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ABSTRACT 

The objective of this study was to provide reaction kinetic models that could be used to 

describe the forward reactions of the hydrocarbon tactions of maltenes, asphaltenes and 

coke at various thermo-oxidatke conditions during the in situ combustion of Athabasca 

bitumen. 

To achieve this objective, the reaction kinetic models incorporated the results of two, 

independent sets of experiments performed by the in Situ Combustion Group at the 

University of Calgary. The first set of experiments studied the time-dependent, 

compositional behavior of the hydrocarbon fkctions of maltenes, asphaltenes and coke 

during the low-temperature oxidation of Athabasca bitumen. The second set of 

experiments, the ramped-temperature oxidation (RTO) experiments, studied time- 

dependent temperature responses, produced gas compositions, and residual hydrocarbon 

fraction distributions during the low- and high-temperature oxidation of Athabasca 

bitumen. The combination of these experimental data, described in this thesis as the 

"Coke Formation Model", made it possible to simuItaneous1y predict the compositions of 

produced gasses, maltenes, asphaltenes, and coke within the reactor at any time past the 

coke initiation time. 

Either a low- or high-temperature reaction kinetic model was used to simulate the 

behavior of twelve RTO experiments. The experiments were divided into the two models 

by the maximum temperatures observed during their oxidation fionts. The Iow- 

temperature model with maximum oxidation fiout temperature beIow 400°C, consisted 

of three simultaneous, irreversible, fonvard reactions: the oxidation of mdtenes to 

carbon-oxides and water, the oxidation of maitenes to asphaltenes and water, and the 

thermal decomposition of asphaltenes to coke, maltenes, carbon-dioxide and water. The 

high-temperature model, with maximum oxidation ftont temperatures of above 400°C, 

consisted of the combustion of coke to carbon-oxides, methane, and water. Both modeIs 

iii 



were based on a non-isothermal, Gxed-bed, integral, plug-flow reactor and their 

Arrhenius-type reaction rate equations were assumed to be first-order with respect to 

oxygen partial pressures and hydrocarbon hction concentrations. 

A line minimization optimization routine was used to find the best-fit solution of the 

objective hction within each model. The objective function of each model consisted of 

a comparison between kinetically predicted and experimentally observed conversions of 

either oxygen or asphaltenes. The validity of the kinetic parameters calculated by the 

optimization routine was analyzed through comparisons with previously published 

values, testing of the coavergence characteristics, and accuracy of the objective fbnction 

comparisons. Finally, each experiment was tested for evidence of mass transfer 

controlling effects to confirm the use of a kinetic model for the reaction system. 

The modeling feature that differentiates the results of this study fiom those of previous 

studies was the ability to model both the liquid phase reactants and gas phase reactants 

and products simultaneously during the low- and high - temperature oxidation of 

Athabasca bitumen. The kinetic results of previous studies has been limited to treating 

Athabasca bitumen as a single, lumped-component and generating the kinetics of the 

liquid phase hydrocarbon &don reactions on an individual basis. The reaction kinetic 

results presented in this study represent the inter-related kinetic behavior of the liquid 

phase hydrocarbon hction reactions during the oxidation of Athabasca bitumen. 

The proposed low- and high-temperature oxidation models were found to adequately 

represent the RTO experimental data. 
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CHAPTER1 

INTRODUCTION 

The oil sands of Alberta, Cilllada represent one of the largest accumulations of 

hydrocarbons in the world [Alberta ERCB (1985)l. The Alberta oil sands contain about 

two times the conventional oil in-place resewes of the entire Middle East masad and 

Lillo (1980)]. Less than 5% of the Alberta oil sands are deemed exploitable by currently 

accepted technology. Thus, the vast majority of these oil sands deposits will only be 

exploited through in sihr technology [AOSTRA (1989)l. 

Of the in situ technology, thermal processes have the highest potential for extracting, 

otherwise unproducible heavy oils. This is because the high viscosity of heavy oiI, found 

at reservoir conditions, reduces very rapidly with the increase in temperature mcholls 

and Luhning (197711. Thus, it is not surprising that a large body of research has been 

devoted to thermal in silu processes such as in sihr combustion. 

Mendeleev has mentianed in situ combustion as an oil recovery method as early a s  1888 

and the earliest in situ combustion tests were performed on conventional oil reservoirs 

between 193 0 and 1960 [Lapuk (1 939, Gibbon (1944). and Grant and Szasz (1954)]. 

Since that time numerous field tests and laboratory studies have been performed to 

examine various in situ combustion operating conditions on both conventional oils and 

heavy oils. Also, with the improvements in computer technology, numerous 

mathematical models have been developed to simulate the in silu combustion behavior. 

The typical operating conditions tested duriog in sinr combustion experiments are pre- 

heat temperatures, pressures, and flow rates and compositions of feed components. 

These conditions are usualIy applied to a specific hydrocarbon in either a flow or batch 

reactor. The length of the experiments is usually several hours and automated data 

acquisition programs are used to record reactor conditions and product compositions. 



Many of the numerical models of the in sihc combustion process have attempted to 

describe specific process mechanisms using bulk reactions. The process mechanisms 

include hydrocarbon ignition, kel deposition, low- or high-temperature oxidation fkont 

propagation, and displacement of the native oils. Bulk reactions were used because ofthe 

complex nature of the hydroaihons being oxidized. This study uses bulk reactions to 

describe the process mechanisms of fie1 deposition and reactions that occur during the 

propagation of a low-temperature oxidation tiont for an in situ combustion process. 

The fuel deposition mechanism is an important process during in silu combustion. 

Firstly, fuel deposition is related to the maximum potential oil recovery. The maximum 

amount of oil that can be potentially recovered is defined as the difference between the 

initial oil-in-place and the amount of fie1 consumed. Secondly, the rate of fuel 

deposition affects the velocity of a propagating combustion ftont, which is crucial for the 

production of oil. A high £be1 deposition rate reduces the combustion front velocity and, 

thereby, increases oxygen requirements and compression costs. Conversely, a low fuel 

deposition rate may not allow reactions to generate enough heat to create a propagating 

combustion fiont and the process may operate under undesirable low-temperature 

oxidation conditions. 

The reactions found in the propagating low-temperature oxidation front also affect the 

potential oil recovery performance of an m sihc combustion process. The low- 

temperature oxidation reactions can potentially generate the sufficient heat required to 

create a high-temperature combustion fiont. As stated earlier, this mechanism must exist 

for significant oil to be displaced and, ultimately, produced. 

The study objectives for this experiment were to model, using bulk reaction kinetics, the 

low and high-temperature oxidation behavior of a series of in situ combustion 

experiments performed on Athabasca bitumen Specifically, the model should be able to 

reproduce the experimentally observed product distributions of produced gases during the 



propagation of low and high-temperature oxidation fronts and also predict the amount of 

fbel deposited as coke ushg a consistent set of reactions. 



2.1 In Situ Combustion Proctss 

In sinc combustion is a process that uses the thermal energy generated by reactions 

between oxygen and hydrocarbons to enhance the recovery of heavy oil and tar sands. 

The appeal of in sihc combustion stems fiom its great theoretical potential to produce, 

otherwise economically unfeasible, heavy oil. However, due to its complex nature and a 

relatively poor understanding of the process, very few applications have been performed 

successfblly on a field scale. Dwing the past three decades, a considerable amount of 

research has been performed to gain a better understanding of the in sihr combustion 

process, 

In situ combustion is initiated by heating the oil-bearing sand around an injection weil. 

When a sufficient temperature in the formation is reached, an oxygen-containing gas is 

injected to ignite the oil aod advance the combustion fiont away fiom the injection well. 

The combustion fkont uses the native hydrocarbons as &el as it advances through the 

reservoir and displaces the resewoir fluids. The mechanisms used to displace the 

reservoir fluids include vaporitation and distillation, steam displacement, hot water 

displacement, cold water displacement, gas flooding, and viscosity reduction and 

swelling of the oil. 

There are two main categories for classifying in sihr combustion processes based on the 

direction of injected gas flow and the movement of the combustion front. Forward 

combustion involves the co-current flow of injected gases with the combustion fkont 

while reverse combustion involves the counter-current flow of injected gases with the 

combustion front. [n addition to these classifications, the water-air ratio in the injection 

well determines whether the in siru process operates as wet or dry combustion. 



Publications by Belgrave (1987), Moore et al. (1988) and Ursenbach (1992) give 

excellent reviews of dry forward in sifu combustion, the focus of this study. These 

researchers presented qualitative descriptions of the characteristic regions that o c w  

during in situ combustion, the displacement mechanisms active in each region, as well as 

the chemical reaction that are involved. 

2.2 In Situ Combustion Kinetics of Bitumen 

Extra heavy oil (or bitumen) is a very complex mixture of numerous organic compounds. 

Most notably, it differs fiom conventional crude oil by its higher molecular weight, lower 

hydrogen to carbon ratio, and larger amounts of heterwlements, nitrogen, oxygen, 

sulkr, and metals within its structure [AOSTRA-ARC (1983)l. The interest in bitumen 

has stemmed fiom the concept that the plentifirl supply of this oil may potentially become 

the future source of liquid fbel. 

Although definitions of bitumen vary, a generally accepted definition of bitumen is any 

crude oil with an API gravity of LO0 or less and having a viscosity of 10,000 centipoise or 

more under reservou conditions [AOSTRA (1989)l. Some popular forms of classifying 

bitumen are by bulk "pseudo-components" as defined by boiling point ranges, solvent 

solubility criteria, and the major chemical fiactioas: Saturates, Aromatics, Resins, and 

Asphaltenes. Yen (1982) and AOSTRA (1989) give a more detailed discussion of the 

characterization of heavy oils and bitumen. 

Due to its complex form, considerable uncertainty exists in the chemistry of bitumen 

reactions. During thennd-oxidative processes involving bitumen, researchers have 

identified three types of reactions that occur thermal cracking, low-temperature 

oxidation (LTO), and high-temperature oxidation @TO) Fadema (1959), Alexander et 

d. (1962), Burger et al. (1972), and Dabbous et al. (1974)l. These reaction types will be 

discussed with greater detail in the following sections. 



Urn1 Thermal Cracking Reactions 

Thermal cracking or pyrolysis reactions arc characterized by the change in composition 

of hydrocarbons when they are heated in the absence of oxygen. These reactions involve 

complex radical and chain reactions that include carbon-carbon bond scission, 

dehydrogenation, isomerizatioo, and polymerization [Albright et al. (1 976)- Burger et al. 

(1 985), and Moore et al. (198811. 

For reference purposes, Hayashitmi et al. (1977)- Speight (1978) and Belgrave (1987) 

present comprehensive literature reviews on the thermal cracking of Athabasca bitumen 

and heavy oils. 

Thermal cracking reactions of bitumen occur above 360°C with products varying fiom 

low molecular weight gases to high molecular weight polymers [Speight (197011. More 

specifically, the cracking process is accompanied by loss of carbon, hydrogen, oxygen, 

nitrogen and sulfur fiom the bitumen. This is accompanied with the production of gases 

such as low molecular weight hydrocarbons such as methane and ethane, &on oxides, 

water, ammonia, and hydrogen sulfide, hetero-elements such as nitrogen, oxygen, and 

sulfur, and higher boiling point items such as coke. The amount of coke formed is of 

special importance for in sihr combustion because it is considered the primary fiiel source 

for the advancing combustion ftont and will be discussed in a firture section. 

Several authors have reported kinetic models and compositional production data for the 

thermal cracking of Athabasca bitumen. Most notably, Hayashitani (1978)- Lin et al. 

(1 984), Millour et al. (1 985) and Mazza et al. (1 988) have presented models of the 

thermal cracking of bitumen and its pseudo-components. These authors matched the 

product distributions of their experiments to first order kinetic models and found good 

correlation. The resuits of these experiments were used as input to thermal recovery 

simulators or to describe the chemical aspects ofthe thermal cracking process. 

Thermal decomposition of heavy hydrocarbons, although not a thermal cracking reaction, 

is of special interest for in sinr combustion processes. ThennaI decomposition reactions 



occur at relatively low temperatures (< 3000C) and produce products similar to pyrolysis 

reactions (> 360°C) but at markedly different rates. Before thermal decomposition 

reactions can o m ,  the heavy hydrocarbons subjected to low temperatures must contain 

appreciable amounts of oxygen within its structure. Asphaltenes, a toluene soluble and 

pentane insoluble pseudo-component of heavy oil, are an example of this type of 

hydrocarbon The thermal decomposition reactions at low temperatures ((300°C) most 

likely attack the more labile groups on the peripheral sites of asphaltenes ~oschopedis 

et al. (1978)l. At higher temperatures more severe internal and peripheral degradation of 

these substances occurs. 

2.2.2 Low-Temperature Oxidation Reactions 

During heavy oils oxidation processes, reactions between oxygen and heavy oil fractions 

below about 300°C are generally referred to as low-temperature oxidation (LTO). These 

reactions involve radical and chain reactions that produce, primarily, more complex 

compounds of higher molecular weight. The basic products formed are water and 

hydrocarbons such as carboxylic acids, aldehydes, ketones, aicohols, and hydroperoxides 

purger et al. (1972)l. These products are usually not produced individually, but rather 

as components of more complex hydrodon compounds and are not readily separable 

fkom the compounds woschopedis a aI. (1975)l. The remaining products consist of 

trace amounts of gases such as carbon-oxides and light hydrocarbon gases (methane, 

ethane, etc.). An excellent review of LTO reactions during in sihr combustion of heavy 

oils was given by Moore et al. (1988). 

A variety of experimental set-ups have studied the behavior of LTO reactions during the 

past three decades. Examples of these experiments include semi-batch and flow reactor 

configurations, isothermal and adiabatic operations, and oxidation in the presence and 

absence of core. 

Several design criteria of LTO experiments have been given considerable attention by 

previous researchers. These include the heating schedule, the injection schedule, and 



oxygen injection rate. Benham et aI. (1958) calculated the air, or oxygen, requirement for 

complete conversion of a given oil or resewoir rock. Alexander et al. (1962) submitted 

that the heating schedule had a direct effect on fuel availability. Ensuing researchers 

studied these criteria and their interrelations on the performance of LTO experiments. 

Goulet (1 988) and Unenbach (1992) have presented good reviews of the effect of these 

and several other design criteria for the oxidation behavior of Athabasca bitumen. 

The objectives ofthe many LTO experiments were to isolate aspects ofLTO behavior 

and, ifpossible, to develop models that accurately represented the behavior. Burger et al. 

(1972) computed heat of combustion values for several fundamental reactions. Tadema 

et al. (1970), Dabbous et al. (1974), Burger (1976), Babu et al. (1983) and Phiilips et al. 

(1985) studied overall oxygen uptake rates associated during LTO of heavy oils and 

bitumen. Adegbesan (1982) oxidized Athabasca bitumen and studied the pseudo- 

component compositional changes at temperatures below lSO°C. Millour et al. (1986) 

expanded the temperature range of Adegbesan's study to 300°C and provided some 

insights into fixel deposition mechanisms and oxygenation during the LTO of Athabasca 

bitumen. Mamora et al. (1995) confirmed the occurrence offbel oxygenation during 

LTO and developed a high-temperature combustion model that included the effect of &el 

oxygenation. 

In addition to the traditional oxygen-uptake models, many authors used Arrhenius type 

expressions to analyze their experimental results. Dabbous et d. (1974) and Fassihi et al. 

(1984) used single combustion reaction models that had first order dependence with 

respect to oxygen concentration. Phillips et al. (1 985) developed a model that used two 

simultaneou~, parallel reactions to describe the LTO of Athabasca bitumen. The fist  

reaction produced oxygenated hydrocarbons while the second formed carbon oxides. 

This model also found a first order dependence with respect to oxygen concentration. 

Mer  Adegbesan (1982) had isolated the pseudo-component compositional changes of 

Athabasca bitumen during LTO, he developed several simplified first-order, pseudo- 

component kinetic modeis that simulated the changes. The resuIts from the above kinetic 

model are varied. For example, activation energies range Eom 64,000 Joules/gram*mole 



to 145.000 Jouleslgram-mole [Babu et al. (1983). Fassihi et al. (1984), Phillips et al. 

(1 985). and Yoshiki et al. (1 98511. The differing results are Wrely because the 

experiments were conducted on different crude oils with each crude oil having distinct 

LTO behavior Pabbous et al. (1974)]. 

The most common deficiencies found in LTO reaction models are the lack of coke 

formation and hydrocarbon oxidation reactions. These deficiencies are more likely due 

to experimental limitations rather than a lack of understanding ofthe process. Alexander 

et aI. (1957) recognized the importance of LTO reactions by observing that the pre- 

oxidation of oil had a greater effect on fuel availability and composition than any other 

process variable considered in their study. However, a lack of detded experimental data 

prohibited them and subsequent researchers fiom developing comprehensive kinetic 

models. The University of Calgary has collected an excellent set of experimental data 

that track pseudo-component compositional changes during LTO of Athabasca bitumen 

wllour et al. (1986)]. This data should help to include coke fonnatioa and hydrocarbon 

oxidation reactions in the modeling of LTO processes. 

The use of kinetic models to simulate LTO behavior presumes that the process is 

kinetically controlled, i.e. that diffusion processes are much faster than kinetic processes. 

Initially. Burger et aI. (1972) suggested that diffusion may be faster than the chemical 

reaction step because the oil phase is highly dispersed. Adegbesan et al. (1983). Fassihi et 

al. (1984). and Mamora et al. (1995) confirmed this concept through their LTO 

experiments. Nevertheless, care must be taken when interpreting LTO experimental data 

through kinetic models to ensure that the process is kinetically controlled. 

2.2.3 High-Tern peraturn Oxidation Reactions 

At temperatures above 30O0C7 the oxidation of crude oil results in the formation of carbon 

o d e s  and water purger et d. (1972)l. These reactions are generally referred to as high- 

temperature oxidation (HTO) or bond-scission reactions. They are highly exothermic, 

control the velocity of the advancing combustion front Fassihi et d. (1984)], and are 



generally assumed to use coke as their primary hel. The formation of coke as fuel will 

be discussed in the following section. HTO reactions generate the energy necessary for 

the thermal mechanisms that displace oil during an in silu combustion process. 

Due to the importarm ofHT0 reactions, a considerable amount of literature has been 

dedicated to the subject. This literature review will focus only on the authors that 

conducted studies with similar approaches to this study. The following authors used 

bulk-component, multi-phase kinetic models to simulate data obtained form the oxidation 

of Athabasca bitumen. Thomas et al. (1985) conducted a series of high-temperature 

oxidation experiments on coke fonned fiom Athabasca bitumen and modeled these 

experiments using an Arrhenius-type kinetic model. The results of the kinetic model 

showed a first order dependence with respect to oxygen concentration with an activation 

energy of 34,763 Joules/gram.mole and a pre-acponent factor of 4.67 grammole 01 per 

hour--sand-~coke-atmosphere. Sibbald (1987) verified these results by using a 

mechanistic model that investigated important aspects of combustion front propagation. 

Sibbald's kinetic results indicated that an activation energy of 3 5,000 Jouledgram-mole 

and a pre-exponent factor of between 130 and 1,692 (hour-atmosphere)? Finally, 

Belgrave (1987) developed a mathematical model that reproduced experimentally 

observed bitumen compositional changes originally reported by Adegbesan (1982). It 

used reaction kinetics derived fiom Burger et d. (1972), Fassihi et al. (1984), and 

Adegbesan, to enhance an LTO model originally proposed by Adegbesan. 

2.2.4 Fuel Deposition Mechanisms 

During in situ combustion, the term "fbel" generally refers to coke, a heavy, carbon-rich 

oil fraction that is insoluble in toluene. Thermal cracking reactions are believed to be the 

primary fitel deposition mechanism Moore et al. (1988)l. However, thermal cracking 

reactions alone can not describe the fie1 deposition mechanism nor are thermal cracking 

reactions the sole fuel deposition mechanism Pemion et al. (1982), Lemer et al. (1985), 

and Belgrave (1987)l. Millour et aI. (1986) showed through a series of experiments on 



Athabasca binunen that LTO reactions should also be considered as a fire1 deposition 

mechanism, 

A combination of fhctors are responsible for the amount of fuel available for combustion 

As described by Belgrave (1987), these include crude oil characteristics, oil saturation, 

surfhce area and mineralogy of the rock matrix, end the degree of pre-oxidation due to 

low-temperature oxidation reactions. 

A common characteristic in fuel deposition mechanisms is the presence of asphaltenes as 

intermediates prior to the formation of coke. Several studies have shown that coke is 

formed through thermal condensation reactions and only after a limiting concentration of 

asp hdtenes have been reached [Levinter et d. (1966), Magaril et al. (1968), Moschopedis 

et al. (1978), Millour d d. (1986), and Wiehe (1993)J. The time prior to reaching the 

limiting concentration of aspbaltenes has been referred to as the coke ind~~ction time and 

dl crude oils have distinct coke induction times. The coke induction time for Athabasca 

bitumen has been defined by Millour et al. (1986) in terms of cumulative oxygen uptake: 

coke began to form when the oxygen uptake reached -0.04 grams O1 1 gram oil. Millour 

et al. M e r  developed simple relationships that characterized the relative concentrations 

of coke, asphaltenes and mdtenes as functions of time during coke formation. 

23.5 Negative Temperature Gradient Region 

Oxidation experiments performed on Athabasca bitumen show two distinct temperature 

peaks at -300°C and -600°C woore a al. (1995)l. Between these temperature peaks, a 

temperature range exists in which oxidation rates decrease as temperatures increase. This 

region, referred to as the negative temperature gradient (NTG) region or negative 

temperature coefficient region, is a charaderistic of all heavy hydrocarbons that can 

operate in a low-temperature oxidation mode. Extensive literature has been dedicated to 

this phenomenon in terms of light hydrocarbon gases and light oils (<Cld, most notabIy 

for processes such as spark ignition, optimum hel-uxidant stoichiometry for maximum 

energy output, and knock [Benson (1981)l. Dechaux (1973) presented an excellent 



review of the theories and studies pertaining to the negative temperature coefficient 

during the combustion of light and heavy hydrocarbons. 

Very few researchers have studied the NT.G region during the oxidation of heavy oils. 

This may be because such experiments are expensive, time-consuming, and potentidly 

di£ficult to control. The In Sinc Combustion Group at the University of Calgary has 

conducted a series of experiments that have isolated the NTG region during the 

combustion of Athabasca bitumen in a flow reactor for several operating conditions. The 

experiments were designed to highlight the effects of the NTG region and to provide an 

understanding of why the in sihr combustion process can show relatively good oxygen 

utilization but poor oil sweep efficiency. The experiments indicated that field operation 

at temperatures sufficient to transcend the NTG region would result in the most efficient 

mobilization and production of heavy oil or bitumen. 



cIupTlm3 

DESCRIPTION OF EXPERllMENTS 

The numerical simulation model presented in this study utilizes the experimental results 

of several authors. Detailed descriptions of these experiments can be found in various 

publications [Adegbesan (1982), Belgrave (1987), Millour et al. (1986), and Moore et al. 

