues.

c. The medium oil displays the least extensive combusA combination of
limited coke formation and low hydrocarbon gas mpicitbn from
distillation and cracking is observed. It is assérthat combined these
effects limit the reaction.

d. Most coke is formed from the heavy oil. Large oxygmnsumption is
observed. As the distance from the main gas stiearomes larger the
diffusion supply of oxygen becomes less and thiselkeved to limit the
continuation of the reaction for the heavy oil.
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Table 1: Densities and API gravities of the crudeits and hexadecane

p [kg/m ] API
Heavy Oil 908 24.3°
Medium Oil 886 28.2°
Light Oil 867 31.7°
Hexadecane 773 51.6°

Table 2: Maximum values for oxygen consumption angrroduction of carbon mono- and dioxide and
HC gases in the respective experiments

C6 Air Mol% Light Air Mol% Medium Air Mol% Heavy Air Mol%
O, min. 1.64 O, min. 5.21 O, min. 8.37 O, min. 2.10
CO max. 12.60 CO max. Trace CO max. 6.51 CO max. 10.53
CO, max. 6.21 CO, max. 9.46 CO, max. 6.10 CO, max. 10.20
Total HC-gas max. 13.77 | Total HC-gas max.  Trace | Total HC-gas max. 3.25 Total HC-gas max. 7.38
Cis N, Mol% LightN , Mol% Medium N , Mol% Heavy N , Mol%
O, min. Trace O, min. Trace O, min. Trace O, min. Trace
CO max. None CO max. Trace CO max. Trace CO max. Trace
CO, max. Trace CO,; max. Trace CO,; max. Trace CO; max. Trace
Total HC-gas max. 1.73 Total HC-gas max.  29.98 | Total HC-gas max. 1.21 Total HC-gas max. 6.40

Table 3: Times at which maximum values for carbon mno- and dioxide and HC gases are observed

in the respective experiments

Time observed [s] Time observed [s]
Air Max. CO Max. CO, N, Max. HC gas
Cis 3000 5000 Cis 2500
Light 1000 Light 4000
Medium 2000 3000 Medium 1500
Heavy 1500 2500 Heavy 2000

Table 4: Maximum and minimum recorded temperaturesand averaged value for temperatures over
the three thermocouples for the experiments

Tmax [OC] Tmin [OC] Tav [OC]

Heavy Air 839 810 820
Medium Air 699 549 640
Light air 793 600 707
Cy6 Air 628 573 609
Heavy N, 753 715 735
Medium N, 715 661 691
Light N, 717 681 696
Cis N> 669 612 618

Air Coke Mass [g/kg] N , Coke Mass [g/kg]
Light 5.82 Light 8.44
Medium 6.99 Medium 4.08
Heavy 12.47 Heavy 8.88
Hexadecane Patches of coke |Hexadecane 4,98

Table 5: Quantity of coke that has deposited on theand for the various experiments
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Figure 5: T1-T3 represent temperatures at thermocople 1-3 (at the interface, one centimeter below
it and two centimeter below it). R1-R3 represent nmerical temperature rates. Spikes in the
temperature rate date indicate oxidation. Much carlon monoxide is formed with respect to the other

air-injection experiments.
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Figure 6: The carbon dioxide peak indicates theresicomplete combustion. The short duration and
early onset of the combustion suggest that gas busmuickly, igniting the coke. The single peak
observed in the rate-data of R1, around 800 secondsonfirms there is quick onset of a reaction that
also ends quickly, further confirming this notion.
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Figure 7: Incomplete combustion followed by complet combustion is indicated by the successive
carbon monoxide and carbon dioxide peaks. Oxygen neumption is relatively low, as is hydrocarbon
gas production. Proof of oxidation, in the form ofspikes, is observed in the temperature rate-datat |

is clear from the fact that only the upper thermocaiple’s data display spikes, that oxidation is
localized very near the interface with the overridhng gas-stream.
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Figure 8: The dip around 100°C is related to evapating water. The temperature T1 dropping below
the temperature at the other thermocouples is caudeby the upper thermocouple sticking out above
the sand level after evaporation of crude has caudehe sand to consolidate. Oxygen consumption is
relatively large, as is production of carbon monoxde and carbon dioxide. Incomplete combustion is
followed by complete combustion. Spikes in the ratdata for all three thermocouples indicate that
combustion penetrates the sand.
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Figure 9: Little light hydrocarbon gas is detected.The spikes in the rate-data are connected to
evaporation of pure hexadecane.
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Figure 10: The erratic behavior of R1 and the latéemperature increase at T1 are caused by
evaporation of large quantities of methane and ottrehydrocarbon gases. Note that this is the only
temperature graph for which the time-axis ends at 800 seconds
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Figure 11: Very little gases are detected for thiexperiment.
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