(1995)]. The following sections will briefly desmie the experimental set-ups, 

procedures and parameters used by these authors to obtain the experimental data used in 

this study. For W e r  detail please consult the aforementioned authors or their 

publications. 

3.1 Ramped Temperature Oxidation Experiments 

The In Situ Combustion Group at the University of Calgary has both developed the 

apparatus and obtained the experimental data for the ramped-temperature oxidation 

@TO) experiments. The data obtained from these experiments was adapted to the 

purposes of this study, to derive some general low- and high-temperature reaction kinetic 

parameters of Athabasca bitumen. The following discussion of the RTO equipment, 

sample preparation, experimental procedure and operating parameters were drawn f?om 

Moore et aI. (1995). 

RTO experiments involved the controlled heating of re-combined, oil-saturated cores in a 

plug flow reactor under a flowing stream of oxygen-containing gas. The reactor system 

consisted of two vertically operated "matched" reactors. These reactors were identical 

except for their content and the gases that Bowed through them during the experiments. 

The first reactor, the "reference" reactor, contained clean, dry core only while the second 

reactor, the "active* reactor, contained Athabasca bitumen, distilled water and solid core 

matrix. During the experiment nitrogen flowed through the reference reactor and the 



oxygencontaining gas flowed through the active reactor. The reactor inlets were at the 

bottom of the reactors so that gases flowed in the upward direction. 

The reactor system was placed in an aluminum heating apparatus and filled with a 

mineral insulation, Construction material and dimensions for the reactors included 

nominal one inch (25 mm) Type 3 16 stainless steel tubing with an inside diameter of22.1 

mm and an inside length of 320.7rnm. The temperatures within each of the reactors were 

measured by five thermocouples, spaced 50.8 mm apart, along the centerlines and the 

outer walls of the reactors. Mass flow meters were used to control the flows of gas into 

the two reactors and wet test meters were used to measwe the volumetric flow rates of 

the exit streams. The composition of the exit flow stream of gas from the active reactor 

was analyzed in 30-minute intervals using a gas chromatograph. Upon completion of an 

experiment the fluid remaining in the reactor was measured for amounts of maltenes and 

asphaltenes using toluene and n-pentane as solvents. The amount of coke remaining on 

the core was measured by the mass loss registered when the dry core was fired at 600°C. 

Although not part of the experimental procedure, the gas analysis raw data obtained from 

each of the RTO experiments were subsequently adjusted to account for the time delay 

associated with the gas chromatograph readings. This modified data was intended to 

represent the product gas compositions at the times they were present at the exit of the 

active reactor. 

The core material used in the experiments was taken from core samples provided by the 

Alberta Research Council (ARC) Sample Bank and cleaned of dl native liquids. The 

bitumen used for the experiment was "Suncor Coker Feed" which the ARC Sample Bank 

also provided. Distilled water was used as the connate water. The properties of the 

original bitumen used in the experiments are shown in Table 1. The active reactor in 

each experiment was premixed with approximately 200g of core that contained 13.2 

mass percent bitumen and 3.9 mass percent distilled water. 



Table 1: Propertie of Atbabwca Bitumen, Suncor C o b  Feed used during the 

Ramped-Temperature Oxidation Ehperiments(8? 

property Value 

A .  Gravity, O API. 8.0 

Elements, mass percent. 

Carbon 83.17 

Hydrogen 10.21 

Nitrogen 0.55 

S u l h  4.55 

Density @ 25OC, kdm3. 1007.7 

Viscosity, mPa-s, at.. . 
80°C 971 -0 

1 10°C 170.0 

Components, mass percent. 

Asp haltenes 16.8 

400°C Distillates 9.0 

400°C Residue 74.2 

(a) Moore a al. (1995). 

The operating and data-acquisition procedures used for the individual experiments were 

performed according to the follows schedule. 

1) The active and reference reactors were initially pressurized to the desired operating 

pressure using helium and nitrogen, respectively. 

2) For the active reactor, helium flow was established at the desired rate, then the 

nitrogen flow rate to the reference reactor was established at an equivalent level. 

3) Once steady-flow conditions were established, the helium flow to the active reactor 

was stopped and the air injection started. The individual test gas flow rates, 

temperature setpoints and ramps were conducted according to the test matrix 

4) Gas sampling of the effluent gas was initiated and continued at 30-minute intervals. 



5) Following completion ofthe test, gas injection to both reactors was terminated and 

the system was depressurized. Contents of the liqyid-production traps were 

transferred to storage bottles and analyzed. 

6) The active reactor was unpacked and the post-test cure analyzed for residual 

hydrocarbons (extractable oil and coke) and water. 

Finally, the RTO experiments tested variations of the following four operating 

panuneten: oxygen concentration, total gas flux, absolute pressure, and nominal heating 

rate. Table 2 summarizes the various levels ofthese operating parameters used in the 

experiments. The nominal heating rate for all experiments was 40°C per hour until the 

desired setpoint was reached. 

Table 2: Operating Parameters for the Ramped-Temperature Oxidation 

Experiments ('I. 

Operating Parameter Setpoint Levels 

Temperature, O C .  260,350 

Oxygen concentration with balance nitrogen. 7%, 21%, 63% 

Total gas flux, rn3 (ST) 1 (m2 h). 14,36, 105 

Absolute pressure, kPa. 870,2425,4I90,7090 

(a) Moore et al. (1995). 

3.2 Fuel Deposition Experiments 

The University ofcalgary's In Siru Combustion Group performed a series of low- 

temperature oxidation (LTO) studies using semi-batch, stirred reacton [Adegbesan 

(1982)l and tubular reactors @Millour et al. (1986)l. The data obtained fiom the LTO 

experiments was used to define the coke deposition model in this study. Parts of the 

following discussion of the LTO equipment, sample preparation, experimental procedure 

and operating parameters were drawn fiom Millour et al. (1 986). 



The LTO experiments were similar to the RTO experiments, discussed in the previous 

section, except for several operating and conceptual differences. One of the differences 

was the heating schedule. The LTO experiments were run isothermally and at 

temperatures below 300°C while RTO experiments were ramped at 40°C per hour until a 

setpoint of either 260°C or 350°C was reached. Another difference was the length of 

operation The RTO experiments were run until a stable oxidation fiont had passed 

through the reactor. The LTO experiments were run for pre-set times. Finally, the 

objectives of the two experiments ditreed. The RTO experiments were developed to 

observe the oxidation characteristics of oils that are potential candidates for in sihr 

combustion while the LTO experiments were performed to evaluate the role of oil 

composition and to develop kinetic parameters for application in numerical simulators. 

The LTO experiments were a set of time limited tests that involved the isothermal, low- 

temperature heating of re-combined, obsaturated cores in a plug flow reactor under a 

flowing stream of oxygen-containing gas. These experiments employed two reactor 

sizes. One with internal diameters of 7.4mm, the other 22.2mm The length of both 

reactors was 35.7mm. The larger reactor was used for all tests at temperatures of 100°C 

and lower. During the experiments the reactors contained Athabasca bitumen, distilled 

water and core. The majority of the experiments were performed using whole bitumen, 

however selected experiments were carried out using the maltenes, asphaltenes or a 

heavy oil fraaion of the bitumen as the starting material. 

The reactor system was heated in a hot fluidized sand bed. Once the internal 

thermocouples indicated a stabilization of the temperature at the desired level, flow of 

inert nitrogen gas was replaced with oxygen containing gas. No temperature control 

problems resulted from the heat generated by the oxidation reactions. Once the desired 

time ofthe experiment was reached, the reactor was purged with nitrogen and changing 

the sand charge in the fluid bed heaters quenched the reactor temperature. Effluent gases 

were analyzed using gas chromatographs and the fluid remaining in the reactor was 

measured for amounts of rnaltenes and asphaltenes using toluene and n-pentane as 



sohents. The amount of coke remaining on the cure was measured by the mass loss 

registered when the dry core was fired at 600°C. 

The original oil sand sample was obtained tiom the Alberta Research Council Sample 

Bank and, more specifically, fiom the lower beach of the formation at the G.C.O.S. site 

of the Athabasca deposit at Fort McMurray during November 1976. Distilled water was 

used as the connate water. The reactor in each experiment was pre-mixed with 13.2 mass 

percent bitumen and 3.9 mass percent distilled water. 

The following operating and data-acquisition procedures were used for the individual 

LTO experiments: 

I )  The reactor was initially pressurized to 4190 kPa 

2) The reactor was heated to the desired temperature setpoint while nitrogen flowed 

through the reactor. 

3) Once steady-flow conditions were established, the oxygen-containing gas was 

injected to the reactor. The individual test isothermal temperature, feed gas oxygen 

concentration, and test duration were conducted according to a test matrix. 

4) Gas sampling of the effluent gas was initiated at continuous intervals to measure 

oxygen uptake. 

5) Following completion of the test and prior to removal of the reactor from the system 

piping and fluid bed heater, a vacuum was applied immediately downstream of the 

produced liquid traps (which were maintained at -70°C). 

6) The reactor was then heated under vacuum to 200°C and maintained in this state for 4 

hours. Contents of the liquid-production traps were transferred to storage bonles and 

analyzed. 

7) The reactor was unpacked and the post-test core analyzed for residual hydrocarbons 

(extractable oiI and coke) and water. 

The LTO experiments tested variations of the following operating parameters: isotherma1 

temperature, oxygen concentration, and test duration. Isothermal temperatures ranged 



from 22OC to 27S°C, feed gas oxygen concentrations tested were 5,10, and 50 mole 

percent, and the test duration ranged &om 4 to 72 hours. 



CHAPTER4 

NUMERICAL METEODS 

Several numerical methods were used within the reaction kinetic simulation models of 

the oxidation of Athabasca bitumen. This chapter will describe the main numerical 

methods used. The flow chart in Figure 1 describes of the generai iterative process used 

to calculate the reaction kinetic parameters in the simulation model. 

Figure 1: Kinetic Paramtier Estimation How Chart. 
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4.1 Optimization Routine 

The optimization routine controls the iterative process and thus must consider the 

following factors: 

the accuracy with which the cumnt kinetic parameters simulate 

observed experimental data, 

the performance of the current kinetic parameters relative to the 

pefionnance of past kinetic parameters to simulate observed 

experimental behavior, and 

the estimation of new kinetic parameters that will improve the accuracy 

of the simulation model. 

The manner in which an optimization routine estimates new values is, in essence, a 

limitation of that routine. It is the responsibility ofthe programmer to understand the 

nature of the process that is being optimized and to then decide on the most efficient 

optimization routine. The consequence of choosing a poor optimization subroutine is 

longer computational time and possibly non-convergence. 

A modified form of Powell's Method was used as the optimization routine in this study. 

The following reasons highlight this choice as the optimization routine: 

it has been shown to converge in a stable manner in previous muiti- 

variable, complex system studies wonnery (1995)], 

it is only moderately sensitive to initial guesses ofthe unknown 

parameters in the direction of the unit vectors, 

it efficiently chooses subsequent sets of directions to minimize the 

computational burden and thereby decreasing the simulation time, 

the simulation model's objective function was highly complex and 

highly sensitive to initial value estimates of the parameters, 

the overall sirnuration would by computationally intensive thereby 

requiring an efficient optimization routine. 



The form of Powell's Method used in this study bas two components that work in unison: 

a Iine minimization routine and a directional set routine- A line mhhkation routine 

simply finds the minimum of a given h i o n  along a vector. Its definition can be stated 

as follows: 

Given as input the vectors P (point vector) and n (direction vector), 

and the functionx a line minimization routine will find the scalar 5 

that minimizesAp+Xn). 

All successive line minimization routines (such as Powell's Method) have a form of the 

above-defined algorithm within it. However, the line minimization routines cannot 

determine the direction in which to minimize the function. Directional set routines 

provide the necessary direction vectors to the line minimization routines. The overall 

performance of optimization prognuns is primarily determined by the directional set 

routines whose choice of successive direztions can drastically reduce the total 

computational burden. 

Before we describe how Powell's Method chooses subsequent directions it is necessary to 

define conjugate directions. Suppose that we have moved along a direction vector u to a 

minimum and now we propose to move along a new direction vector v. The condition 

that motion along the direction v not affects our minimization dong u is simply that the 

gradient stays perpendicular to the direction of u. When the direction vectors u and v 

remain perpendicular to one another, they are said to be conjugate directions. When this 

relation holds true for all members of a set of vectors, they are said to be a mutually 

conjugated set of directions. 

Powell (1964) developed an optimization routine that produces N mutually conjugate 

directions and quadratically minimizes a hnction. The following procedure describes the 

original method: 

Initialize the set of directions to the basis vectors, 

ut = a, i = l,-.-,N 

Repeat the following sequence of steps until the function stops decreasing: 

Save the starting position vector as Po. 



For i = 1,. . . ,Ny move Pi-a to the minimum along the direction ui using a line 

minimization routine (as defined above). Call this point PI. 

For i = 1,. . . ,N-1, update the direction vectorsy UHI = u~ 

set uN = pN - PO. 
Move PN to the minimum dong the direction UN and call this point Po. 

Powell showed that a quadratic fimction could be minimized within N iterations of the 

basic procedure and a total of only N(N+1) line minimizations would be necessary. 

However, this method has a tendency to produce a set of directions that are linearly 

dependent on each other. Once this happens, the procedure no longer will find the global 

minimum of the hnction. 

The modified form of Powell's Method, used in th*s study, avoids the problem of hear 

dependence. This was accomplished by replacing the quadratically convergent direction 

scheme with a more heuristic scheme that finds a few good conjugated directions in 

which to minimize the fbnction [Acton (1975)l. The basic idea of the modified Powell's 

Method is similar in that PN - Pg, the average direction moved after trying ail N possible 

directions, is still the basis for the new direction. The modification in the method is to 

discard the old direction, along which the fbnction made its largest decrease. This may 

seem contradictory since the direction was the best direction for the previous iteration. 

However, it is very likely that the new dirm*on will be a function of the old direction 

and, by discarding the old direction, the potential for linear dependence will be greatly 

reduced. 

Before outlining the general procedure for the modified fonn of Powell's method used in 

this study, several terms need to be defined:fo s f l o ) ,  fN = ~ P N ) ,  f~ = q2PN-P~), and Aj 

These terms are necessary to isolate the circumstances by which a change of direction is 

not needed. Here f~ is the function value at an extrapolated point somewhat fbrther along 

the proposed new direction and Af is the magnitude ofthe Iargest positive decrease along 

one direction in the present iteration The following procedure descriies the modified 

form of Powell's Method used in this study: 

Initialize the set of directions to the basis vectors, 



ur=e, i = 1, ..,,N 

Repeat the following sequence of steps until the function stops decreasing: 

Save the starting position vector as PO. 

For i = 1,. ..,N, move to the minimum along the direction ur using a line 

minimization routine (as defined above). Call this point Pi. 

For i = 1,. . . ,K1, update the direction vectors, oh1 = u[. Record the direction of 

the largest decrease, u-. 

S ~ ~ U ~ = P ~ - P O .  

Move Pn to the minimum dong the direction UN and call this point Pa. 

Calculate the values of&& fb and 4 IffE <fo or 2-(fo-2f~ffe)[~fo-f~)-~f l2 < 

(fo&)2.4set a new direction u~ = u-. Move to the minimum of this 

direction and call this point Po. 

4.2 Fourth Order Runge Kutta Method 

The differential equations used to represent the mass balance in this study were solved 

using the fourth order Runge Kutta procedure. This solution method was chosen because 

of its relatively small truncation errors and ease of application to ordinary differential 

equation systems. The mass balance equations in this study contained a single dependent 

variable, as described by the simplified Equation 4.2.1. 

For a one dependent variable system, y, , the fourth order Runge Kutta working equations 

are: 



where n designates the nth increment ofy. Also, the term f Cy, + 5) indicates that the 
2 

qo fbnction is evaluated at y, = y, + - . 
2 

These equations leave the value of the differential equation after the nth increment as: 

As with most iterative numerical methods, the solution of the system becomes more 

accurate as the increment size, hx, decreases. 

4.3 Integration Routine 

The integration of ail functions within the simulation model was performed using the 

extended form of the three-point Simpson's rule. The numerical form of this formula is 

as follows: 

The term o(-L) indicates the order of the error term associated with this integration. 
N4 

4.4 Differentiation Routine 

Numerical differentiation of a hnction within the simulation model was accomplished by 

means of a Taylor Series expansion of the function. A Taylor Series expansion of a 

firnction f can be represented by the following two equations: 



By combining equations (4.3. I) and (4.3.2) and solving for the fist derivative, a relation 

for the first derivative of a function can be written that is second order correct: 

4.5 Gaussian Elimination 

All matrixes in the simulation model were solved using Gaussian elimination with partial 

pivoting. Gaussian elimination reduces a matrix to a matrix whose components on the 

diagonal and to one comer remain nontrivial. This is accomplished by means of 

eliminating rows below (or above) the current pivot element. The A matrix below is an 

example of the ha1  form of this type of matrix. Further, if the columns of the matrix are 

never interchanged during the elimination process, the order of the unknowns will not 

need to be modified. This is called partial pivoting. 

The primes in the equation above indicate that the a's and b's do not have their original 

numerical values, but have been modified by ail the row operations in the elimination 

process. From the form ofthe equation above, back-substitution is performed to solve for 

the x values. The following relation defines this procedure. 
- - 



C H A P T E R S  

NUMERICAL SIMULATION MODEL OF THE LOW- AND HIGH- 

TEMPERATURE OXIDATION OF ATHABASCA BITUMEN 

The proposed model of the ramped-temperature oxidation (RTO) experiments began with 

several simplifying assumptions. These assumptions and other related background are 

summarized in the following sections. The reiated reaction stoichiometry and 

development of the proposed Coke Formation Model the will be addressed in Chapter 6. 

5.1 Reactor Coofi y ration 

The first simplifying assumption was that the RTO reactor behaved as an ideal, plug-flow 

reactor (PFR) as shown in Figure 2, below. This assumed that there was no mixing in the 

direction offlow and that there was complete mixing perpendicular to the direction of 

flow. 

Figure 2: Ideal Plug-How Reactor. 

By performing a material balance at steady state on an elemental volume of the reactor, 

the design equation for a PFR was derived fiom the conservation of mass principle. This 

design equation was used as the basis for all calculations involving the reactor. 



The plug flow assumption in this model was valid because the diameter of the reactor 

was small and the densities of the heavy hydrocarbon components within the reactor were 

relatively large. 

The data obtained from the RTO reactor suggests that it was an integral-type reactor 

rather than a diierential-type reactor. The conditions necessary for a differential-type 

reactor are almost constant reaction rates and near isothermal operation. Both 

temperature response data and oxygen conversion data varied significantly in each of the 

RTO experiments particularly during the advancement of the combustion front. Thuq 

integral analysis, versus differential analysis, was used to model the reactor during both 

the low- and the high-temperature oxidation models. 

5.2 Chemical Reactions 

This study proposed a system of four competing chemical reactions to model the 

experimental data. Each of the four reactions, shown below, account for different aspects 

of the oxidation process. The first reaction accounts for the combustion of maltenes, the 

second accounts for the oxidation of maltenes to heavier, oxygenated hydrocarbons, the 

third reaction accounts for coke formation by asphaltenes decomposition, and the fourth 

accounts for the combustion of coke. The first three reactions were used to simulate low- 

temperature reaction conditions (TG OO°C) while the fourth reaction simulated high- 

temperature reaction conditions (T>300°C). 

Reaction I: Maitenes, + d,O, + e,CO + ACO, + g,H,O 

Reaction 2: Maftenes* + d,O, + 4Aqhltenes,, + g,H,O 

Reaction 3: Asphaitenesdid + a,Malenes,, + c,Coke,, + f,CO, + 4CH, 

Reaction 4: Coke,, + d402 + e,CO + f4C02 + g,H,O + GCH, 



The chemical reactions in the proposed model are comprised of both a solid and a gas 

phase. Those components not labeled with a "solid" subscript represent gases. This 

model will refer to maltenes and asphaltenes as solids because they are essentially 

immobile at the conditions of the RTO experiments. Section 5.3 will discuss the 

characterization of these hydrocarbon components in further detail. 

The following reaction rates were used for the simulation model based on the four 

heterogeneous chemical reactions described earlier. These reaction rate equations 

-4 - (r, = ki . . Po* Lf*',,., 

contain two implied assumptions. The f ia t  is that the readion system is under kinetic 

control and the second is that the reactions have Eist-order dependence to oxygen partial 

pressure andor hydrocarbon concentration. The assumption of kinetic control will be 

discussed in Section 5.4 and the dependence of oxygen pmtaI pressure and hydrocarbon 

concentration will be discussed here. A description of the terms in the reaction rate 

equations is given in Table 3. 

Several authors have studied the dependence of oxygen partial pressure and hydrocarbon 

concentration during high-temperature oxidation reactions of heavy hydrocarbons, 

namely Lewis et al. (1954), Bousaid et al. (1968) and more recently Thomas (1983) and 

Sibbald (1987). Each of these authors found that first-order or near fist-order 

dependence of reaction rate with respect to both oxygen parti*al pressure and hydrocarbon 

concentration gave good representation of their data Thus, the first-order dependence of 

oxygen partial pressure and hydrocarbon concentration in the reaction rate for the high- 



Table 3: Description of Variabks for the Reaction Rate Equations. 

VariabI e Description Units 
-- --  

Reaction rates for Reactions 1,2, Moles of oxygen reacted I 

and 4. (cm3 - h) 

Reaction Rate for Reaction 3. Moles ofasphaltenes reacted / 

(cm3 h) 

Pre-exponent factor for Reaction 1. Moles of oxygen reacted 1 

(mole maltenes atm h) 

Pre-exponent factor for Reaction 2. Moles of oxygen reacted I 

(cm3 - atm h) 

Pre-exponent factor for Reaction 3. (h)-' 

Pre-exponent factor for Reaction 4. Moles of oxygen reacted I 

(mole coke - atm . h) 

Activation energy. J / mol 

Gas constant 

Reactor temperature. 

Oxygen partial pressure. Atm, 

Molar concentration of mdtenes. Moles maltenes I cm3 

Molar concentration of asphaltenes. Moles asphaltenes / cm3 

Molar concentration of coke. Moles coke / cm3 

temperature reaction (Reaction 4) was a reasonable assumption. This first-order 

dependence assumption was extended to the low-temperature oxidation reaction 

(Reaction I). 



The reaction rate equation for Reaction 2 was based on discussions with Dr. RG. Moore 

(1995). At low-temperature operating conditions, the reaction rates of addition-type 

reactions are, for alI intents and purposes, independent ofhydrocarbon concentrations and 

likely only dependant on oxygen partial pressure and temperature. This is based on the 

fact that addition-type reactions occur prior to bond-scission type reactions and, during 

addition-type reactions, reactive hydrocarbons are available at the peripheral sites of the 

heavy oil fractions in great excess. 

The form of Reaction 3 and its reaction rate was based on Moschopedis et al. (1978). 

This study examined the thermai decomposition of asphdtenes at temperatures below 

300°C and observed a variety of products including light hydrocarbon gases, carbon 

oxide gases, light oil liquid, and coke. This indicated that decomposition reactions that 

o c w  below 300°C contributed to both the &el laydown mechanism and the production 

of light hydrocarbon gases and liquids. 

5.3 Characterization of Hydrocarbons 

The Ramped-Temperature Oxidation experiments were performed using Athabasca Oils 

Sands bitumen. The properties of Athabasca Oil Sands bitumen were defined in Table 1 

(Chapter 3). 

During the oxidation reactions, the Athabasca bitumen underwent compositional changes 

as well as being consumed as fuel. The evidence ofthis came Eoom a solubility analysis 

of the residual hydrocarbons remaining on the core. The results from the solubility 

analysis were used to divide the hydrocarbons into three components: mdtenes, 

asphaltenes, and coke. 

The relative solubility of the hydrocarbon in n-pentane or toluene determined the amount 

of maftenes, asphdtenes, and coke remaining on the core. MaItenes, the Lightest 

component, were soluble in n-pentane. Asp haltenes were soluble in toluene but not n- 

pentane and coke was insoluble in both toluene and n-pentane. After the hydrocarbon 



was treated with both toluene and n-pentane to separate out the maltenes and asphahems 

fhctions, the remaining core was fired to 600 "C to determine the coke yield by weight 

loss on ignition. 

Although maltenes and asphaltenes are viscous liquids, a solid phase was chosen to 

represent them because of their relative immobility with respect to the gas phase. This is 

a reasonable assumption because both components remained as residuals on the core 

upon completion of the experiments that operated in the low-temperature range. During 

these experiments, maltenes and asphaltenes remained immobile despite the passage of a 

steam zone through the reactor and the continuous production of gases at relatively high 

temperatures. Thus maltenes, asphaltenes and coke were modeled as an immobile solid 

phase. 

Table 4 summarizes the elemental composition of the solid hydrocarbon hctions used in 

the simulation model. The solid hydrocarbon fractions used in the model consisted of 

only elemental carbon, hydrogen and oxygen. All other potential components (such as 

sulfur, nitrogen and ash) were considered inert and omitted from the hydrocarbon 

hctions. The element distribution data was obtained fiom the AOSTRA (1989). 

Table 4: Elemental Composition of Maltents, Asphdtenes and Coke used in 

the Reaction Kinetic Models. 

EIement Mass Percent Mole Percent 

Maltenes Asphaltenes Coke Maltenes Asphaltenes Coke 

Carbon 88 88 9 1 39 45 47 

Hydrogen 12 9 9 61 54 53 

w g e n  0 3 0 0 I 0 

In addition to the compositional data, the simulation model required estimates for the 

physical properties of maltenes, asphaltenes and coke. Table 5 contains the physical 



properties for the hydrocarbon hctions. The molecular weights were obtained corn 

Bisboi et al. (1977) and AOSTRA (1984) and the remaining information was obtained 

fkom AOSTRA (1989). 

The physical properties and the compositional data allowed for the calculation of the 

stoichiometric coefficients in the proposed chemical reactions and for the specification of 

the hydrocarbon fkactions in bulk form. The following compounds represent the 

hydrocarbon hctions of mdtenes, asphaiteneq and coke in the simulation model. 

Maltenes, = CB.0HH.6 

A~pha1tene.s~ = Cm., H,. , O,, 
Coke, = C91.4H,*1.4 

Table 5: Physical Properties of Mdtenes, Asphdtenes and Coke used in the 

Reaction Kinetic Models. 

Property Maltenes Asp haltenes Coke 
--- -- 

Molecular Weight, g/mole(a) 475.6 1092.8 1200.0 

Hydrogen to Carbon Ratio*) 1.56 1.19 1.1 1 

Heat ofCombustion, Id/mole Oz -461.6 N/A -61 1.2 

Heat Capacity, J/&did.K (b) C, = u + ~ T + c T '  

a 0.055 -0.593 -0,141 

b 6.8 1 8E-3 8,079E-3 3.928E-3 

c -4.464E-6 -5.353E-6 -2,108E-6 

(a) AOSTRA (1984). 

(b) AOSTRA (1989). 



5.4 Controlling Mechanisms 

Prior to the modeling of the RTO data it was important to establish whether the 
experimental process had been under kinetic or mass transfa control. Unfortunately the 
distinction was not readily apparent fiom the raw data Thus, an assumption was made 
that the process had been kinetically controlled and the models descn'bed in Chapter 4 

were written based on this assumption. Upon completion of each simulation run, the 
reaction kinetic results were tested for signs of mass transfer control to validate or refute 
the controlling mechanism assumption. 

The assumption of kinetic control was tested by plotting the proposed reaction rate versus 
the inverse of temperature on a semi-log scale for each experiment. If this plot yielded a 
linear relation, then the assumption of kinetic control was reasonable. However, if this 
plot was entirely non-linear then a reaction kinetic model would not give meaningful 
results and mass transfer limited model would need to be written. Figure 3, on the 
following page, illustrates this point by comparing two theoretical reactions. Reaction A 
was performed on a kinetically controlled process while Reaction B was performed on 

Figure 3: Plot of Reaction Rate versus Inverse Temperature for Reactions 

under Kinetic and Mass Transfer Control. 

Inverse Temperature - Reaction A - - - Reaction B 



both a kinetically and a mass t r d e r  controlled process. Both of these reactions can be 
modeled using a kinetically controlled model. However, the results obtained fiom the 
Reaction B model would give "Apparent Kinetics" while those obtained fiom the 
Reaction A model wouid give "True Kineticsn for the model. 

5.5 Low-Temperature Oxidation Modd 

One material balance equation was written for each of the three low-temperature 

reactions based on the design equation for a plug flow reactor and the conservation of 

mass principle. However, the RTO raw data for oxygen consumption was time 

dependent and thus it was practical to mite the mass balance equations with respect to 

time. This translation was possible because the oxidation fiont propagated through the 

reactor with a near constant velocity in all of the experiments. The time-dependent 

material balance equations for the low-temperature oxidation model are shown below. 

The terms in these equations are described in Table 8. 

The three material balance equations were simultaneously solved for conversions XI, X2, 

and X3 at each time increment, dt. However, prior to solving for the conversions, the 

values of the mdtenes concentration, asphaltenes concentration and oxygen partial 

pressure were calculated. This was accomplished through the use of the stoichiometric 

tables of the flowing and non-flowing phase components, shown in Tables 6 and 7, 

respectively. 



Table 6: Stoichiometric Table for the Flowing Phase, Lou-Temperature 

Oxidatioa -Model. 

Component Flow Rate IN 

(mole I h) 

Flow Rate OUT 

(mole I h) 

Table 7: Stoichiometric Table for the Non-Flowing Phase, Low-Temperature 

Oxidation Model. 

Component Initial Amount 

(mole) 

Amount at time, t 

(mole) 

Maltene ~ ~ t -  M:- ML, X ,  
MT&bws MTid,, MwLt.w 

Coke 



Table 8: Description of Variables in the Material Balance Equations, Low- 

Temperature Oxidation Model. 

Variable Description Units 

Oxygen conversion rates for Reactions 

1 and 2- 

Asphaltenes conversion rate for 

Reaction 3. 

Cross-sdonal area of the reactor. 

Length of the reactor. 

Velocity of the oxidation front in the 

reactor. 

Molar flow rate of oxygen into the 

reactor. 

Reaction rates for Reactions 1 and 2. 

Reaction rate for Reactions 3. 

lnitial mass of asphaltenes. 

Molecular weight of asphaltenes. 

moles of oxygen reacted I 

(mole oxygen fed - hour) 
moles of asphaltenes reacted I 

(mole initial asphaltenes - hour) 

cm2 

cm 

cm / hour 

moles oxygen fed 1 hour 

moles oxygen reacted / 

(cm3 - hour) 

moles asp haltenes reacted / 

(cm3 - hour) 

grams 

1 092.8 grams / (gram mole) 

The oxygen partial pressure at time t, in the reactor was calculated using the following 

procedure. Initially, the values of the stoichiometric coefficients were established by 

performing an element balance on each reaction. Next, the general form of the total flow 

rate of gases out ofthe reactor was calculated using the flowing phase stoichiometric 

table. The oxygen partial pressure was simply the flow rate of oxygen divided by the 

total gas flow rate multiplied by the total pressure in the reactor at time, t. This 

calculation is shown through Equations 5.5.4 through 5.5.6. 



Fez =-- 
Po, PReocror Frd 

Where, 

FOz = F:~ (1 - X, - x,) , and 

The concentrations of rnaltenes and asphaltenes, prior to the formation of coke, were 

calculated using the non-flowing phase stoichiometric table and are shown below in 

equation form. 

At the onset of coke formation, the concentrations of maltenes and asphaltenes were 

calculated using both the Coke Formation Model and the non-flowing phase 

stoichiometric table. The Coke Formation Model described in Chapter 6, estimated the 

mass percent of each ofthe hydrocarbon hctions at any time, t. The non-flowing phase 

stoichiometric table calculated the mass of rnaltenes at any time, t. Thus, the 

concentrations of mdtenes and asphaltenes, during coke formation, were calculated by 

the following equations. 



where "j,," denotes the mass hction of hydrocarbon component X as calculated by the 

Coke Formation Model correlation equations. 

The general procedure used by the low-temperature simulation model is summarized as 

follows. At each time increment, the reaction model used the current estimates of the six 

kinetic parameters and solved the set of three coupled differential equations with three 

dependent variables. The solution of these equations resulted in the value of oxygen or 

asphaltenes conversion for Reactions 1 through 3. These values of conversion were then 

compared to either inputted numerical functions of oxygen conversion based on raw data 

or asphdtenes conversions generated using the Coke Formation Model. This calculation 

was repeated for every time increment until completion of the experiment and a single, 

cumulative total error value was retwned to the optimization subroutine. The 

optimization subroutine compared the current value of cumulative total error with 

previous values to determine if another estimate of the six kinetic parameters was needed. 

Ifa better estimate was needed, the procedure described above was repeated, othetwise 

the values of the kinetic parameters were outputted as results for the experiment. 

5.6 High-Temperature Oxidation Model -Verification Model 

A high-temperature oxidation model was written to verify the low-temperature oxidation 

model results by estimating the forward reaction kinetics of coke combustion. As 

mentioned earlier, several authors have studied and published reaction kinetic results 

based on high-temperature oxidation experiments involving coke combustion. A 

comparison of the reaction kinetic results obtained by these authors and the results from 

this study is shown in Section 7.1. The criteria for choosing the RTO experiment that 

were modeled using the high-temperature simulation model was based on the 

temperatures observed in the reactor during the propagation of the oxidation front. Ifthe 



temperatures in the oxidation fkont were greater than 400°C the experiment was modeled 

using the high-temperature simulation model. 

During the oxidation of hydrocarbons at temperatures above 300°C, the main reaction is 

the consumption of hydrocarbons as fuel to form gaseous products. A simplified reaction 

model, based on the low-temperature model described in the previous sectioa, was 

written to simulate this behavior. The high-temperature model consists of a single, two- 

phase, forward reaction for the combustion of solid coke, as fuel, to gaseous products 

such as methane, carbon-oxides, and water. Since a single reaction model was used, only 

one set of reaction kinetics (k, Arrhenius pre-exponent factor and, Ea, activation energy) 

needed to be found. This greatly simplified the solution procedure by reducing the time 

required to solve the multi-reaction, multCvm*abIe optimization routine. The proposed 

high-temperature oxidation reaction, its reaction rate, and the material balance equation 

for the high-temperature model are rewritten here for reference. 

Reaction 4: C o k e , ,  + d,Oz + elCO + f,CO2 + g, H1O + h,CH, 

dx, The tenn - is the oxygen conversion rate with units of moles of oxygen reacted per 
dt 

mole of oxygen fed per hour. The oxygen partial pressure and the concentration of coke 

were calculated in the same manner as in the low-temperature model and were also 

assumed to have firstsrder dependence with respect to the reaction rate equation. 

The genera1 procedure used by the high-temperature simulation model was similar to that 

of the low-temperature model. At each time increment, the reaction model used the 

current values of the two kinetic parameters and solved a single differential equation with 



a singie dependent variable. The solution of this equation resulted in the value of oxygen 

conversion for Reactions 4 at a given time. This value of oxygen conversion was then 

compared to the inputted numerical value of oqgen conversion based on raw data to 

establish an error value. The procedure was repeated for all time increments in the 

experiment and a single, cumulative total error value was returned to the optimization 

subroutine. The optimization subroutine compared the most recent value of cumulative 

total error with previous values to determine if another estimate of the two kinetic 

parameters was needed. Ifa better estimate was needed, the procedure described above 

was repeated, otherwise the kinetic values were outputted. 

5.7 0 bjective Functions 

The objective hnctions for both the low- and high-temperature models calculated the 

cumulative differences between conversions based on raw or generated data and 

conversions based on the estimated kinetic parameters. In the case of the low- 

temperature model, the objective function used the differences in both oxygen and 

asphaltenes conversions while the high-temperature model only used oxygen 

conversions. 

5.7.1 Low-Temperature Model 

As mentioned earlier, the objective fbnction for the low-temperature model was based on 
the comparison of oxygen and asphaltenes conversion profiles. The calculation of 
asphaltenes conversion will be discussed first followed by oxygen conversion. The 
methods of caicuIating conversion rate, discussed in this section, were used as the 
reference values within the objective function because they were based either explicitly 
or implicitly on experimental raw data 

Heavy oil kaction data was recorded only at the beginning and at the end ofeach RTO 
experiment. This made it necessary to use a Coke Formation Model to estimate the 
amounts of heavy oil fractions in the reactor at times other than at the start and end of 
each experiment. The asphaltenes conversion was derived fiom these estimates of the 
heavy oil fkaction data. Hence, the asphaltenes conversion was not directly based on 



experimental raw data but rather on numerically generated values based on the Coke 
Formation Model. 

The conversion profile of asphaltenes to coke was calculated by numerically 

differentiating the amount of asphaltenes reacted at any given time in the reactor by the 

initial amount of asphaltenes present. This was a computationally intensive process. The 

combination of using numerical differentiation with correlated hydrocarbon compositions 

created the potential for instability in the asphaltenes conversion calculation This 

calculation was made more stable by passing it through a low-pass filter at 95%. Low- 

pass filters are more commonly associated with electrical engineering applications such 

as fkquency isolation [Smith (198411. However, improving the stability of the 

asphaltenes conversion calculation presented a practical application of low-pass filters 

within this model. The units of asphaltenes conversion were moles of asphaltenes reacted 

per moles of initial asphaltenes per hour. 

Although the hydrocarbon fractions were essentially immobile during operation in the 

low-temperature region, there was record of some oil production in all of the RTO 
experiments. The produced oil was netted out of the initial mass of oil prior to simulating 

each experiment. 

The calculation of oxygen conversion, with units of moles of oxygen reacted per mole of 

oxygen fed, was relatively simpler to calculate than the asphaltenes conversion. Oxygen 

conversion was calculated directly from experimentally observed raw data However, the 
manner in which the produced gases and liquids data were collected during the RTO 
experiments allowed for various interpretations of the oxygen conversion. During the 
RTO experiments the gas data was measured and analyzed using a gas chromatograph at 
regular intervals while the liquid data was collected throughout each experiment by a 
series of traps and only measured at the end of each experiment. Thus, one set of data 
(produced gases) were time dependent while the other set of data (liquids production) 

was static. In an effort to account for the different fonns of data acquisition, two methods 
of calculating oxygen conversion were proposed to examine the effect of water formation 

during low-temperature oxidation of mdtenes. One method would consist of carbon- 
oxides formation in the absence of water and the other would consist of both water and 

&on-oxides formation A comparison of the results generated by the two oxygen 



conversions may reconcile the differences between the gas data and the tiquid data 

measured during the RTO experiments. 

The first method of calculating oxygen conversion assumed that any oxygen consumed in 
Reaction 1, the oxidation of maltenes to gaseous products, formed carbon oxides. The 
remaining reacted oxygen, by difference, was consumed in Reaction 2, the oxidation of 
maltenes to asphaltenes reaction. This method will be referred to as Analysis #1 and is 
shown below in equation form. 

The second method of calculating oxygen conversion differed from the first by only one 

tenn. In addition to the carbonoxide terms in the Reaction 1 oxygen conversion, a third 

tenn was added to account for the formation of water. This third term was based on the 

hydrogen to carbon ratio of the reacting maltenes haion.  As in Analysis #1, the 

remaining reacted oxygen, by difference, was consumed in the oxidation of maltenes to 

asphaltenes or Reaction 2. This method will be referred to as Analysis #2 and is 

described by the following equations. 

* Denotes hydrogen to carbon fkaction for either maltenes during the low- 

temperature oxidation model or coke during the high-temperature oxidation 

model, 



The oxygen consumption data served two purposes during the modeling ofthe RTO 
experiments. The first was to calculate oxygen conversion, as described in this section. 
The second was to estimate the time at which coke initially began to form during the 
RTO experiments. The coke initiation time will be discussed as a part of the Coke 
Formation Model in Chapter 6. 

Analysis #1 subdivides oxygen consumption into oxygen that forms carbon oxides and 
oxygen which form water plus oxygenated hydrocarbons. Analysis #2 subdivides 
oxygen conversion into oxygen that participates in bond scission reactions and oxygen 
that forms addition products. Intuitively, Analysis #2 should be the more appropriate 
analysis as it satisfies the stoichiometric equations for Reaction 1. Analysis # 1 has the 

advantage that there is no assumption as to the fate of oxygen that does not form carbon 
oxides, hence it does not assume that water formation always accompanies carbon-oxides 
formation. Since it is not clear from experimental water balances if water formation 
always accompanies carbon-oxides formation, the decision was made to perform both 
Analysis # 1 and Analysis #2. 

During the RTO experiments, the produced gas data was recorded at approximately 30- 

minute intends. This subsequently limited the calculation of oxygen conversion to 
static, 30-minute intervals. Since the simulation model required a continuous function for 
oxygen conversion, the values of oxygen conversion between the 3CLminute intervals had 
to be estimated. This was accomplished by fitting the static values with numeric 
hnctions using Tablecurve 2D. The numeric function were then inputted into the 
simulation model and used within the objective m i o n  to represent the calculated 
oxygen conversion values. 

The objective function of the low-temperature simulation model compared the inputted or 
generated function of oxygen conversion or asphaltenes conversion with the conversions 
generated by the most recent estimate of the reaction kinetic parameters of the three- 
reaction system. At each iteration ofthe optimization routine the simulation model 
updated estimates ofthe reaction kinetic parameters based on comparisons ofthe 
conversion rates. The three conversion profiles were compared at pre-determined time 
intervals and only during the fonvard reaction portion of each conversion profile. More 
frequent time intervals generated the most accurate kinetic results at the expense of long 
simuIation run times. UItimately I 5-minute time intervals were chosen for all simulation 
models as this interval provided both reasonable accuracy and total simuIation run times. 



The forward reaction portion of each conversion profile consisted of the portion of the 
conversion profiles that had either positive slopes or slopes of zero. Using the forward 
portion of each conversion profile ensured that the low-temperature simulation model 
would consider only the forward reactions of Reactions I, 2, and 3. This would also 

ensure that the reaction kinetic results would oaly consist of the forward reactions of 
Reactions 1,2, and 3, which was the primary objective ofthis study. The start and end 
times of the forward reaction portion of each conversion profite were manually inputted. 
Also, during the times that the conversion profile of a particular reaction was not 
exhibiting forward reaction characteristics, the simulation model's reaction for that 
readon was manually set to zero, thus not modeling this behavior. 

A single, cumulative error value was generated within the objective function at each 
estimate of the reaction kinetic parameters. This cumulative error value was calculated as 
follows. For each reaction and at each time intend during the forward reaction portion 
of each conversion profile, the difference between the inputted function of conversion 
and the generated value of conversion based on the kinetic parameters was calculated. 
The sum of all of these differences for a particular reaction was that reaction's cumulative 
error value. Finally, the three reaction's cumulative error values were totaled to give a 
single, total cumulative error value* This value represented the accuracy with which the 

w e n t  estimates of the reaction kinetic parameters were able to replicate the inputted 
numerical functions of the conversion profiles. As discussed in Section 4.1, this 

cumulative error value was the input to the optimization routine f?om the objective 
function. 

5.7.2 High-Tempemtun Mode1 

The objective findion for the high-temperature model was based only on oxygen 
conversion and was calculated using a similar procedure to that of the low-temperature 
model. Both Analysis #1 and Analysis #2 methods of calculating oxygen conversion 
were used in the high-temperature model. 

The objective function in the high-temperature simulation model also calculated a single, 
total cumulative error similar to that of the low-temperature model. However, the value 
was based only on a single reaction rather than a series ofthree reactions, thus, 



simplifying the entire procedure signifit cantly . As in the low-temperature model, the 
differences between the inputted numerical finction of conversion and those generated 
using the estimates of the kinetic parameters were only calculated during the portion of 
the conversion profiles that had either a zero or a positive slope. Thus, only the forward 
reaction portions of the conversion profile were modeled and only the fonrmrd reaction 
kinetics of Reaction 4 were estimated, as per the objectives of the high-temperature 
simulation model. 



CHAPTER6 

CONVERSION OF RAMPED-TEMPERATURE OXIDATION 

EXPEZUMENTAL DATA 

The raw data obtained from the RTO experiments was stored in computer files labeled 

"TDMP###.DAT", "GASMR###.DAT", and " A O ~ . W B  I ." These files stored 

temperature, gas analysis, and residual hydrocarbon information respectively and were 

directly accessed to set up the proposed simulation models in this study. Prior to being 

stored in these files, the raw data obtained fiom the instruments had been adjusted to 

account for potential time delays between the reactor conditions and instrument readings 

by the Mta Combustion Group at the University ofcalgary. Thus, the data used for 

the computer simulations represented, as closely as possible, real time reactor conditions. 

The procedure used to convert the raw experimental data to a form suitable for use in the 

proposed simulation models will be described in the following sections. 

6.1 Coke Formation Modei 

At only two points during the Ramped Temperature Oxidation @TO) experiments were 

the amounts of solid hydrocarbons on the core measured; Prior to the start and at the end 

of each experiment. Prior to the start of each experiment, a standardized amount of 

Athabasca Oil Sands Bitumen was mixed with the core, approximately 83.3% maltenes 

and 16.7% asphaltenes by mass. At the end of each experiment, the core was removed in 

sections and a compositional analysis was performed on each section to test for residual 

hydrocarbon hctions. The results of the compositional analysis on each section of the 

core was summarized in the files labeled "AOMR###.wb 1" in terms of maltenes, 

asphaltenes and coke. 

All ofthe data coliected in the RTO Experiments was continuous with respect to time 

except for the amounts ofhydrocarbon hctions on the core. This presented a choice for 



the set-up of the simulation model: either discretizing the continuous raw data to a static 

form or to transform the static hydrocarbon raw data to a continuous form. The latter was 

chosen because it would affect the least amount of data Hence, the material balance 

equations for the simulation model, discussed in Chapter 5, include the continuous form 

of the hydrocarbon hctions. Also, the Coke Formation Model was used to convert the 

hydrocarbon h a i o n  raw data to a continuous form with respect to time. 

The Coke Formation Model used for the simulation ofthe RTO experiments was based 

on a set of correlations developed by Millour et aL (1986). These correlations described 

the formation of maltenes, asphaltenes and coke mass hctions as a h c t i o n  of time for a 

series of low-temperature oxidation experiments using Athabasca bitumen. 

The two major findings by Millour et al. were: (a) that the coke initiation time, to ,  

occurred when the cumulative oxygen uptake reached 0.04 grams of oxygen per gram of 

initial oil, and (b) that coke exhibited an exponential formation rate while maltenes and 

asphaltenes exhibited quadratic decay rates according the following relations: 

(Coke) * = m, - h(t f to ) (6.1.1) 

= m, ( ~ a f t e n d ~ ~ h f t e n e s )  -t rn2 (6.1.2) 

The terms (Coke), (Maltenes), and (Asphaltenes) in the above equations denote the mass 

percent of each hydrocarbon. 

The following example shows how the Millour et al. correlations was used to generate 

the amount of hydrocarbon fiactioos in the reactor as a hnction of time for Experiment 

MR063. First, the RTO experimental raw data, shown in Table 9 on the next page, 

indicated that the amount of maltenes, aspbaltenes, and coke remaining on the cure at the 

end of the experiment ( ~ 7 . 5  hours) was 4.86,2.80, and 1 1-61 grams, respectively. Next, 

the simulation model mass balance equations, developed in Chapter 5, were then used to 



used to establish the coke initiation time and the amounts of maltenes and asphaltenes 

present at that time. The equations used were as follow: 

t 

Method #1: 0,uptake = 32-0%{iW,dr + sX2dt}  
~ T a Y  0 

Method #2: 0,uptake = 

Table 9: Mass of ResiduaI Hydrocarbons Remaining on the Core after 

Completion of Experiment MROQ. 

Mass of Solids (grams) 

Maltenes Asp haltenes Coke Total 
. . . . . . . -. - 

Injection Zone 1-57 0.3 5 1.26 

Zone 2 1.28 0.9 1 3.32 

Zone 3 1-14 0.75 3.52 

Producing Zone 0.87 0.80 3.50 

Total 4.86 2.80 11.61 19.27 

The simulation model estimated that coke began to form at 5.01 hours based on an 

oxygen uptake of 0.04 grams of oxygen reacted per gram of initial oil using Method #I 

oxygen uptake. The mass hctions of maltenes and asphaltenes at 5.01 hours were 0.72 

and 0.28, respectively, and the mass of hydrocarbons in the reactor was 99% of the initial 

oil in place, net ofthe produced oil. 



With the values of coke initiation time and the mass hctions of hydrocarbons at both the 

coke initiatioa time and the end ofthe experiment, the coefficients f?om Equations (6.1.1) 

and (6.1.2), t ~ ,  rn, , m, , and m, could be calculated. These coefficients remained 

constant throughout the numerical simulation and were used to estimate the M o n s  of 

maltenes, asphaltenes, and coke for any time after the coke initiation time. Figure 4 

shows the residual hydrocarbon distribution as predicted by the Coke Formation Model 

for the simulation of experiment MR063. 

Figure 4: Generated Mass Fraction Profiles of Hydrocarbon Components for 

Experiment MR063. 
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The following points summarize why the correlations proposed by Millour et al. (1986) 

were considered for generating hydrocarbon fiaction distributions in the RTO simulation 

model : 

The experimental conditions used in both experiments included the use of the 

same core and hydrocarbon mhmues, both experiments invoived tow- 

temperature oxidation, similar reactor configurations (plug ff ow), simif ar 

ranges of f d  gas oxygen concentration, similar reactor pressures, and simiIar 

duration of the experiments. 



The solubility method used to characterize the hydrocarbon bctions was 

similar in both experiments. Solubility tests were conducted by using toluene 

and n-pentane on the oxidized hydrocarbon products to determine the residual 

maltenes and asphaltenes fkactions on the core. The coke hction was 

determined by amount of mass loss as a result of firing the remaining dry core 

and insoluble hydrocarbons to 600 O C .  

The similarities in oxygen uptake rates observed during both experiments. 

The following points list the main concerns regarding the use ofthe Millour et al. 

correlations to generate hydrocarbon hction distributions for the KT0 simulation model: 

The LTO experiments were run isothermally while the RTO experiments were 

subject to a heating rate of 40 O C  I hour until a set-point temperature of 260°C 

or 350°C was reached. 

During the LTO experiments there were no traces of carboa-oxides reported 

prior to an oxygen uptake value of 0.04 grams of oxygen reacted per gram of 

initial oil (the coke initiation time). Since the set-point temperatures in the 

RTO experiments were higher than the highest isothermal temperature in the 

LTO experiments, carbon-oxides Formed relatively faster during the RTO 

experiments. 

It is important to note that the values of the coefficients reported by Millour et al. were 

not used but rather the form of the correlating equations. Each RTO experiment 

predicted a different set of coefficients that were used in the correlating equations. A 

comparison of the Millour et al. values and those calculated for each RTO experiment is 

shown in Chapter 8. 

The concern of using isothermal data correlations to predict non-isothermal experimental 

data was addressed as follows. Firsf the average temperature in the reactor at an oxygen 

uptake of 0.04 grams of oxygen reacted per gram of initial oil (using both of the methods 

described above) was calculated using the following equation- 



Although not a tme comparison to the isothermal temperatures, the average temperatun 

values were used as a reference value to be compared with the isothermal temperatures 

published by Millour et aL A comparison between the average temperature and the 

isothermal temperature, with the other conditions being relatively similar, would indicate 

that the use of the correlations was acceptable. 

To address the concern of carbon-oxides being present prior to the coke initiation time, a 

sensitivity analysis was performed on the RTO simulation model. The sensitivity 

analysis used two methods of calculating oxygen uptake to measure the time taken to 

reach the coke initiation time. The first method defined oxygen uptake as dl oxygen 

consumed in the oxidation reactions. The second method defined oxygen uptake as only 

the oxygen consumed by addition-type reactions (Reaction 2). Also, the second method 

of calculating oxygen uptake used the Analysis #2 definition of oxygen conversion. The 

comparison between the resuIts obtained from the two methods would show if the 

formation of carbon oxides had any appreciable effect on the performance of the Coke 

Fonnation Model. 

The suitability of the Coke Formation Model to generate hydrocarbon fkaction profiles 

for the simulation model will be discussed Chapter 7. 

6.2 Reaction Stoichiornet y 

The RTO cumulative production data found in files "GASMR###.OUT' were used to 

calculate the oxygen conversion and to balance the reaction stoichiometry of  the 

proposed bulk-component, chemical reaction scheme. This section will discuss data 

conversion relating to readion stoichiometry while the next section will discuss the 

conversion of oxygen The low-temperature oxidation reaction system and the bulk 



forms of the hydrocarbon hctions that were used in the simulation model are rewritten 

here for reference. 

Reaction 1: Maitenesdfd +402 + e,CO + ACO, + g,H,O 

Reaction 2: Maitenes,, + d202 + b, A~phaItenes~, + g,H,O 

Reaction 3: Asphaiteness, + a3Maitenes, + c3Coke, + LCO, + &C., 

Where, Maltenes,, = C,,, H ,, , Asphailtenes,, = C,,H,+, O, , and 

C O ~ &  = C9,.1 HIOI .I 

The stoichiometric coefficients were calculated by performing an element balance on 

each of the reactions. The results of these element balances are summarized below. To 

reduce the number of variables in Reactions 1 and 3, the gases CO and C& were made 

hnctions of a COz by using the following cumulative production ratios: 

Reaction 1: 

Reaction 2: 



Reaction 3: 

The coefficients for Reactions 2 were constant. However, the coefficients for Reactions 

1 and 3 were dependent on the profiles of the ratios of CO and C& to C02 and thus 

varied with time. The profiles of CO and C& to C& were calculated at 15-minute 

intervals using the cumulative gas production raw data found in the "GASMR###.OUT" 

Table 10: Cumulative Gas Production Data from Experiment MR063. 

Time (how) cumulative Production, l(ST) 



files. These static data points are then fitted with continuous numerical functions so that 

the simulation is not restricted to the 30-minute intervals. Thus* at any time during the 

simulation the stoichiornetry of each reaction was balanced regardless ofthe varying 

nature of the coefficients in Reactions 1 and 3. An example of the produced gas data for 

Experiment MR063 is shown in Table 10. The corresponding profiles of the CO/C& 

and CHJCa ratios are shown in Figure 5. 

Figure 5: Inputted Functions of Produced CO/CG and C&IC& Gas Ratios 

versus Raw Data for Experiment -3. 
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The numerical fitting of the ratio profiles was made using the Tablecurve 2D software. 

The equations used for Experiment MR063 are shown below. 

Where a=0.32300758, b=-0.6110446, c=-0.1963477, d=O. 1235903 1, ~~0.03956723 ,  

f--0.0083479, p0.0026671, and 



Where a=0.00786201, b=-0.0438195, ~4.0034989, d=-O.1055307, e=0,00038917, and 

HI-0 1504063- 

It was assumed that carbon dioxide was produced in equal amounts by Reactions 1 and 3. 

This was based on the work of Moschopedis et al. (1978) which measured the amounts of 

carbon dioxide formed by low-temperature oxidation and thermal decomposition 

reactions involving Athabasca bitumen. The results of these studies showed that 

relatively similar amounts of carbon dioxide were formed through both reactions. 

By using the input functions for the two ratios and the element balance equations, the 

values of the stoichiometric coefficients could be calculated at each time increment. The 

corresponding stoichiometric coefficients for Reactions 1 through 3 for Experiment 

MR063 are summarized in Table 11 and Figures 6 and 7. The stoichiomeaic coefficients 

of the remaining experiments were calculated similarly. 

Figure 6: Reaction 1 Stoichiometric Coefficient Values for Experiment MR063. 

dl (Oxygen) . . . - . . . . . - . . el (Carbon monoxide) 

- fl (Carbon dioxide) - . . .  - gl (Water) 



Table 11: Stoichiometric Coefficient Values for Reaction 2, Experiment MR063. 

Coefficient Reaction 2 

Figure 7: Reaction 3 Stoichiometric CoeClicients Values for Experiment MR063. 
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6.3 Conversion of Oxygen 

The reactions of maltenes with oxygen at relatively low temperatures (below 300°C) can 

be characterized into two classes: Reactive and unreactive maltenes. The reactive 

maltenes can be fbther divided into two sub-classes. The first sub-class of the reactive 

maltenes component contains the fkaction of maltenes that are most likely to have bond- 

scission type reactions. These reactions form products such as gaseous carbon-oxides 

and water. The second sub-class contains the hction of reactive maltenes that are most 

likely to produce heavier, more oxygenated hydrocarbons through oxygen addition type 

reactions. Products from this type of reaction include asphaltenes and trace amounts of 

water. Experimental evidence has also shown that the oxidation reactions associated with 

the reactive maltenes bction may be reversible. This study will focus only on the 

forward reactions during the low-temperature oxidation of the reactive component of the 

maltenes &action, 

Reaction 1 in the simulation model was used to simulate bond-scission type reactions 

while Reaction 2 was used to simulate the addition type reactions. All residual maltenes 

found on the core after the oxidation front had passed were considered unreactive. The 

definitions of oxygen conversion provided the means of differentiating between the 

maltenes h d o n  that was converted to less viscous, bond-scission reaction products and 

the maltenes hction that was converted to more viscous, addition reaction products. The 

two definitions of oxygen conversion, Analysis #I and Analysis #2, are rewritten below 

for reference. These definitions were originally discussed in Section 5 -7.1. 

Analysis #1: 



The method of modifying the oxygen conversions fmm the static form based on raw data 

to the continuous and numeric form used within the simulation model will be discussed in 

this section, 

Figure 8 shows both the static and continuous forms of oxygen conversion for Reactions 

1 and 2 using the Analysis #1 method. The squares and diamond data points represent 

the static raw data The dashed and solid lines represent the continuous form of the 

oxygen conversion data, generated using the Tablecurve 2D software. The equations 

used for the numerical fit of the conversion data are shown following Figure 8. The 

continuous form of oxygen conversion profile was used in the simulation model. 

Figure 8: Inputted Functions o f  Oxygen Conversion versus Raw Data using 

Analysis #I, Experiment MR063. 
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(6.3.1 - MR063) and (6.3.2 - MR063) 

Where, 



Coefficient Reaction 1 Reaction 2 

Equation (6.3.1 - MR063) Equation (6.3.2 - MR063) 

The Analysis #2 oxygen conversion data was fitted using the Tablecurve 2D software 

similar to that of the Analysis #1 conversion data. Figure 9 shows both the static and 

continuous forms of oxygen conversion for Reactions 1 and 2 using the Analysis #2 

oxygen conversion method. As before, the equations used for the numerical fit of the 

static conversion data are shown following Figure 9. The oxygen conversion equations 

for Analysis #2 are shown below for reference. 

Analysis #2: 

(5)t = (co,),, + ( c a r d u a d  

The oxygen conversion data was fitted similarly for all remaining experiments. The plots 

of the inputted numeric functions versus experimental raw data for each experiment are 

shown in Appendix A. 



Figure 9: Inputted Functions of Oxygen Conversion versus Raw Data using 

Analysis #2 Oxygen Conversion, Experiment MR063. 
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Where, 

(6.3.3a - MR063) and (6.3.3b - MR063) 

Coefficient Reaction 1 Conversion Reaction 2 Conversion 
- 

Equation(6.3.3a) Equation(6.3.3b) Equation (6.3 -4) 



6.4 Temperature 

Finally, the temperature data recorded in the ''TDMR##.DAT' files was converted to 

numeric form for input to the computer simulation model. The temperature data 

collected in each experiment was taken fiom five, evenly spaced thermocouples (one 

thermocouple per zone) along the reactor. Also, the temperature reading data was 

Figure 10: Zone Temperature Profiles for Experiment MR063. 
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recorded more frequently than any other data reading during the RTO experiments. This 

alIowed for a more acwate numerical representation of the temperature data Figure 10 

shows the temperature reading profiles collected during Experiment MR063. 

The temperature response data shown in Figure 10 served two purposes. The fist was to 

determine an average temperature protile for the experiment and the second was to 

determine the rate at which the oxidation front traveled through the reactor. As shown in 

Figure 10, the oxidation fkont advanced fiom Zone 1 (closest to the entrance of the 

reactor) through to Zone 5 (closest to the exit of the reactor). The average rate of 

advancement of the oxidation front based on the advancement of the measured peak 

temperatures in each zone for Experiment MR063 was 19.3 centimeters per hour. The 

Figure 11: Numerical Fit of the Temperature Profile of Zone 3, Experiment 

MR063. 
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Where, 

Coefficient Temperature 

Equation (6.4.1 a - MR063) Equation (6.4.1 b - MR063) 

average temperature profile used for Experiment MR063 was that of Zone 3. The 

temperature data for Zone 3 and the numeric fit of this data are shown in Figure 1 1. 

Again Tablecurve 2D was used to numericdly fit the temperature profile to the 

experimental data The equations used to represent the data are shown following Figure 

11. 

The choice of the zone temperature profile used for each simulation was one of the main 

limitations of the low- and high-temperature models. As stated earlier, the temperature 

raw data was collected at more fkequent time intends and at each of the zones in the 

reactor. All other raw data was collected at the exit of the reactor or at the end of the 

experiment and at less fkqient intervals. Hence, an average temperature profile, equal to 

one of the zone temperature profiles, was chosen to represent the reactor temperature 

conditions that generated the exit product stream. This sirnpiifying assumption was 



necessary because the exit product streams could not be divided into the zones within the 

reactor from which they were produced. 

In an effort to make the simulation models consistent, Zone 3 was used as the average 

temperature profile for each experiment whenever possible. However, ifzone 3 did not 

have a temperature profile that was representative of the experiment one of the remaining 

zones was used. 

The limitations of choosing one of the five temperature profiles as the average 

temperature for the simulation are as follows. Fist, there are time delays between each 

of the zone profiles. Hence, the produced gases at any given time can be linked to any of 

five measured temperatures within the reactor at that same time. Ultimately this would 

affect the activation energy kinetic parameters in the reaction rate equations because there 

would be five potential solutions to the objective hnction at any given time. Running 

each simulation model five times, once for each of the zone temperature profiles, would 

be impractical in determining the representative kinetic parameters of an experiment. 

Thus, Zone 3 was used as the average temperature profile whenever possible. By using a 

consistent temperature profile from each experiment a consistency would be created 

between the experiments. This consistency, in turn, would allow for the sets of kinetic 

parameters to be comparable with each other. 



CHAPTER7 

NUMEXICAL SIMULATION MODEL RESULTS 

7.1 High-Temperature Oxidation Experiments - Verification Modd 

Several authors have studied and published reaction kinaic results based on high- 

temperature oxidation experiments involving Athabasca bitumen [Thomas et al. (1 985), 

Phillips et al. (1985) and Sibbald (1987)J. Table 12 summarizes the kinetic parameten 

reported by these authors. Thomas et al. conducted experiments using coked Athabasca 

bitumen as the feedstock, Phillips et al. used various forms of Athabasca bitumen, coke, 

and graphite for their combustion experiments and Sibbald worked with unconsolidated 

Athabasca core. The higher values in the range of activation energies reported by 

Phillips et al., shown in Table 12, correspond to the combustion of coke and graphite 

while the lower values correspond to the combustion of Athabasca bitumen. 

Table 12: Previously Reported Reaction Kinetic Parameters from High- 

Temperature Oridation Experiments. 

Author Reported Reaction Kinetics 

Pre-exponent  actor(.' Activation ~ n e r ~ ~ @ )  

Thomas et d. (1985) 1 -44x1 0' 3 4,763@) 

3 . 6 6 ~ 1 ~ '  (a 68,76~(~) 

Phillips et al. (1985) 1 .4x103 - 5 . 6 ~ 1 0 ~  80,000 - 145,000 

Sibbald (1987) 9 . 7 ~ 1 0 ~  3 3,000 

(a) (am - h)? 

(b) J / mole. 

(c) Results fiom coked sand of Athabasca bitumen (8.0°API). 

(d) Results koxn coked sand of SuffieId oil (14.2OA.I). 



Table 13 lists the experimental operating conditions of the experiments that were 

simulated with the high-temperature oxidation model. Each of these experiments 

exhibited the trait of establishing a stable combustion fiont at temperatures in excess of 

400°C. This trait distinguished these experiments fiom the experiments that were 

modeled using the low-temperature model. 

Table 13: Summary of the Experimental Conditions of the Experiments used for 

the High-Temperature Oxidation Simulation Model. 

Experimental Conditions 

Experiment Injected Gas Feed Gas O2 Absolute Set-point Simulation 

Flux, Concentration, Pressure, Temperature, Results 

rn3(s~)/rn2- hr mole % kPa O C  Obtained 

MR059 104.6 65.4 7090 260 Yes 

MR068 104.6 65.4 2423 260 Yes 

MR075 104.6 65.4 4190 260 No 

Table 14 summarizes the reaction kinetic results obtained fiom the simulation of the 

experiments shown in Table 13. Experiment number and type of oxygen conversion used 

divide the kinetic parameters in Table 14. The definitions of Analysis #I and #2 oxygen 

conversion were described in Sections 5.7 and 6.3. The average emor values for each 

simulation run were calculated by averaging the percent errors calculated at quarter hour 

intervals throughout each experiment. The percent error and average error calculations 

are also described in Section 5.7 for the high-temperature oxidation model. 

A comparison ofthe kinetic values in Tables 12 and 14 shows that the kinetic parameters 

obtained by this study's simulation model fa1 within the range of previously published 

kinetic parameters of the high-temperature oxidation of Athabasca bitumen A potential 

cause for differences in the reported kinetic parameters is differences in the composition 

of the he1 being oxidized. Due to the complex nature of coke, or fix$ it is dficult to 



conclude that coke deposited from varying experimental conditions will react 

consistently. Thus, dierent studies may have varying kinetic results for the combustion 

reactions involving coke. The results obtained fkom this study are relatively comparable 

to several previously published kinetic results indicating that a relatively similar kel was 

being consumed. 

Table 14: Summary of the Reaction Kinetic Results of the High-Temperature 

Oxidation Model, 

Type of Oxygen Experiment Pre-exponent Activation Average 

Conversion ~ a c t o p )  ~nergy(~'  Error 

Analysis #1 

MR059 1 .OX+ I 56,976 13% 

MR068 3.4OEM 55,144 5% 

MR075 3.24E- 1 54,459 334% 

Analysis #2 

(a) Moles of oxygen reacted I (mole of coke atmosphere hour). 

@) Jodes/mole. 

Figures 12 through 17, on the following pages, show the time dependant profiles of 

oxygen conversion generated by the simulation model from the kinetic values shown in 

Table 14. The average error values shown in Table 14 were derived fiom these figures. 

Also, Table 13 and Appendix B summarize the experimental operating conditions of the 

RTO experiments listed in Table 14. The summary of the operating condition in 

Appendix B also include information with respect to oxygen partial pressures, maximum 

oxygen conversion, and injected oxygen gas fluxes of the selected RTO experiments. 



Experiments MRO59 and MR068 showed good conelation between the simulated data 

and the inputted experimental. However, Experiment m075 showed a relatively poor 

correlation The cause ofthis poor correlation was that the peak oqgen conversion in 

this experiment had been reached very quickly. The consequence of this in terms of the 

computer simulation meant that the slope of the oxygen conversion curve approached 

infinity and thereby could not be replicated by an Arrhenius-type equation without 

significant error. 

Despite significant instability, the computer simulation program converged to the kinetic 

values in Table 14 for Experiment MR075. These values represent the most likely real 

solution to the objective bction for this experiment. However, the excessively large 

errors between the inputted oxygen conversion profile and the kinetically generated 

oxygen conversion can not be neglected. Thus, the kinetic parameters for Experiment 

MR075 were not considered to be a true representation of the experimental data and were 

disregarded f?om further analysis within this study. 

The Experiment MR07S oxygen conversion profiles were included in this study for 

illustrative purposes. The kinetic parameter generated oxygen conversion profiles 

represent how an Arrhenius-type equation would predict the experimentai behavior of 

Experiment MR075. 

The heat generated by the combustion of maltenes is not suff~cient to create the high- 

temperature combustion fionts obsetved in Experiments MR059 and MR068. This 

indicated that coke combustion reactions were occurring during these experiments. 

Figures 12 through 15 firrther show that oxygen had begun to be consumed, presumably 

in the coke combustion reactions, at temperature below 300°C. This observation is 

significant because it may provide some insights into the characteristics of the low- 

temperature model. Since it was difficult to differentiate between oxygen that was 

consumed through maltenes oxidation and oxygen that was consumed through coke 

combustion, the coke combustion reaction was not included in the low-temperature 

model. In light of the statement that coke may potentially combust at temperatures below 



Figure 12: High-Temptratun Oxidation Model Results for Experiment MROS9 

using Analysis #l Oxygen Convenion, 
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Figure 13: High-Temperature Oxidation Model Results for Experiment MR059 

using Analysis #2 Osygen Convenion. 

o Inputted Experimental Data - - Simulation Model Results 
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Figure 14: High-Temperature Oxidation Modd Results for Experiment MR068 

ushg AnaIysis %1 Oxygen Conversion. 
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Figure 15: High-Temperature Oxidation Model Results for Experiment -68 

using Analysis #2 Oxygen Conversion. 
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30°C, the low-temperatwe model may include some coke combustion reaction 

characteristics without actually modeling them This will be discussed in M e r  detail in 

association with the low-temperature model in Section 7.4. 

As described in Chapter 6, the simulation model used inputted numerical functions to 

represent experimental data These inputted hndions included oxygen conversions, 

temperature profiles, and C w C O 2  and COiCG ratios. Table IS summarizes the 

accuracy with which the inputted fimctions represented the experimental recorded data 

for the high-temperature models. Average percent enor was calculated by taking the 

simple average of the percent errors calculated at each experimental data value. The 

oxygen conversion profiles are shown in Figures 12 through 17. The remaining 

temperature, C W C a  ratio and CO/C& ratio profiles are shown in Appendix A. 

Table 15: Accuraq of the Inputted Functions of Faperimental Data used for the 

High-Temperature Oridation Model. 

Inputted Function Average Percent Error for Experiment 

Temperature 3.2% 2.3% 1.7% 

CO/C& Ratio 0.1% O.OO/o O,O% 

CEI4/C@ Ratio 0.2% 0.2% 0. I% 

Oxygen Conversion, Reaction 4 

Analysis #1 0.1% 0.5% 1 -4% 

Analysis $2 I -0% 0.5% 1 -4% 

7.2 Controlling Mechanisms 

Figure 18 shows the plots of reaction rate versus inverse temperature on semi-logarithmic 

paper for tow-temperature oxidation (LTO) experiment MR064. During most of this 

experiment, there existed a linear relationship between tog of reaction rate and inverse 



temperatwe, indicating that kinetics were the primary Limiting mechanism. However, 

some of the data exhibited both mass and kinetic control traits. For example, in 

the reaction rate profiles for Reactions 1 and 2, the slopes of the profiles began to curve 

to the horizontal at higher temperatures. This non-linear relationship suggested that 

kinetics were not the exclusive limiting mechanism acting during this experiment. 

Since there existed both a linear and non-linear relationship in the reaction rate profiles, 

the kinetic parameters obtained by the simulation model for this experiment were 

considered "Apparent" as opposed to the "True" kinetic parameters for the reactions. 

Figure 18: Reaction Rate versus Inverse Temperature using Analysis 81 Oxygen 

Conversion Rat6 Experiment MR064. 
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o Reaction 1 - ApparentKimtics - Reaction I - True Kiaetics 
a Readon 2 - Apparent Kinetics ----.----- ---- Reaction 2 - TIW Kinetics 
o Reaction3 - AppanrdKinetics - Reaction 3 - T' Kinetics 

The nonolinearity in the reaction rate profiles can be a result of a number of causes. The 

slight deviation f?om linear behavior could be attributed to inexact readings. The larger 

deviations could be the results of mass transfer control or even an inadequacy of the 

chemical reaction model. Figure 18 potentialIy exhibits both of these traits. The data 

representing Reaction 2 clearly deviates fiom a linear form to the horizontal at 



temperatures above approximately 200°C indicating partial mass transfer control at these 

higher temperatures. The data representing Reaction 1 also curves to the horizontal at 

temperatures above approximately 200°C but forms a second linear relationship that is 

distinct &om the hear form of the lower temperature data. This indicated that Reaction 

1 might be better represented by two separate chemical reactious instead of a single 

reaction. 

The reaction rate profiles for each individual ramped-temperature oxidation (RTO) 

experiment will be discussed with respect to controlling mechanisms in Section 7.4. 

7.3 Coke Formation Model 

This section will discuss the suitability of the Coke Formation Model to predict coke 

initiation times and mass fiaction distributions of the hydrocarbon fractions in the RTO 

experiments. As discussed in Chapter 6, the form of the correlations used to generate the 

mass £taction distributions was based on the work published by Millour et al. (1986). 

In Chapter 6, the following concerns were raised regarding the use of the Coke Formation 

Model: 

The LTO experiments were run isothermally while the RTO experiments were 

subject to a heating rate of 40 OC / hour unti1 a set-point temperature was 

reached, 

During the LTO experiments there were no traces of carbon-oxides formed 

prior to an oxygen uptake value of 0.04 g 02 reacted I g initial oil (the coke 

initiation time). Since the set-point temperatures in the RTO experiments 

were higher than the highest isothermai temperature condition in the LTO 

experiments, carbon-oxides formed relatively faster in the RTO experiments. 

The two methods of calculating oxygen uptake are as follows. Method #1 defined 

oxygen uptake as all oxygen consumed in the low-temperature oxidation reactions. 



Method #2 defined oxygen uptake as only the oxygen consumed by addition-type 

reactions such as Reaction 2. The oxygen consumed by Reaction 2 type reactions 

consisted of all reacted oxygen that did not form carbon oxides and water. 

Table 16 summarizes the Coke Formation Model's results in terms of coke initiation 

times and average temperatures at the coke initiation times for the two methods of 

calculating the oxygen uptake. The coke initiation times obtained using Method #2 

oxygen uptake lagged the coke initiation times obtained using Method #1 oxygen uptake 

by between 0.26 and 0.90 hours. The average lag time was 0.45 hours between Method 

#1 and #2 oxygen uptake. This was expected due to the different methods of calculating 

oxygen uptake, discussed in Section 6.1. Depending on the oxygen concentrations in the 

feed gas, the average temperatures at the coke initiation time ranged from 76.g°C to 

158.9OC for Method #I and from 86.8OC to 176.S°C for Method #2. Apart from these 

differences, there were negligible differences between the results obtained using Method 

#1 oxygen uptake and those obtained using Method #2 oxygen uptake. 

The values of isothermal temperature and coke initiation times that were published by 

Millour et aI. are shown in Table 17. A comparison of the results obtained fiom this 

study to those published by Millour et al. is shown in Figures 19 and 20. 

Several trends are apparent 6rom the Millour et al. experimental results as shown in Table 

17. At constant oxygen concentrations, as the isothermal temperatures increased the coke 

initiation times decreased. Similarly at constant temperature, as the oxygen concentration 

increased the coke initiation times decreased. Finally, when isothermal temperatures 

were at or above 12S°C, coke initiation times occurred much faster than when isothermal 

temperatures were below 12S°C. These trends can also been seen in Figures 19 and 20. 



Method #1 Oxygen Uptake Method #2 Oxygen Uptake 

Experiment Coke Initiation Average Maximum Coke Initiation Average Maximum 

Time, Temperature, Hydrocarbon Mass, Time, Temperature, Hydrocarbon Mass, 

hours OC % of initial mass hours O C  % of initial mass 



Table 17: Coke Initiation Times during the irothermd Oxidation of Athabasca 

~itumen."' 

Isothermal Coke Initiation Time, hours 

TernW'ame7 O C  5% Oxygen in Feed 100/o Oxygen in Feed 

(a) Source: Millour et al. (1986). 

The trends that appear in the Millour a al. LTO experimental results are less defined in 

the Coke Formation Model results, obtained by this study. The most significant reason 

for this was because the RTO experiments were operated at various levels of gas flux 

while the LTO experiments were operated at a constant gas flux. The effect of increasing 

gas flux during the oxidation of Athabasca bitumen has the effect of reducing the coke 

initiation times because the reactive hydrocarbon sites within the formation are exposed 

to a more rapidly replenished supply of oxygen. Thus, none ofthe results &om this study 

had longer coke initiation times than 8.16-hours and the 3 1.6- and 23 -8-hour coke 

initiation times observed by Millour et al. could not be attained. However, when both gas 

flux and oxygen remained constant during the RTO experiments, similar trends were 

observed in the coke initiation times to those published by Millour et al.. Experiments 

MR06 1, MR064, MR058, and MR063 are examples of experiments that exhibited similar 

characteristics to those observed by during the Millour et d. LTO experiments. 

Figures 19 and 20 show how the results ofthe Coke Formation Model using Method #1 

and Method #2 oxygen uptake compare to the results published by Millour et al.. Ofthe 

two oxygen uptake methods, the Method #2 results compared slightly better to the results 



Figure 19: Comparison of Coke Formation Modd Results to Previously 

Published using Method #I Oxygen Uptake. 
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(a) Millour et al. (1986) 

Figure 20: Comparison of Coke Formation Model Results to Previously 

Published ~alues''' using Method #2 Oxygen Uptake. 
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of Millour et al. if the value of average temperature used by this model can be considered 

a good comparison to the isothermal temperatures in the LTO experiments. 

A reasonably good match between the values of average temperature and coke initiation 

time, derived in this study, and the isothermal temperahues above 12S°C and coke 

initiation times in the LTO experiments is shown in this section Therefore, it was 

considered that the concerns stated at the beginning of this section were addressed 

adequately and the Coke Formation Model gave an accurate representation of when coke 

began to form during the RTO experiments and the distribution of hydrocarbon fkactions 

thereafter. 

It is important to note that the average temperature values calculated using Equation 6.1.6 

are only reference values that may not be truly comparable to the isothermal temperatures 

found in Millour et al. (1986). An alternative value oftemperature that could be used for 

the comparison with the isothermal temperatures in the LTO experiments can be 

calculated at the coke initiation time by Equation 7.3.1. 

This calculation is possible since the reaction rates of Reaaions 1 and 2 are functions of 

temperature, r, = f (7') and r .  = f (T) , and thus the average reaction rate is also a 

function of temperature1 r, = f (2"). This value oftemperaturel which corresponds to 

the average reaction rate at the coke initiation time, may potentially be a better 

comparison to the isothermal temperature in the LTO experiments. 

Although the average reaction rate average temperature, described above, may potentially 

be a better comparative temperature to the isothermal temperatures of the LTO 

experiments it could not be calculated using the numerical methods used in this study. 

The numerical integration routine used in this study required the input of relatively 

simple, continuous finctions that could be divisibIe into finite increments between two 

set pints. The readon rate equations within the integral in Equation 7.3.1 were 



relatively complex functions that included exponential relations with respect to 

temperature and non-linear relations with respect to oxygen partial pressure and 

hydrocarbon concentdon. Hence the reaction rate method of caiculating average 

temperature at the coke initiation time could pot be used as a comparison with the 

isothermal temperatures used during the LTO experiments. 

Apart from the initial and final distributions of hydrocarbon hctions, the hydrocarbon 

hction distributions were generated using the correlating equations in Section 6.1. The 

initial hydrocarbon distrtiutions for each of the experiments were the same, 83.3% 

maltenes and 16.7% asphaitenes by mass. The final hydrocarbon distniutions for each 

experiment were dependent on the operating conditions during the experiment. Both the 

initial and final hydrocarbon ftaction distributions were obtained through solubility tests 

in pentane and toluene as described in Sections 3.1 and 5.3. Table 18 summarizes the 

hydrocarbon hction distriiutions observed at the end of each RTO experiment. 

Table 18: Rnw Data VaIues of the Residual Hydrocarbon Fractions in the RTO 

Experiments used in the Low-Temperature Simulation Model. 
- - -- - - - - -- - - - 

Total Mass of Mass Percent of Hydrocarbon 

Experiment Hydrocarbons at End Fractions at End of Experiment, % 

of Experiment, Maltenes Asphdtenes Coke 



The following illustration and definitions are included to assist the reader in interpreting 

the hydrocarbon hction distribution profiles on Figures 21 through 29. 

"Total Mass / Initial Mass of Oil" - "Temperature - Inputted Data" - thin, 

thick, continuous line. This profile dashed line. Reactor temperature- Refer 

represents the ratio ofresidual oil mass to Appendix A for inputted versus raw 

to the mass of initial oil in the reactor, at temperature data comparisons. 

any given time. 
\ 

4.0 
O0 / / 2*0/ Timq hours yo 8.0 

a 
C) 

200 g 
4) 

t 
loo g 

of Oil 1 
"Mdtenes, Asphaltenes, and Coke" - The coke initiation time occurs when the 

thin, continuous lines connecting circles, cumulative oxygen uptake equals 0.04 

triangles and diamonds. These profiles grams of oxygen reacted per gram of 

represent the residual mass hctions of initial oil. This point defines the onset 

maheaes, asphaltenes, and coke in the of the Coke Formation Model within the 

reactor at any time. simulation model. 



Figures 2 1 through 29 show the Coke Formation Model generated hydrocarbon fhction 

distniution profiles for each of the RTO experiments using Method #2 oxygen uptake to 

determine the coke initiation times. These figures also show the inputted temperature 

profiles for each experiment for reference. Only the hydrocarbon hction distriiution 

profiles of Method #2 oxygen uptake are presented in this section, however, a 

comparison of the profiles generated from both oxygen uptake methods is shown in 

Appendix A The hydrocarbon fkction distriiution profiles ofMethod #1 oxygen 

uptake have the same general shape as those for Method #2 with the exception of slightly 

accelerated coke initiation times. 

The majority of the mass hction profiles in Figures 21 through 29 showed a successfir1 

application of the Coke Formation Model to the experimental data. However, the Coke 

Formation Model could not be successfblly applied to Experiments MR06 1 and MR066. 

A discussion of the reasons for the unsuccessfil application of the Coke Formation 

Model on these experiments will follow Figures 21 through 29. 

Figure 21: Mass Fraction Protiles of Hydrocarbon Components for Experiment 

MR056 using Method #2 Oxygen Uptake. 
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Figure 22: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

MROSS using Method #2 Oxygen Up- 
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Figure 23: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

MR060 using Method #Z Oxygen Upt.ke. 
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Figure 24: Mass Fraction Profilcs of Hydrocarbon Components for Experiment 

MR061 using Method #2 Oxygen Uptake. 
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Figure 25: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

-62 using Method #2 Oxygen Uptake. 
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Figure 26: Mass Fraction Profflcs of Hydrocarbon Components for Experiment 

MR063 using Method #Z Oxygen Uptake 
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Figure 27: Mass Fraction ProNs of Hydrocarbon Components for Experiment 

MR064 using Method #2 Osygen Uptake. 
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Figure 21): Mass Fraction Profdes of Hydrocarbon Compoaenb for Experiment 

MR065, ~ t t h o d  m oxygen uptake 
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Figure 29: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

MR066 using Method #2 Oxygen Uptake. 
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The Coke Formation Model was not able to generate the hydrocarbon firaction 

distribution profiles for Experiments MR061 and MR066. The reason for the model's 

inability to generate these distn%utions was bemuse the final cuke h a i o n  compositions 

of these experiments were too high to be used with the MiIlour et al. (1986) correlating 

equations. The simulation model proposed for this study used the Millour et al. "Region 

II" correlating equations for the Coke Formation Model. "Region IT described coke 

formation and the consumption of maltenes and asphahenes for coke composition of 

between 3 and 55 mass percent. The solubility analyses performed on the residues of 

RTO experiments MR061 and MR066 showed coke compositions of 95 mass percent. 

Hence, the Coke Formation Model attempted to use the correlating equations to fit data 

that was clearly outside the range of the correlating equations. Consequently the Coke 

Formation Model became unstable and was not able to generate hydrocarbon kction 

distributions for Experiments MR06 1 and MR066. The rnalteaes and aspbaltenes 

component mass fkactions along with the total mass ratios ofthese experiments were 

arbitrarily set to zero to distinguish these experiments from the experiments whose Coke 

Formation Model was able to generate mass £?action distribution profiles. 

Experiments MR061 and MR066 may still be used to provide meaningful information 

regarding low-temperature oxidation of heavy oil prior to and at the coke initiation time. 

This is because the Coke Formation Model only failed afker the coke initiation time as 

shown in Figures 24 and 29. Thus the coke initiation times and the average temperatures 

for Experiments MR06 1 and MR066 are included in Table 16. 

During oxidation of Athabasca bitumen above coke concentrations of 55 mass percent, 

the "Region III" readion region, Millour et al. (1986) suggested that coke was beginning 

to be consumed by combustion reactions. However, correlating equations that described 

the hydrocarbon h a i o n  behavior in this region were not presented by Millour et al. due 

to insufficient trends in the LTO experimental data Other than Experiments MR06 1 and 

MR066, which were discussed previously, only Experiment MR063 potentially exhibited 

behavior in "Region m." Experiment MR063 had a final coke concentration of6 1 

percent by mass. This concentration was sufficiently close to the 55 mass percent limit 



that the Coke Formation Model only experienced minor instability while generating 

Experiment MR063's hydrocarbon hction distribution profiles. 

An unavoidable limitation ofthe Coke Formation Model was the inability to model the 

consumption of coke at relatively low temperatures (at or below 300°C). As discussed in 

Section 7.1, during the RTO experiments coke began to be consumed by combustion at 

temperatures below 300°C. Also, as stated in the previous paragraphs, the correlating 

equations proposed by Millour et al. were specific to "Region II", where coke 

consumption did not occur. Hence, it was difficult to conclude with certainty whether or 

not an RTO experiment was operated entireIy in the "Region II" reaction region, thereby 

allowing the application of the Coke Formation Model. 

The most likely RTO experiments that may have been operated outside of the "Region IT' 

reaction region are those that experienced oxidation fkoat temperatures above 400°C and 

those that were operated with temperatwe-ramp limits of 350°C for very long periods. 

Of the low-temperature simulation model experiments, Experiments MR064 and MR065 

fall into this category. Both experiments experienced computational instability near their 

coke initiation times. These instabilities may have been caused by coke consumption 

reactions in the RTO reactor when temperatures approached or exceeded 300°C (see 

Figures 27 and 28). However, it would be difficult to conclude with any degree of 

certainty from the experimental data that the coke consumption reactions did occurred. 

The computational instability within these experiments was limited to a short period near 

the coke initiation time and the Coke Formation Model was able to generate the residual 

hydrocarbon hction distribution profiles for the remainder of these experiments. 

Finally, Experiments MR056, MR058, MR060, MR062, and MR063 exhibited similar 

characteristics in their Total Mass Ratio" profiles, as shown in Figures 21 through 29. 

The "Total Mass Ratio" profiles showed that the total amount ofoil in the reactor shortly 

after the coke initiation time was greater than the initial oil in the reactor. This 

characteristic is consistent with the observations of Millour et d. during their LTO 

experiments. Chemically bound oxygen is responsible for the increase in the mass ofthe 



hydrocarbon phase. The chemically stored oxygen would appear to be associated with 

the asphaltenes hction and a significant portion of it is converted to carbon oxides when 

coke formation commences. Thus, the reactor will appear to have more oil than the 

initial oil present. The Coke Formation Model, according to the Millou et al. correlating 

equations, predicted the maximum mass of oil during experiments MROM, MR058, 

MR060, MR062, and MR063 to be  10 1%, 134%. 108%, 1 18%, and 1 19?! of the initial 

oil present in the reactor, respectively. Further discussions of the Coke Formation Model 

will follow on an experiment specific basis in Section 7.4. 

7.4 Low-Tempentun Oxidation Experiments 

The reaction kinetic results obtained fiom the successfbl simulations of the LTO 

experiments will be discussed in this section. The results obtained using Analysis #I 

oxygen conversion will be discussed first followed by those of Analysis #2 . Table 19 

lists the operating conditions of the experiments used in the simulation of the low- 

temperature oxidation models. The RTO experiments that did not exhibit temperatures of 

greater than 400°C during the propagation of their oxidation fronts were used for the low- 

temperature simulation models. 

Since simulation results were obtained for only seven of the RTO experiments tested, the 

analysis of the effect of the experimental conditions on reaction kinetics was limited. 

Only the effkcts of injected gas flux, feed gas oxygen concentration and oxygen partial 

pressure could potentially be analyzed. The effect of injected gas flux could be analyzed 

by comparing the results fiom Experiments MR058, MR062, MR063 and MR065. The 

effect of feed gas oxygen concentration could be analyzed by comparing the results fiom 

Experiments MR058, MR060, and MR063. And finally, the effect of oxygen partial 

pressure could be d y z e d  by comparing the results fiom Experiments MR058 and 

MR062 through MR065. ConcIusions on the individual effeas ofabsolute pressure and 

set point temperature could not be drawn 



Table 19: Summary of the Esperimental Conditions of the Experiments used for 

the Low-Temperatun Oxidation Simulation Model. 

Experimental Conditions 
- - 

Experiment Injected Gas Feed Gas 9 Absolute Set-point Simulation 

Flux, Concentration, Pressure, Temperature, Results 

m3 (syrn2- hr mole % kPa O C  Obtained 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

No 

Table 20 summarizes the apparent kinetic parameters, k' and Ea*, obtained by using 

Analysis #I oxygen conversion for the simulated experiments. The values in Table 20 

represent the reaction kinetic values that minimize the respective objective functions 

using the optimization routine. It is important to note that the values in Table 20 have not 

been tested for potential mass transfer effects, nor have they been tested whether or not 

they represent global or local minimums of the objective hnctions. These values are 

simply the solution of the minimization routine. Further discussion with respect to the 

adequacy with which these kinetic parameters represented the proposed low-temperature 

oxidation reactions will be discussed on an experiment specific basis in Sections 7.4.1 

through 7.4.9 and in Section 7.5. Please refer to Table 19 or Appendix B for the 

experimental operating conditions of the RTO experiments used to generate the low- 

temperature o~dation model results. 



Table 20: Summary of the Apparent Reaction Kinetic Parameten for the Low- 

Temperatun Oridation Modd using Analysis I1  Oxygen Conversion. 

Apparent Pre-exponent Factor, Apparent Activation Energy, 

Experiment k', Ea', Jodedmole. 

(a) Moles of oxygen reacted / (mole of maltenes - atmosphere . hour). 

(b) Moles of oxygen reacted I (atmosphere hour). 

(c) Moles of asphaltenes reacted I (mole of initial asphaltenes hour). 

For Reaction 1 the apparent pre-exponent Emon ranged fiom 2.26E-1 to 6.47E+3 and 

the apparent activation energies ranged fiom 13,492 to 5 1,738 and for Reaction 2 the 

apparent presxponent factors ranged from 2.3 8E4 to 2.7 1E-1 and the apparent 

activation energies ranged fiom 18,628 to 24,923. For Reaction 3, the apparent pre- 

exponent factors ranged from 2.98E+2 to 2.75E+10 and the apparent activation energies 

ranged from 3 1,871 to 65,096. 

Activation energy in reaction rate equations is essentially a correlating factor that relates 

temperature to the reaction rate. The vaIues of apparent activation energy for Rcaction 1 

were relatively higher than the activation energy vaIues for Reaction 2 in Table 20. This 

suggests that Reaction 2 began to react at a lower temperature than Reaction 1. This also 

suggests that Reaction 2 would required less energy to initiate reaction than Reaction 1. 

The apparent activation energy for Reaction 3 was relatively higher than that of Reaction 



1 during each experiment. This indicates that when the cumulative oxygen uptake in an 

experiment reached 0.04 g & reacted I g initial oil and Reaction 3 began to r w  both 

Reactions 1 and 2 had already been initiated. 

It is important to note that the Arrhenius pre-exponent factors and activation energy act as 

coupled parameters with both parameters contributing to the overall prediction of kinetic 

behavior. The Arrhenius pre-exponent factor is mainly a hnction of reactant 

concentrations and partial pressures. 

The pre-exponent factors for Reactions 1.2, and 3 varied significantly during each 

experiment. These large differences are due to a combination of the reaction rate 

equations used to descriie each reaction and the conversion profiles determined through 

experimental procedures. As shown in Section 5.2, the reaction rate equation for 

Reaction 1 has a first order dependence on oxygen partial pressure and maltenes 

concentration while Reaction 2 has only a fist order dependence on oxygen partial 

pressure and is independent of maltenes concentration. This is the largest contributor to 

the variance between Reaction 1 and Reaction 2 pre-exponent factors. Conversion 

profiles are the main cause ofthe differences in Reaction 3 pre-exponent factors to those 

of Reactions 1 and 2. The asphdtenes conversion profiles for Reaction 3 are based on 

the amount of initial asphaltenes within the bitumen while the conversion profiles for 

Reactions 1 and 2 are based on the amount of oxygen fed into the reactor. 

Similar trends appear in the kinetic parameten when using Analysis #2 oxygen 

conversion. Based on the activation energy values, Reaction 2 began to react at a lower 

temperature than Reaction 1, which began to react at a relatively lower temperature than 

Reaction 3. The pre-exponent factors obtained fiom Analysis #2 also had similar trends 

to those observed using Analysis #1 oxygen conversion. Table 21 summarizes the 

apparent kinetic parameters, k' and Ea', obtained by the simuiation model using Analysis 

#2 oxygen conversion. 



Table 21: Summa y of the Apparent Reaction Kinetic Parameters for the Low- 

Temperature Oxidation Model using Anllysis #2 Oxygen Conversion. 

Apparent Prezxponent Factor, Apparent Activation Energy, 

Experiment k'. Ea', Joules/mole. 

(a) Moles of oxygen reacted I (mole of maltenes atmosphere hour). 

(b) Moles of oxygen reacted I (atmosphere hour). 

(c) Moles of asphaltenes reacted I (mole of initial asphaltenes hour). 

The results in Tables 20 and 21 will be discussed in the following sections on an 

experiment specific basis. Also, the following seaions will contain discussions as to why 

some of the LTO experiments could not be successllly simulated with the proposed low- 

temperature reaction model. Following this, a summary of the most meaningfbl reaction 

kinetic values obtained &om the low-temperature simulation model will be presented. As 

indicated earlier, the operating conditions of the individual experiments used for the low- 

temperature oxidation model are summarized in Table 19 and in Appendix B. The 

summary in Appendix B also includes experiment specific information about oxygen 

partial pressures, maximum oxygen conversions and injected oxygen gas fluxes. 



7.4.1 Experiment MR056 

RTO Experiment MR056 was run with an input gas flux of 104.6 m3(sT)/m2.hr, an 

oxygen concentdon of65.4 mole percent, a reactor pressure of 867 kPa, and a 

maximum heater temperature of276 O C .  The oxidation zone passed through the reactor 

with a coostant velocity of 47.7 cmlhr and a maximum temperature of 327 OC. This 

indicated that a high-temperature combustion reaction regime, necessary for enhanced oil 

recovery, did not to occur. The temperature profiles obsaved during this experiment are 

shown in Figure 30. Zone L corresponds to the inlet of the reactor and Zone 5 the outlet. 

The observations recorded in the manual input log of the experiment indicated that the 

experiment was run without instrument failures or operational problems. 

Figure 30: Zone Temperature Profiles and Inputted Tempenture Function for 

Experiment MR056. 
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7.4.1.1 AnaIysis #I 

The apparent and true kinetic values obtained from the simulation of experiment MR056 

are shown in Table 22. The true kinetic parameters were calculated by linear 

extrapolation ofthe reaction rate versus inverse temperature plot, shown in Figure 3 1 on 

the following page. Refer to Section 7.4 for the units of pre-exponent factor and 

activation energy in Table 22. 

Table 22: True and Apparent Reaction Kiaetia for Experiment MR056 using 

Analysis #1 Oxygen Conversion. 

- --- - - - - - - - 

k ' Ea' k Ea 

Of the three activation energies in Table 22, Reaction 3 had the largest variance between 

true and apparent values, a 35% difference. This difference, however, is not obvious 

from the profile of the reaction rate versus inverse temperature in Figure 3 1, which shows 

a relatively good and hear match between true and apparent kinetics for Reaction 3. 

The large difference between the true and apparent kinetic panuneten for Reaction 3 may 

be due to the numerical calculation of slope of a linearized exponential profile. Figure 3 1 

shows that dl three apparent kinetic profiles were linear and, by definition, this indicates 

that the system was under kinetic control and that mass transfer effects were minimal. 

The sensitivity analysis was performed on the values presented in Table 22 to verify that 

they truly represent the globd minimum of the objective fbnction. Each kinetic 

parameter in Table 22 was varied by up to k25% and entered into the simulation 

program. The optimization subroutine was then allowed to converge to a minimum of 

the objective function according to the convergence procedure described in Section 4.2. 



Figure 31: Reaction Rate versus Inverse Temperature using Andysis #1 Oxygen 

Conversion, Experiment M.056. 
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The sensitivity analysis showed that the optimization subroutine for Experiment MRO56, 

Analysis #1 oxygen conversion, was relatively sensitive to initial guesses of the kinetic 

parameters. When the initial guesses of the kinetic parameters were varied by S%, the 

optimization subroutine converged to the values shown in Table 22. However, the 

convergence was relatively slow, requiring approximately 155 iterations before 

convergence and with considerable oscillation about the final values. When the initial 

guesses were varied by greater than s%, the optimization submutine did not converge to 

a local minimum of the objective function. During the simulations that were greater than 

fi%, the optimization subroutine predicted diverging values for the kinetic parameters 

for Readion 3. Thus, the apparent kinetic parameters shown in Table 22 may represent 

the global minimum of the objective hnction for the range of initial values of kinetic 

parameters tested in the sensitivity analysis. However, the simulation mode1 was very 



sensitive to initial guesses on the kinetic parameters with respect to optimization routine 

convergence. 

The average error between the simulated results and the inputted data functions is shown 

in Table 23. The average error values were significant for all three reactions with 

Reaction 3 having the largest average error, 25%. These error values were derived tiom 

Figures 32 and 33, which show the time dependent fit of the simulation model to the 

inputted experimental data for Experiment MR056 using Analysis #1 oxygen conversion 

Table 23: Average Objective Function Errors using Apparent Kinetic 

Parameters and AnaIysis #l Oxygen Conversion, Experiment MR056. 

React ion 1 2 3 

Average Error 15% 12% 25% 

The following observations can be made from the simulated results of Experiment 

MR056 using Analysis # 1 oxygen conversion: 

The reaction system was operated under kinetic control and mass transfer effects 

were minimal during the experiment. 

The successfu1 convergence of the simulation model was sensitive to the initial 

guess of kinetic parameters. Convergence occurred only when the initial guesses 

of the kinetic vaIues were within i5% of the values shown in Table 22. 

The nature of the inputted raw data fbnctions of conversion prohibited the 

improvement of the match between the Arrhenius-type model and the inputted 

knctions ofraw data. This also contributed to the limited range of initial kinetic 

pafameter guesses necessary for successfi~l convergence of the objective function. 

Reaction 2, the oxidation of mdtenes to asphaltenes, began to react prior to 

Reaction 1, the combustion of maltenes to carbon-oxide gases. This was also 

evident from the activation energy results of Reactions 1 and 2. 



Figure 32: Inputted Data versus Simulation Model Results for Ructions 1 and 2 

using Analysis #1 Oxygen Conversion, Experiment MR056. 
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Figure 33: Inputted Raw Data versus Simulation Model Results for Reaction 3 

using Analysis #I Oxygen Conversion, Experiment MR056. 
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Reaction 3's activation energy was approximately three times higher than those of 

Reactions 1 and 2, indicating that Reaction 3 should begin to react at a higher 

temperature than either Reaction 1 or Reaction 2. This was not the case as all 

three reactions began to react at similar temperatures. 

According to the simulation model, the order in which the proposed reactions 

began to react during this KT0 experiment was Reaction 2, then Reaction 1, and 

then Reaction 3. 

The b e t i c  parameters for Reaction 3 were most questionable. The average error 

between the simulation model and the inputted data functions for Reaction 3 was 

25%. Reaction 1 and 2 average error values were 15% and 12%, respectively. 

The coke initiation time was 5.07 hours. The reactor conditions at this time were: 

Actual temperature: 290°C. 

Cumulative average temperature: 1 OS°C. 

Amount of asphaltenes present: 30.00/0 of IOIP (by mass). 

The Coke Formation Model predicted that the maximum mass of oil in the reactor 

was 2% above the initial mass of oil present. 

7.4.l.2 Analysis #2 

Table 24 compares the true and apparent kinetic parameters obtained for Experiment 

MR056 using Analysis #2 oxygen conversion. The apparent and true activation energy 

Tabk 24: True and Apparent Reaction Kinetics for Experiment MR056 using 

Analysis #2 Osygen Conversion. 

React ion Apparent Kinetics True Kinetics 



values did not vary more than 8.6% for all three reactions using Analysis #2 oxygen 

conversion. This indicated that the simulation model results using Analysis #2 oxygen 

conversion, shown in Table 24, were also kinetically controlled and mass transfer was 

negligible. Refer to Section 7.4 for the units of pre-exponent factor and activation energy 

found in Table 24, 

A sensitivity analysis was performed on the initial kinetic parameter estimates for the 

Analysis #2 model. Similar to that of the Analysis #1 model, the analysis consisted of 

varying the initial kinetic estimates by f25% ofthe values reported. The results of the 

Analysis #2 model showed that it converged in a larger range of initial estimates than 

Analysis #1 model. The Analysis #2 optimization subroutine converged to the kinetic 

parameters reported in Table 24 for a range of initial estimates between -5% and +lo% 

of the reported values. In this range of initial estimates, the simulation model required 

between 13 1 and 161 iterations for convergence. Outside this range, the simulation 

model predicted a divergence away from the apparent kinetic values, most significantly 

for Reaction 3. Thus, for the range of initial kinetic parameter estimates tested, the 

apparent kinetic values reported in Table 24 represent a global minimum for the objective 

function 

The values of objective function average error were relatively lower for the Analysis fC2 

oxygen conversion model than for the Analysis #I model. This is shown both in Table 

25 and in Figures 34 and 35. 

Table 25: Comparison of Andysis #I and Analysis kt2 Average Objective 

Function Erron for Experiment MR056. 

Reaction I 2 3 

Analysis An Average Error 10% I I% 5% 

Analysis #I Average Error 15% 12% 25% 



Figure 34: Inputted Raw Data Venus Simulation Modd Results for Reactions 1 

and 2 using Analysis #2 Oxygen Conversion, Ekperiment MR056. 
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Figure 35: Inputted Raw Data versus Simulation Model Results for Reaction 3 

using Analysis #2 Oxygen Conversion, Experiment MR056. 
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The following points highlight the similarities and differences between the simulation 

model's results using Analysis #I and Analysis #2 oxygen conversions. 

The Analysis #2 oxygen conversion model represented the inputted hctions of 

raw data with a lower average error than the Analysis #1 oxygen conversion 

model. 

The Analysis #2 simulation model converged to the reported kinetic parameters 

when the initial estimates ranged from -5% to 10% of the final values. The 

reported kinetic parameters represent a global minimum within the sensitivity 

analysis range of initial estimates. 

Based on the oxygen conversion profiles and activation energy results, the order 

in which the reactions occurred did not change, Reaction 2, then Reaction 1, and 

then Reaction 3. 

The coke initiation time was delayed by 0.30 hours from 5.07 hours to 5.37 hours 

because of the modification to the oxygen uptake calculation. The reactor 

conditions at the new coke initiation time were: 

Actual temperature: 25g°C. 

Cumulative average temperature: 1 14'C. 

Amount of asphaltenes present: 32.5% of IOIP (by mass). 

The Coke Formation Model for the Analysis #2 model predicted that the 

maximum mass of residual oil in the reactor was 1% above the initial mass of oil 

present. This compared to a maximum of 2% for the Analysis #I model. 

7.4.2 Experiment MR058 

RTO Experiment MR058 was run with an input gas flux of 104.6 rn3(s~)/rn2-hr, an 

oxygen concentration of 22.6 mole percent, a reactor pressure of 7000 kPa, and a 

maximum heater temperature of260 O C .  The oxidation zone passed through the reactor 

with a velocity of 22.2 cmlhr and a maximum temperature of 348 O C .  A high- 

temperature combustion zone was not established as shown in Figure 36. The 

observations recorded in the manual input log of the experiment indicated operating 



problems occurred during the experimental procedure. The heater temperature controller 

had failed for several hours. During this time, the heating rate was 25 OC per hour versus 

the standard 40 OC per hour. To compensate for the shortfhll of heat, the healing rate was 

set to 60 OC per hour until the heater set point of 260 OC was reached. In addition to this, 

there were some problems with the temperatwe reading instruments. Despite these 

problems, a complete set ofdata was col1ected for the experiment. 

Figure 36: Temperature Raw Data and Enputted Temperature Function for 

Experiment MR058. 
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7.4.2.1 Analysis #I 

A comparison between the apparent and true sets of kinetic parameters for Experiment 

MR058 using Analysis #1 oxygen conversion is shown in Table 25. The true kinetic 

parameters were calculated by linear extrapolation of the reaction rate versus inverse 

temperature plot, shown in Figure 37. Of the three sets of reaction kinetic parameters, 

Reactions I and 3 had significant variances between true and apparent activation energy 

values, Reaction 1 varied by 38% and Reaction 3 varied by 74%. These differences are 



somewhat apparent from the reaction rate versus inverse temperature profiles, shown in 

Figure 37. Some of the difference can be attributed to the calculation of slope of a 

linearized exponentid profile. However, the apparent kinetic data for Reaction 3 shows a 

divergence from the linear to the horizontal indicating the presence of mass transfer 

control. Also, the similarity of true and apparent kinetic values for Reaction 2 in Table 

26 may be deceiving as Figure 37 shows significant scatter in the reaction rate profile for 

Reaction 2, which may be caused by mass transfer effects. Refer to Section 7.4 for the 

units of pre-exponent factor and activation energy in Table 26. 

Table 26: True and Apparent Reaction Kinetics for Experiment MR058 using 

Analysis #l for Oxygen Conversion. 

React ion Apparent Kineti w True Kinetics 

The sensitivity analysis performed on the initial estimates of the kinetic parameters 

indicated a relatively stable convergence to the apparent kinetic values shown in Table 

26. The initial estimates of the kinetic parameters were varied by up to +25% of the 

values in Table 26 and the optimization subroutine converged within 162 iterations to the 

reported values. Thus, the apparent kinetic values reported in Table 26 represent the 

global minimum of the objective firnction in the indicated range of initial estimates. 



Fi y r e  3'1: Reaction Rate Venus Inverse Temperature using Analysis #1 Oxygen 

Conversion, Experiment MR058. 
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The average errors between the simulation model and the inputted experimental data 

functions are shown in Table 27. The average objective finction errors values were 

significant yet not excessive considering the differences in true and apparent kinetic 

parameters discussed previously. Reaction 2 had the largest objective function error, 

14%, while Reactions 1 and 3 had average objective function erron of 6% and go!, 

respectively. These average error values were derived from Figures 38 and 39, which 

show the time dependent fit of the simulation model to the inputted experimental data for 

Experiment MR058 with Analysis #1 oxygen conversion. 

Table 2% Avenge Objective Function E r o n  using Apparent Kinetic 

Parameters and Analysis #1 Oxygen Conversion, Experiment MR056. 

Reaction I 2 3 

Average Error 6% 14% 9% 



Figure 38: Inputted Raw Data versus Simulation Model Results for Reactions 1 

and 2 using Analysis #1 Oxygen Conversion, Experiment MRO58. 
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Figure 39: Inputted Raw Data versus Simulation Model Results for Reaction 3 

using Analysis #I Oxygen Conversion, Experiment MR058. 
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The following observations can be made Eom the simulated results of Experiment 

MROS8 using Analysis #1 oxygen conversion: 

The profile of reaction rate versus inverse temperature for Reaction 3 indicated 

that the apparent reaction kinetic parameters for Reaction 3 were not derived f?om 

&ta that was kinetically controlled. 

The simulation model ofthe inputted data functions achieved a good overall fit. 

The overafl average error was 9%. 

The sensitivity analysis of the initial estimates of kinetic parameters indicated a 

stable convergence to the reported values over a s5% variance about the 

reported values. Within this range, the reported values represent a global 

minimum of the objective hnction. 

Based on activation energy results, the order in which the reactions occurred was 

Reaction 1, followed by Reaction 2, followed by Reaction 3. Based on 

conversion profiles the order was Reaction 2, followed by Reaction 1, followed 

by Reaction 3. 

The coke initiation time was 6.67 hours. The reactor conditions at this time were: 

Actual temperature: 25Z°C. 

Cumulative average temperature: 77OC. 

Amount of asphaltenes present: 17.5% of IOIP (by mass). 

The Coke Formation Model predicted that the maximum mass of oil in the reactor 

was SO?? above the initial mass of oil present. 

7.4.2.2 Andysis #2 

Table 28 summarizes the true and apparent reaction kinetic parameters obtained using 

AnaIysis #2 oxygen conversion. These values were obtained by hear extrapolation of 

the reaction rate versus inverse temperature plot, shown in Figure 40. Refer to Section 

7.4 for the units of pre-exponent factor and activation energy in Table 28. 



Table 28: True and Apparent Reaction Kinetics for Experiment MR058 using 

Analysis #2 Orygen Conversion. 

Reaction Apparent Kinetics True Kinetics 

Figure 40: Reaction Rate Venus Inverse Tempentun using AoaIysis #2 Oxygen 

Conversion, Experiment MRO58. 
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Figure 40 shows that, apart &om the minor scattering of the apparent kinetic data, only 

Reaction 2 contained mass traasfer controlling characteristic within its reaction rate 

profile. The apparent kinetic reaction rate profiles for Reaction 1 and Reaction 3 were 

both relatively linear. These observations are markedly different Corn those of the 



Analysis #1 oxygen conversion model where all three reactions exhibited mass transfer 

characteristics. 

Table 29 summarizes the average objective function erron using the Analysis #2 oxygen 

conversion model. These values were derived from Figures 41 and 42 on the previous 

page. The values of average error calculated using Analysis #1 oxygen conversion are 

shown for reference. The two simulation models had relatively similar average error 

values. This similarity is also evident when comparing the time dependent conversion 

plots for the respective models in Figures 38,39,41, and 42. 

Table 29: Comparison of Analysis #l and Analysis #Z Average Objective ' 

Function Errors for Experiment MRO58. 

Reaction 1 2 3 

Analysis #2 Average Error 11% 9% 8% 

Analysis # 1 Average Error 6% 14% 9% 

A sensitivity analysis, consisting of varying the initial estimates of the kinetic parameters 

by up to of the values in Table 28, was performed on the simulation model of 

Experiment MR058, Analysis #2 oxygen conversion. The sensitivity analysis showed a 

stable convergence to the apparent kinetic values shown in Table 28. When the initial 

kinetic parameter estimates were varied by S 5 % ,  the optimization subroutine converged 

to the reported values within 106 iterations. Thus, the apparent kinetic values reported in 

Table 28 represent a global minimum of the objective function for the indicated range of 

initial estimates. 

Figures 41 and 42 illustrate the time dependent profiles of the Analysis #2 model 

predicted conversion profiles as compared to the inputted experimental data functions. 



Figure 41: Inputted Raw Data Venus Simulation Model Results for Reactions 1 

and 2 using Analysis #2 Oxygen Conversion, Experiment MR058. 
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Figure 42: Inputted Flaw Data versus Simulation Model Results for Reaction 3 

using Analysis #2 Oxygen Convenion, Experiment MROSB. 
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The folIowing points highlight the similarities and differences between the simulation 

model's results using Analysis $1 and Analysis #2 oxygen conversions. 

Both simulation models represented the inputted experimental data functions well. 

The average errors for the Analysis #1 and Analysis #2 models were 9?? and 8%, 

respectively. 

Mass transfer limiting effects were apparent in the inputted experimental data of 

Reaction 2 at temperatures above 170°C. The remaining reactions did not show 

mass transfer limiting results. 

The sensitivity analysis of the initial estimates of kinetic parameters indicated a 

stable convergence to the reported values over a XZ5% variance about the 

reported values. Within this range, the reported values of apparent kinetic 

parameters represent a global minimum of the objective function. 

Based on activation energy, the Analysis #2 model predicted the order to 

reactions to be Reaction 3, followed by Reaction 2, followed by Reaction 1. 

Based on conversion profiles, the reaction order was Reaction 2, followed by 

Reaction 1, followed by Reaction 3 

The coke initiation time was 6.97 hours for the Analysis #2 model. This was a 

delay of 0.30 from that of the Analysis #1 model 6.67 hours. The reactor 

conditions at the new coke initiation time were: 

Actual temperature: 250°C. 

Cumulative average temperature: 87OC. 

Amount of asphaltenes present: 20.3% of IOIP (by mass). 

The Coke Formation Model for the Analysis #2 model predicted that the 

maximum mass of hydrocarbons in the reactor was 34% above the initial mass 

present. This compared to a maximum of 50% for the Analysis #I model. 



7.4.3 Faperimeat MR060 

RTO Experiment MR060 was run with an input gas flux of 104.6 m3(s'T)lm2-hr, an 

oxygen concentration of 7.3 mole percent, a reactor pressure of 7000 Ha, and a 

maximum heater temperatwe of 260 O C .  The oxidation zone passed through the reactor 

with a constant velocity of8.35 cm/hr and a maximum temperature of 296 OC. Figure 43 

shows that a high-temperature combustion zone was not established. The observations 

recorded in the manual input log of the experiment indicated that it was completed 

without instrument failure or operational problems. 

Figure 43: Zone Temperature Profiles and Inputted Temperature Function for 

Experiment MR060. 
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7.4.3.1 Andysis #1 

The apparent and true kinetic values obtained from the simulation of experiment MR060 

are shown in Table 30. The true kinetic parameters were calculated by linear 

extrapolation of the reaction rate versus inverse temperature plot, shown in Figure 44. 

Refer to Section 7.4 for the units of pre-exponent factor and activation energy in Table 

30. 

Table 30: True and Apparent Reaction Kinetics for Experiment -060 using 

Aadysis #1 Oxygen Conversion. 

Reaction Apparent Kinetics True Kinetics 

k * Ea' k Ea 

Reactions 1 and 2 had the largest variances between true and apparent activation energy 

values in Table 30. Both reactions had about a 20% variance. This large variance, 

however, is not obvious from the profiles ofthe reaction rate versus inverse temperature 

in Figure 44, which show a good match between true and apparent kinetics for all three 

reactions. One, or dl, of the following sources may have caused the differences between 

the true and apparent activation energy parameters for Reactions 1 and 2: 

Scatter in the apparent kinetic data causing diculty in choosing a 'best fitn 

line through the data, 

Calculation of the slope of a linearized exponential profile, and 

Differences between the actual raw data and the inputted functions used to 

numerically represent the raw data in the simulation model. 

Thus, the apparent reaction kinetic parameters obtained flom the simuIation model wiI1 

be used to represent the kinetics of the Experiment MR060, Analysis #1 oxygen 

conversion data. This is consistent with the observed reaction rate versus inverse 



temperature profiles, shown in Figure 44, which show a linear relationship for the 

reaction rate versus inverse temperature profiles for all three reactions. This indicates 

that mass transfer controlling effects in the experiment were negligible and the reactions 

were kinetically controlled at all temperatures during the experiment. 

Figure 44: Reaction Rate Venus Inverse Temperature using Analysis #1 Oxygen 

Conversion, Experiment MR060. 
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A sensitivity analysis, consisting of varying the initial estimates of the kinetic parameters 

by up to e 5 %  ofthe values in Table 30, was performed on the simulation model of 

Experiment MR060, Analysis # 1 oxygen conversion. Each of the test runs of the 

simulation program was relatively unstable. Only the test runs with initial estimate at 

+lo?? of the values in Table 30 converged to the reported results. The convergence of 

these test runs required approximately 208 iterations of the optimization routine. The 

remaining test runs, fi% and S5%, did not converge. This analysis indicates that the 

apparent kinetic parameters reported in Table 30 may not represent a global minimum of 

the objective function for Experiment MR060, Analysis #I oxygen conversion. To test 



this theory, random kinetic parameters in the range of previously published kinetic 

parameters were used as initial estimates for various test runs ofthe simulation program 

None ofthese test runs converged to a consistent set of kinetic parameters. Thus, the 

kinetic values shown in Table 30 may represent a local minimum of the objective 

functions but were the only parameters for which convergence was obtained. 

The average error between the simulated results and the inputted data functions is shown 

in Table 3 1. The average enor values were similar for all three reactions with Reaction 3 

having the largest average error, 10%- and Reaction 1 having the smallest enor, 7%. 

These error values were derived fiom Figures 45 and 46, which show the time dependent 

fit of the simulation model to the inputted experimental data for Experiment MR060 

using Analysis #I  oxygen conversion. 

Table 31: Average Objective Function Erron using Apparent Kinetic 

Parameters and AnaIysis #1 Oxygen Conversion, Experiment MR060. 

Reaction I 2 3 

Average Error 7% 8% 10% 

The following observations can be made fiom the simulated results of Experiment 

MR060 using Analysis #I oxygen conversion: 

Relatively good matches between the data input functions and the model were 

achieved. The overall average error in the objective hnction was 9%. 

The reaction rate versus inverse temperature plots showed that all three reactions 

were kinetically controlled at all temperatures throughout the experiment. 

The sensitivity analysis showed a relatively poor convergence to the reported 

apparent kinetic parameters. Only the *1W! test models converged to the values 

in Table 30. This suggests that the kinetic parameters in Table 30 may not 

represent the global minimum of the objective hnction. 



Figure 45: Inputted Raw Data versus Simulatioo Mode1 Results for Reactions 1 

and 2 using Analysis #1 Oxygen Conversion, Experiment MRO60. 
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Figure 46: Inputted R;rw Data versus Simulation Model Results for Reaction 3 

using AnaIysis Y 1  Oxygen Conversion, Experiment MR060. 
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The order in which the reactioas occurred was Reaction 2, folfowed by Reaction 

3, followed by Reaction 1. This was based on both activation energy and 

conversion profiles. 

The coke initiation time was 5.55 hours. The reactor conditions at this time were: 

Actual temperature: 270°C. 

Cumulative average temperature: 129°C. 

Amount of asphahenes present: 29.1% of IOIP (by mass). 

The Coke Formation Model predicted that the maximum mass of hydrocarbons in 

the reactor was 16% above the initial mass present. 

7.4.3.2 Analysis #2 

Table 32 summarizes the true and apparent reaction kinetic parameters obtained using - 

Analysis #2 oxygen conversion for Experiment MR060. These values were obtained by 

linear extrapolation of the reaction rate versus inverse temperature plot, shown in Figure 

47. Reaction 2 had the largest variance between true and apparent kinetic values. 

However, this variance was not discernable from Figure 47, which shows a relatively 

linear relationship of all reaction rate profiles. Thus, the difference between the true and 

Table 32: True and Apparent Reaction Kinetics for Experiment MR060 using 

Analysis #2 Orygen Convenion. 
. - - . . . . -. 

React ion Apparent Kinetics True Kinetics 

k' Ea' k Ea 



apparent kinetic values is most likely due to the calculation of the slope of a Linearized 

exponential profile and not because of mass transfer controlling mechanisms. The 

linearity in the readion rate versus inverse temperature profiles indicates that the data 

obtained during this experimeat was kinetically controlled. Refer to Section 7.4 for the 

units ofpre-exponent factor and activation energy in Table 32. 

Figure 47: Reaction Rate versus Invene Temperature using Analysis #2 Oxygen 

Conversion, Experiment MR060. 
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Figures 48 and 49, on the following page, illustrate the time dependent profiles of the 

Analysis #2 model predicted conversion profiles as compared to the inputted 

experimental data functions. 

A sensitivity analysis of the initial guesses of the kinetic parameters was performed on 

the Anaiysis #2 oxygen conversion model. The results of this analysis showed a 

relatively more stable convergence to the reported values than the AnaIysis #1 anaIysis. 

When initial estimates were varied between fi% and e 5 %  of the reported values, 

convergence occurred between 64 and 182 iterations ofthe optimization subroutine. 



Figure 48: Inputted Raw Data Venus Simulation Model Results for Reactions 1 

and 2 using Analysis #2 Oxygen Convenion, Experiment MR060. 
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Figure 49: Inputted Raw Data versus Simulation Model Results for Reaction 3 

using AnaIysk #2 Oxygen Conversion, Experiment MR060. 
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When the initial estimates were varied between -5% and -25%, some minor instability in 

the convergence occur4 similar to that of the Analysis #1 sensitivity analysis. 

Nonetheless, the sensitivity analysis showed a generally stable and repeatable pattern of 

convergence to the reported values in Table 32. This indicated that there was reasonable 

certainty that the values in Table 32 represent a global minimum to the objective 

hnction. 

Based on the conversion profiles shown in Figures 48 and 49, the average objective 

finction errors shown in Table 33 were derived. Also shown in Table 33 are the 

Analysis #1 model average error values. Comparable average error values were found 

for both models with the Analysis #1 model having slightly lower error values for 

Reactions 1 and 3, 

Table 33: Comparison of Analysis #l and Analysis #2 Avenge Objective 

Function Erron for Experiment MR060. 

Reaction I 2 3 
- - - - - - -- - - - - - - 

Analysis #2 Average Error 8% 9% 12% 

Analysis #1 Average Error 7% 8% 10% 

The following points highlight the similarities and differences between the simulation 

model's results using Analysis #1 and Analysis #2 oxygen conversions. 

Both the Analysis #1 and Analysis At2 models showed that the obtained data was 

obtained fiom a kinetically controlled experiment. 

The sensitivity analysis on the initial estimates of the kinetic parameters showed 

that the Analysis #2 model results were likely a global minimum of the objective 

finctioa and that the Analysis #1 model results may not be a global minimum. 

The Analysis #I oxygen conversion model represented the inputted experimental 

data slightly better than the Analysis #2 model. The average overall error in the 

Analysis #1 and Analysis #2 models were 9% and 1 OYO, respectively. 



Based on conversion protiIes, the Analysis $2 model predicted that the order in 

which the reactions occurred was Reaction 2, followed by Reaction 1, followed 

by Reaction 3. Based on activation energies, the order was Reaction 2, followed 

by Reaction 3, followed by Reaction 1. 

The coke initiation time was delayed by 0.26 bows, &om 5.55 to 5.8 1 how,  due 

to the modification in the oxygen uptake calculation. The reactor conditions at 

the coke initiation time were: 

Actual temperature: 285OC. 

Average temperature: 136OC. 

Amount of asphaltenes present: 30.Ph of IOIP (by mass). 

The Coke Formation Model calculated the maximum mass of hydrocarbons in the 

reactor for the Analysis #2 model as 17% of the initial mass present. This 

compared to a value 16% for the Analysis #I model. 

7.4.4 Experiment MR061 

RTO Experiment MR061 was run with an input gas flux of 36.5 m3(s~)/rn2-hr, an oxygen 

concentration of 7.3 mole percent, a reactor pressure of 7000 kPa, and a maximum heater 

temperature of 260 OC. As shown in Figure 50, a high-temperature combustion zone was 

not established and the oxidation reactions did not generate distinct low-temperature 

oxidation peaks at each ofthe thermocouple zones. The observations recorded in the 

manual input log ofthe experiment indicated that it was completed without instrument 

failure or operational problems. 

The simulation model of Experiment MR061 could not be run due to errors in 

implementing the Coke Fornation Model. As discussed in Section 7.3, the hydrocarbon 

h a i o n  distribution at the end of Experiment MR061 was the cause of the emrs  in the 

Coke Formation Model. More specifically, the quadratic form of the correlating 

equations used to predict the maltenes and asphaltenes fhctions couid not be 

implemented while remaining true to the hydrocarbon distributions at the coke initiation 

time and at the end of the experiment. Thus, the Coke Formation Model's faiiure to 



predict the mdtenes and asphdtenes tiactions beyond the coke initiation time prohibited 

the modeling of the Experiment MR06 1 data 

Figure 50: Zone Temperature ProfiIes and lnputted Temperature Function for 

Experiment MR061. 
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The simulation model was able to predict the coke initiation time and the reactor 

conditions at that time. The coke initiation times for the Analysis #1 and Analysis #2 

models of Experiment MR061 were 7.49 hours and 8.16 hours, respectively. The reactor 

conditions at the coke initiation time for the Analysis #1 oxygen conversion model were: 

Actual temperature: 265°C. 

Average temperature: 145OC. 

Amount of asphaltenes present: 23.5% of IOIP (by mass). 

For the Analysis #2 oxygen conversion model the predicted reactor conditions at the coke 

initiation time were: 

Actual temperature: 267°C. 

Average temperature: I 5 S°C. 

Amount of asphdtenes present: 24.1% of IOIP (by mass). 



7.4.5 Experiment -62 

RTO Experiment MR062 was m with an input gas flux of 36.5 m3(sT)/rn2-hr, an oxygen 

concentration of 22.6 mole percent, a reactor pressure of 7000 kPa, and a maximum 

heater temperatwe of 260 O C .  The oxidation zone passed through the reactor with a 

velocity of 7.28 cm/hr and a maximum temperature of 322 OC. As shown in Figure 5 1, a 

high-temperature combustion zone was not established. The observations recorded in the 

manual input log of the experiment indicated that it was completed without instrument 

failure or operational problems. 

Figure 51: Zone Temperature Profiles and Inputted Temperature Function for 

Experiment MR062. 
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7.4.5.1 Analysis #1 

The apparent and true kinetic values obtained from the simulation of experiment MR062 

are shown in Table 34. The true kinetic parameters were calculated by linear 

extrapolation of the reaction rate versus inverse temperature plot, shown in Figure 52. 



Refer to Section 7.4 for the units of preexponent fkctor and activation energy in Table 

34, 

Reactions 1 and 2 had similar variances between true and apparent kinetic values in Table 

34, 14% for Reaction 1 and 12% for Reaction 2. This variance, however, was not 

apparent from the profile of the reaction rate versus inverse temperature in Figure 52. 

This figure shows a good fit betwezn true and apparent kinetics for all three reactions. 

The variances between the true and apparent kinetic parameters may be attributed to any, 

or all, of the following sources: 

Scatter in the apparent kinetic data causing difficulty in choosing a "best fit" 

line through the data, 

Calculation of the slope of a linearized exponential profile, and 

Differences between the actual observed raw data and the inputted functions 

used to represent the raw data in the simulation model. 

The linearity of the reaction rate versus inverse temperature profiles for all three reactions 

implies that mass transfer controlling mechanisms in Experiment MR062 were 

negligible. 

Table 34: True and Apparent Reaction Kinetics for Experiment MR062 using 

Anllysis #l Oxygen Conversion. 

Reaction Apparent Kinetics True Kinetics 

k' Ea' K Ek 

The results of the sensitivity analysis on the initial guesses of the kinetic panuneten 

showed a stable convergence to the reported apparent kinetic vafues in Table 34. 

Convergence was obtained for a11 test runs within the range of initiaI estimates between 

-10% and 25% ofthe reported apparent kinetic values in Table 34. The optimization 



subroutine required between 60 and 136 iterations for convergence. This analysis 

indicated that the apparent kinetic values in Table 34 represented a global minimum to 

the objective fbnction for the range of initial estimates tested. 

Figure 52: Reaction Rate Venus Inverse Temperature using Analysis #1 Oxygen 

Conversion, Experiment MR062. 
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The average errors between the simulated results and the inputted data knctions are 

shown in Table 35. The average error values between the model and the inputted 

fbnctions of raw data were relatively similar for all three reactions. Reaction 3 had the 

largest average error, 7.8%, and Reactions 1 and 2 had average errors of 5% and 7%, 

respectively. These values were derived fiom Figures 53 and 54, which show the time 

dependent fit of the simulation model to the inputted experimental data for Experiment 

MR062 using Analysis #1 oxygen conversion. 

Table 35: Average Objective Function Errors using Apparent Kinetic 

Parameters and Analysis #I Oxygen Coavenion, Experiment MR062. 

React ion 1 2 3 

Average Error 5% 7% 9% 



Figure 53: Inputted Raw Data versus Simulation Modd Results for Reactions 1 

and 2 using Analysis #I Oxygen Conversion, Ekperiment MR062. 
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Figure 54: Inputted R.w Data versus Simulation Model Results for Reaction 3 

using Analysis #1 Oxygen Conversion, Experiment MR062. 
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The following observations were made fiom the simulated results of Experiment MR062 

using Analysis $1 oxygen conversion: 

The profiles of reaction rate versus inverse temperature indicated that diffusion 

Limiting effects could be considered negligible at all temperatures during the 

experiment. 

The sensitivity analysis indicated that the reported kinetic parameters represented 

a global minimum to the objective function. 

The simulation model obtained a relatively good match of the inputted data 

knctions. The overalf average error in the objective fbnction was 8%. 

The order in which the reactions occurred was Reaction 2, followed by Reaction 

1, followed by Reaction 3. This was based on both activation energy and 

conversion profiles. 

After an elapsed time of about 1 1.0 hours, the slope of the conversion profile for 

Reaction 1 became negative, indicating that the supply of maltenes available for 

reaction was starting to abate. However, the compositional analysis on the core 

residue indicated that a significant amount of maltenes remained on the core after 

the experiment. This characteristic suggests that Reaction 1 could be modeled as 

reversible reactions with a reactive and non-reactive component for the maltenes 

fraction. Only a singie, forward reaction was modeled for the consumption of 

maltenes to form carbon oxides in this model. 

Afler an elapsed time of about 18.0 hours, the asphaltenes conversion profile 

began to decline. This indicated that coke was being consumed in the reactor. 

Since there were no coke consumption reactions in the low-temperature model, 

this characteristic was not modeled, 

The coke initiation time was 5.87 hours. The reactor conditions at this time were: 

Inputted knction temperature: 306°C. 

Cumulative average temperature: 123°C. 

Amount of asphaltenes present: 29.3% of IOIP (by mass). 

The Coke Formation Model predicted that the maximum mass of hydrocarbons in 

the reactor was 25% above the initiai mass present. 



7.4.12 Analysis #2 

Table 36 summarizes the true and apparent reaction kinetic parameters obtained using 

Analysis #2 oxygen conversion for Experiment MR062. These values were obtained by 

linear extrapolation of the reaction rate versus inverse temperature plot, shown in Figure 

55. Refer to Section 7.4 for the units of pre-exponent factor and activation energy in 

Table 36, 

Figure 55 shows that the profiles did not contained significant mass transfer controlling 

characteristics. Reaction 2 had the largest variance between true and apparent kinetic 

values, however, this variance was not apparent in Figure 55, which showed a linear 

relationship of all reaction rate profiles. These observations are comparable to those of 

the Analysis #I oxygen conversion model. Reaction rate profiles of both Analysis #I and 

Analysis #2 were relatively linear indicating that mass transfer limiting mechanisms were 

negligible during this experiment. Refer to Section 7.4.3.1 for a review of the potential 

causes for the variances between true and apparent kinetics in Table 36 and Figure 55. 

Table 36: True and Apparent Reaction Kinetics for Experiment MR062 using 

Analysis #2 O w n  Conversion. 

React ion Apparent Kinetics True Kinetics 

The sensitivity analysis on the initial kinetic parameter estimates showed a stable 

convergence for the entire range of -25% to 25% of the reported apparent kinetic values 

in Table 36. The optimization subroutine required between 24 and 1 18 iterations to 

converge to the reported values. This indicated that the kinetic parameters represented a 

global minimum of the objective hnction of the model of Experiment MR062 with 

Analysis #2 oxygen conversion. 



Figure 55: Reaction Ftate Venus Inverse Temperature using Analysis #2 Oxygen 

Conversion, Experiment MR062 
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Figures 56 and 57 compare the simulation model generated conversion profiles with the 

inputted functions of experimental data for Experiment MR062 using Analysis #2 oxygen 

conversion. The average errors between the simulation model and the inputted finctions 

of the experimental data are summarized in Table 37 for both the Analysis #I oxygen 

conversion model and ~nalyisk #2 oxygen conversion model. Relatively comparable 

Table 37: Comparison of Analysis #1 and AnaIysis #2 Average Objective 

Function Errors for Experiment MRO62. 
--- - 

Reaction I 2 3 

Analysis #2 Average Error 4% 8% 13% 

AnaIysis #I Average Error 5% 7% 9% 



Figure 56: Inputted Raw Data versus Simulation Modd Results for Reactions 1 

and 2 using Analysis #2 Oxygen Conversion, Ehperiment MR062. 
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Figure 57: Inputted Raw Data Venus Simulation Model Results for Reaction 3 

using Andysis #2 Oxygen Conversion, Experiment MR062. 
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average error values were found for both models with the Analysis #1 model having 

slightly lower errors mainly because of the fit of the Reaction #3 conversion data 

The following points compare the Analysis #1 with the Analysis #2 simulation model 

results. 

The profiles of reaction rate versus inverse temperature indicated that mass 

transfer Limiting effects were negligible at all temperatures during the experiment. 

The sensitivity analysis indicated that the reported kinetic parameters represented 

a global minimum to the objective function. Also, the sensitivity analysis for the 

Analysis #2 model converged to the final apparent kinetic values for a wider 

range of initial estimates than for the Analysis #1 model. 

The simulation model obtained a reasonable match of the inputted data functions. 

The overall average error in the objective hction was 1W. This was only 

slightly poorer than the Analysis #I average error of 8%. 

The order in which the reactions occurred was Reaction 2, followed by Reaction 

1, followed by Reaction 3. This was based on both activation energy and 

conversion profiles. 

Based on activation energies, the Analysis #2 oxygen conversion model predicted 

that the reactions occurred in the following order Reaction 2, followed by 

Reaction 3, followed by Reaction 1. Based on oxygen conversion, the order of 

reactions was Reaction 2, followed by Reaction 1, and followed by Reaction 3, 

the same as for Analysis #1 model and will be left for fhre researchers. 

After an elapsed time of about 18.0 hours, the asphaltenes conversion profile 

began to decline. This indicated that coke was being consumed in the reactor. 

Since there were no coke consumption reactions in the low-temperature model, 

this characteristic was not modeled, 

The coke initiation time was delayed by 0.46 hours, fiom 5.87 to 6.33 hours. The 

reactor conditions at the coke initiation time were: 

Inputted temperature function: 3 16°C. 

CumuIative average temperature: 13 7OC. 

Amount of asp haltenes present: 27.3% of IOIP (by mass). 



The Coke Formation Model calculated the maximum mass of hydrocarbons in the 

reactor for the Analysis W model as 18% of the initial mass present. This 

compared to a value 25% for the Analysis #1 model. 

7.4.6 Experiment MR063 

RTO Experiment MR063 was run with an input gas flux of 104.6 rn3(s~)/m2-hr, an 

oxygen concentration of 22.6 mole percent, a reactor pressure of 7000 Ha, and a 

maximum heater temperature of 260 OC. The oxidation zone passed through the reactor 

with a constant velocity of 19.28 cmlhr and a maximum temperature of338 OC. As 

shown in Figure 58, a high-temperature combustion zone was not established. The 

observations recorded in the manual input log of the experiment indicated that it was 

completed without instrument failure or operational problems. 

Figure 58: Zone Temperature Profes and Inputted Temperature Function for 

Experiment MR063. 
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7.4.6.1 Analysis #1 

The apparent and true kinetic values obtained fiom the simulation of experiment MR063 

are shown in Table 38. The true kinetic parameters were calculated by linearly 

extrapolating the reaction rate versus inverse temperature plot, shown in Figure 59. Refer 

to Section 7.4 for the units of pre-exponent factor and activation energy in Table 38. 

Table 38: True and Apparent Reaction Kinetics for Experiment MR063 using 

Analysis #1 Oxygen Conversion. 
-- 

Reaction Apparent Kinetics True Kinetics 
. .... 

k' Ea' k Ea 

Other than for Reaction 3, which had an 1 1% difference between true and apparent 

activation energy, the differences between true and apparent activation energies were 

negligible. The variance in Reaction 3 kinetics was not evident in the reaction rate versus 

inverse temperature profile in Figure 59. Apart fiom some minor scatter in the apparent 

kinetic values, Figure 59 shows that all three reactions had linear relationship between 

reaction rate and inverse temperature. This indicated that mass transfer limiting 

mechanisms during Experiment MR063 were negligible. The scatter in the apparent 

kinetic data may be a result of using inputted functions to represent raw data as both the 

temperature data and the reaction rate were direct or indirect functions of actual raw data. 

The differences between true and apparent kinetic values may also be due, in part, to the 

calculation of slope of a linearized exponential profile. 

The sensitivity analysis on the initial kinetic parameter estimates showed a stable 

convergence €or the entire range tested. The analysis consisted of varying the initial 

kinetic parameter estimates by G5% of the apparent kinetic values in Table 38. The 



optimization subroutine required between 5 1 and 193 iterations to converge to the 

reported values. This indicated that the apparent kinetic parameters rqresented a global 

minimum of the objective hction of the Experiment MR062 with Analysis #2 oxygen 

conversion model within the range of initial estimates tested. 

Figure 59: Reaction Rate versus Inverse Temperature using Andysis #1 Oxygen 

Conversion, Experiment MR063. 
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The average errors between the simulated results and the inputted data fbnctions are 

shown in Table 39. The average error values were very low for all three reactions. These 

error values were derived fiom Figures 60 and 61, which show the fit of the simulation 

model to the inputted experimental data for Experiment MR063 using Analysis #L 

oxygen conversion. 

Table 39: Avenge Objective Function Erron using Apparent Kinetic 

Parameters and Analysis If1 Oxygen Conversion, Esperiment MR063. 

Reaction 1 2 3 

Average Error 4% 5% 3% 



Figure 60: Inputted Raw Data versus Simulation Model Results for Reactions 1 

and 2 using Analysb #1 Oxygen Conversion, Experiment MR063. 
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Figure 61: Inputted Raw Data versus Simulation Model Results for Reaction 3 

using Analysis #1 Oxygen Conversion, Experiment MR063. 
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The following observations can be made fiom the simulated results of Experiment 

MR063 with Analysis #1 oxygen conversion: 

The profiles of r e a h  rate versus inverse temperature indicated that mass 

transfer limiting effects were negligible at all temperatures during the experiment. 

The sensitivity analysis indicated that the reported kinetic parameters represented 

a global minimum to the objective function within the range of initial estimates 

tested. 

The simulation model obtained a very good match of the inputted data fimctioas. 

The overall average error in the objective function was 4%. 

The order in which the reactions occmed was Reaction 2, followed by Reaction 

1, followed by Reaction 3. This was based on both activation energy and 

conversion profiles. 

The coke initiation time was 5.0 1 hours, The reactor conditions at this time were: 

Inputted knction temperature: 3 37OC. 

Cumulative average temperature: 1 12T. 

Amount of asphdtenes present: 27.6% of IOIP (by mass). 

The Coke Formation Model predicted that the maximum mass of oil in the reactor 

was 15% above the initial mass of oil present. 

7.4.6.2 Analysis #2 

Table 40 summarizes the true and apparent reaction kinetic parameters obtained using 

Analysis #2 oxygen conversion for Experiment MR063. These values were obtained by 

linear extrapolation of the reaction rate versus inverse temperature plot, shown in Figure 

62. Refer to Section 7.4 for the units of pre-exponent factor and activation energy in 

Table 40, 

The kinetic results of Analysis #2 were similar to those of the Analysis #I oxygen 

conversion model. Figure 62 shows that none of the profiles contained significant mass 

transfer controlling characteristics. The differences between the true and apparent 

activation energy values for Reactions 1,2, and 3 were 5%, 9% and 15% respectively. 



However, these differences were not evident fkom Figure 62, which shows a hear 

relationship of all reaction rate profiles. As discussed previously, the potential causes for 

these differences may be f?om one or a combination of all of the following sources: 

Scattet in the apparent kinetic data causing difficulty in choosing a "best fit" 

line through the data, 

Calculation of the slope ofa linearized exponential profile, and 

Differences between the actual observed raw data and the inputted functions 

used to represent the raw data in the simulation model. 

Table 40: True and Apparent Reaction Kinetics for Experiment MR063 using 

Analysis 112 Oxygen Conversion. 

Reaction Apparent Kinetics True Kinetics 

The sensitivity analysis consisting of varying the initial kinetic parameter estimates by 

e S %  of the apparent kinetic values in Table 40 was performed on the Analysis #2 

oxygen conversion model. The analysis showed a stable convergence for the entire initial 

parameter range tested. The optimization subroutine required between 58 and 223 

iterations to converge to the reported values. This performance was slightly poorer than 

that of the Analysis #1 model sensitivity analysis, requiring between 9 1 and 234 

iterations before convergence. Nonetheless, the sensitivity analysis indicated that the 

apparent kinetic parameters in Table 40 represent a global minimum of the objective 

function for the model of Experiment MR062 with Analysis #2 oxygen conversion within 

the S25% range of initial values tested- 



Figure 62: Reaction Rate versus Invene Temperature using AnaIysis #2 Oxygen 

Conversion, Experiment MR063. 
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o Reaction 1 - ~ i ~ a r e n t  Kinetics - Reaction I - True Kinetics 
A Reacton 2 - Apparent fietics ..-.-.-.----.--. Reaction 2 - True Kinetics 
a Reaction 3 - A ~ ~ a f e n t  Kinetics - Reaction 3 - True Kinetics 

Table 41 summarizes the average objective hnction errors obtained from the Analysis #2 

oxygen conversion model and, for reference, the Analysis $1 modeIYs objective function 

errors. Comparable average errors were found for both models with the Analysis #1 

model having slightly lower errors for Reactions 1 and 2. The Analysis # 2 values were 

derived fiom Figures 63 and 64, which show the match between inputted hnctions of 

experimental conversion data with the simulation model's time dependant conversion 

profiles. 

Table 41: Comparison of AnaIysis #1 and Analysis #2 Average Objective 

Function Errors for Experiment MR063. 

React ion I 2 3 

Analysis #2 Average Error 5% 5% 7% 

Analysis #i  Average Error 4% 5% 3% 



Figure 63: Inputted Raw Data versus Simulation Modd Resutts for Reactions 1 

and 2 using Aoafysis #2 Osygtn Conversion, Experiment MR063. 
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Figure 64: Inputted Raw Data Venus Simulation Model Results for Reaction 3 

using Analysis #2 Oxygen Conversion, Experiment -63. 
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The following points compare the Analysis #1 with the Analysis #2 simulation model 

results for Experiment MR063. 

The profiles of reaction rate vems inverse temperature indicated that mass 

transfer limiting effects were negligible at all temperatures during the experiment. 

The sensitivity analysis indicated that the reported kinetic parameters represented 

a global minimum to the objective function within the range of initial estimates 

tested. For each initial estimate value tested, the Analysis #I model required 

fewer iterations of the optimization subroutine to reach convergence then the 

Analysis #2 model. 

The Analysis #1 oxygen conversion model represented the inputted experimental 

data slightly better than the Analysis #2 model. The average overall error in the 

Analysis $1 and AnaIysis #2 models were 4% and 5%, respectively. 

Based on activation energy, the order in which the ractions occurred was 

Reaction 1, followed by Reaction 2, followed by Reaction 3. Based on 

conversion profiles, both Analysis #I and Analysis #2 models predicted similar 

orders of reaction. 

The coke initiation time was delayed by 0.45 hours, tiom 5.01 to 5.46 hours. The 

reactor conditions at the coke initiation time were: 

Inputted temperature function: 295OC. 

Cumulative average temperature: 1 2g°C. 

Amount of asphaltenes present: 3 2.6% of IOIP (by mass). 

The Coke Formation Model calculated the maximum mass of hydrocarbons in the 

reactor for the Analysis #2 model as 19% of the initiaI mass present. This 

compared to a value 15% for the Analysis # I  model. 



7.4.7 Experiment MR064 

RTO Experiment MR064 was run with an input gas flux of36.5 m3(s~)/rn2-hr, an oxygen 

concentration of7.3 mole percent, a reador pressure of 7000 kPa, and a maximum heater 

temperature of 350°C. The oxidation zone passed through the reactor with a constant 

velocity of 1.15 cmlhr and a maximum temperatwe of 388 OC. As shown in Figure 65, a 

high-temperature combustion zone was not established. The observations recorded in the 

manual input log of the experiment indicated that it was completed without instrument 

failure or operational problems. 

Figure 65: Zone Temperature Profiles and Inputted Temperature Function for 

Experiment MR064. 
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7.4.7.1 Andysis #I 

The apparent and true kinetic values obtained fiom the simulation of experiment MR064 

are shown in Table 42. The true kinetic parameters were calculated by linear 

extrapolation of the reaction rate versus inverse temperature plot, shown in Figure 66. 



Refer to Sedian 7.4 for the mots of preexponent factor and activation energy in Table 

42. 

Table 42: True and Apparent Reaction Kinetics for Experiment MR064 using 

Analysis #1 Oxygen Conversion. 

Reaction Apparent Kinetics True Kinetics 

Table 42 shows that all three reactions had significant variances between true and 

apparent activation energy parameters. The variances in activation energy were 34% for 

Reaction 1,44% for Reaction 2, and 4% for Reaction 3. These differences are also 

visible on the profiles of reaction rate versus inverse temperature in Figure 66. Above 

about 200°C, the reaction rate profiles for Reactions 1 and 2 became non-linear and 

sloped to the horizontal. This indicated that there was mass transfer limiting effects 

occurring in this temperature range during the experiment. The difference in Reaction 3 

kinetics was not as obvious in Figure 66. The differences in activation energy were due 

to scatter in the data, calculation of a linearized exponential profile or the use of inputted 

fbnctions for the experimental data. 

The optimization subroutine had difficulty converging to the reported kinetic parameters. 

This was due in part to the nature of the inputted hnctions used to represent the 

experimental conversion data. Various profiles of Reaction 1 and 2 oxygen conversion 

were examined with only negligible improvements to the simulation stability. Hence the 

inputted oxygen conversion profiles were discounted from being the potentid cause of 

the instability. The asphaltenes conversion profile for Reaction 3 was determined within 

the simulation program by numerical differentiation and could not 



Figure 66: Reaction Rate Venus Invent Temperature using AnaIysis #I Oxygen 

Conversion, Experiment MR064. 
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o Reaction 1 - Apparent Kinetics - Reaction I - True Kinetics 
A Reaction 2 - Apparent Kinetics --++----------- Reaction 2 - True Kinetics 
o Reaction 3 - Apparent Kinetics - Reaction 3 - True Kinetics 

be modified. The shape of the asphaltenes conversion profile generated by this procedure 

could not readily be fitted using an Arrhenius-type equation. This is likely a major 

source of the simulation model's difficulty in converging to a consistent set of apparent 

reaction kinetic parameters. Hence, the apparent kinetic values reported in Table 42 

more likely correspond to a local minimum of the objective knction rather than a global 

minimum, 

The average objective function errors are shown in Table 43 for the three reactions. 

These error values were derived from Figures 67 and 68, which show the time dependent 

fit of the simulation model predicted conversion values to the inputted experimental data 

for Experiment MR064 using Analysis #1 oxygen conversion The forms of the oxygen 

conversion profiles (Reactions I and 2) dowed for the use of an Arrhenius-type reaction 

equation to fit the data However,the form ofthe asphaltenes conversion profile 

(Reaction 3) made it difficult for the simulation model to use an Arrhenius-type model. 

This phenomenon was reflected in the sensitivity analysis, discussed in the previous 

paragraph, and in the objective function errors, shown in Table 43. 



Figure 6% Inputted Raw Data versus Simulation Modd Results for Reactions 1 

and 2 wing Analysis #1 Oxygen Conversion, Experiment MR064. 
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Figure 68: Enputted Raw Data Venus Simulation Model Results for Reaction 3 

using Analysis #I Oxygen Conversion, Experiment MR064. 
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Table 43: Average Objective Function Errors using Apparent Kinetic 

Parameters .nd Analysis #I Oqgen Conversion, Experiment MRO64. 
.. . . . . . 

Reaction I 2 3 

Average Error 4% 5% 11% 

Despite the difficulty in modeling this experiment, several observations can be made 

fiom the simulated results of Experiment MR064 using Analysis #1 oxygen conversion, 

particularly at the simulation time prior to and including the coke initiation time: 

The profiles of reaction rate versus inverse temperature indicated that mass 

transfer limiting effects were significant above about 2OO0C for Reactions 1 and 2 

during the experiment 

Based on the sensitivity analysis on convergence, the reported apparent kinetic 

values most likely represent a local minimum to the objective finction and not a 

global minimum. 

The simulation model obtained a very good match of the inputted data functions 

for Reactions 1 and 2. However, due to the relatively poor match of Reaction 3, 

the overall average error in the objective hnction was 6%. 

The order in which the reactions occumed was Reaction 2, followed by Reaction 

1, followed by Reaction 3. This was based on both conversion profiles and 

apparent activation energies. 

M e r  an elapsed time of about 28.0 hours, the slope of the oxygen conversion 

profile for Reaction 1 began to decline, indicating that the supply of maltenes 

available for reaction was starting to abate. However, the compositional analysis 

on the core residue indicated that a significant amount of maltenes remained on 

the core after the experiment. This characteristic suggests that Reaction 1 could 

be modeled as reversible reactions with a reactive and non-reactive component for 

the maltenes fraction. Only a single, forward reaction was modeled for the 

consumption of maltenes to form carbon oxides in this model. 



After an elapsed time of about 19.0 hours, the slope of the asphaltenes conversion 

profile for Reaction 3 began to decline. This indicated that coke was being 

consumed in the reactor. Since there were no coke consumption reactions in the 

low-temperature model this characteristic was not modeled. 

The coke initiation time was 6-99 hours. The reactor conditions at this time were: 

Inputted function temperature: 29S°C. 

Cumulative average temperature: 15g°C. 

Amount of asphaltenes present: 22.6% of IOIP (by mass). 

7.4.7.2 Analysis #2 

Table 44 summarizes the true and apparent reaction kinetic parameters obtained using 

Analysis #2 oxygen conversion for Experiment MR064. These values were obtained by 

linear extrapolation of the reaction rate versus inverse temperature profiles, shown in 

Figure 69. Refer to Section 7.4 for the units of pre-exponent factor and activation energy 

in Table 44. 

Table 44: True and Apparent Reaction Kinetics for Experiment MR064 using 

Analysis #2 Oqgen Conversion. 

Reaction Apparent Kinetics True Kinetics 

k ' Ea' k Ea 

Table 43 shows that ail three reactions had van-ances between true and apparent 

activation energy values. The variances in activation energies were 27% for Reaction 1, 

17% for Reaction 2, and 12% for Reaction 3. These differences can also be seen from 



the profiles of reaction rate versus inverse temperature in Figure 69. Above about 200°C, 

the reaction rate profiles for Reactions 1 and 2 became non-linear and sloped to the 

horizontal. This indicated that there was mass transfer Limiting effects occurring in this 

temperature range during the experiment. The difference in Reaction 3 kinetics was not 

as obvious Eom Figure 69. The differences in Reaction 3's kinetic values may be due to 

scatter in the data, calculation of a linearized exponential profile or the use of inputted 

hnctions for the experimental data. 

Figure 69: Reaction Rate versus Inverse Tenpenture using Analysis #2 Oxygen 

Conversion, Experiment MR064. 
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o Reaction 3 - Apparent Kinetics - Reaction 3 - True Kinetics 

The sensitivity analysis on the initial kinetic parameter estimates for the Analysis #2 

model showed a stable convergence during the entire range tested. The range of initial 

values tested was 525% of the kinetic values in Table 44. The optimization subroutine 

converged for the entire range on initial kinetic parameter estimates and required between 

30 and 124 iterations. This indicated that the kinetic parameters in Table 44 represent a 



global minimum for the model of Experiment MR062 with Analysis #2 oxygen 

cornersion 

The Analysis #2 simulation model was relatively stable with respect to convergence. 

This indicated that the minor changes to the conversion profiles between the two models 

had a sigaificant effect on how the optimization program performed. The differences in 

the oxygen conversion profiles were that Reaction 1 and 2's profiles were of similar 

magnitude in Analysis #2 while in Analysis #1 the profiles were not. And the difference 

in the asphaltenes conversion profiles was that in Analysis $2 the profile had a slightly 

lower magnitude and was delayed by approximately one hour. These minor differences 

in the respective models caused the optimization subroutine to behave substantially 

different in terms of stability of convergence. 

Table 45 summarizes the average objective function errors using the Analysis #2 oxygen 

convenion model with the Analysis #l model values for reference. The Analysis # 2 

error values were derived from Figures 70 and 7 1 and were slightly lower than those of 

Analysis #I. 

Table 45: Comparison of Analysis #I and Analysis #2 Average Objective 

Function E m n  for Experiment MR064. 

Reaction 1 2 3 

Analysis #2 Average Error 2% 2% 9% 

Analysis #1 Average Error 4% 5% I 1% 

Figures 70 and 71, on the next page, show the time dependent profiles ofthe simulation 

model conversion profiles as compared to the inputted experimental data &nctions of 

Analysis #2 oqgen conversion. 



Figure 70: Inputted Raw Data Venus Simulation Model Results for Reactions 1 

and 2 using Analysis #2 Oxygen Conversion, Experiment MR064. 
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Figure 71: inputted Raw Data versus Simulation Model Results for Reaction 3 

using Aaaiysis #2 Oxygen Convenioo, Experiment MR064. 
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The following points compare the Analysis #I with the Analysis #2 simulation model 

results for Experiment MR064. 

The profiles of reaction rate versus inverse temperature indicated that mass 

traasfer limiting effects were significant above about 200°C for Reactions 1 and 2 

during the experiment. This result was similar to that of the Analysis #I 

simulation model, which also showed diflbsion effects above about 200°C. 

The reported apparent kinetic values represent a global minimum to the objective 

k c t i o n  This was due to the stable convergence of the optimization subroutine 

during the sensitivity d y s i s  on initial kinetic estimates. 

The Analysis #2 oxygen conversion model represented the inputted experimental 

data slightly better than the Analysis #I model. The average overall error in the 

Analysis #1 and Analysis #2 models were 6% and 4%, respectively. 

Similar to the Analysis #1 model, the order in which the reactions occurred was 

Reaction 2, followed by Reaction 1, followed by Reaction 3. This was based on 

both conversion profiles and apparent activation energies. 

After an elapsed time of about 19.0 hours, the asphaltenes conversion profile 

began to decline, which indicated that coke was beginning to be consumed in the 

reactor. Since there were no coke consumption reactions in the low-temperature 

model, this characteristic was not modeled. 

The coke initiation time was delayed by 0.90 hours, fiom 6.99 to 7.89 hours. The 

reactor conditions at the coke initiation time were: 

Inputted temperature function: 3 3 1 O C .  

Cumulative average temperature: 1 77T. 

Amount of asphaltenes present: 26.3% of IOIP (by mass). 

7.4.8 Experiment MR065 

RTO Experiment MR065 was run with an input gas flux of 14.0 rn3(sT')/m2-hr, an oxygen 

concentration of 22.6 mole percent, a reactor pressure of 7000 kPa, and a maximum 

heater temperature of 350 O C .  The oxidation zone passed through the reactor with a 



constant velocity of 0.99 cmlhr and a maximum temperature of38 1 "C. As shown in 

Figure 72, a high-temperature combustion zone was not established. The observations 

recorded in the manual input log ofthe experiment indicated that it was completed 

without instrument failure or operational problems. 

Figure 72: Zone Temperature Profdm and Inputted Temperature Function for 

Experiment MR065. 
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7.4.8.1 Analysis #1 

The apparent and true kinetic values obtained ftom the simulation of experiment MR065 

are shown in Table 46 on the following page. The true kinetic parameters were 

calculated by linear extrapolation of the reaction rate versus inverse temperature plot, 

shown in Figure 73. Refer to Section 7.4 for the units of  pre-exponent factor and 

activation energy in Table 46. 
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Table 46 shows that all three reactions had differences between true and apparent 

activation energy values. The differences for Reactions 1,2 and 3 were 27%, lo%, and 

22%, respectively. These variances are aIso visible on the reaction rate versus inverse 

L 



temperature profiles in Figure 73, which shows that all three profiles contained non-linear 

behavior. Reactions 1 and 2 cleariy show evidence of mass transfer Limibing eff- 

above about 180°C. The apparent readion rate profiles w e  to the horizontal above 

about 1 80°C. The large differences between true and apparent activation energy d u e s  

for Reaction 3 is most likely a result of the scatter in the apparent kinetic data and may 

not indicate mass transfer control. 

Table 46: True and Apparent Reaction Kinetics for Experiment MR065 using 

Analysis #1 Oxygen Conversion. 

Reaction Apparent Kinetics True Kinetics 

k ' Ea' k Ea 

1 l.l9E+3 29,780 1.2E+2 33,740 

Figure 73: Reaction Rate Venus Invent Temperature using Analysis #I Oxygen 

Conversion, Experiment MRO65. 
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Figure 74: lnputted Raw Data versus Simulation Model Rkults for Reactions 1 

and 2 using AnaIysis #1 Orygen Conversion, Experiment MR065. 
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Figure 75: Inputted Raw Data versus Simulation Modd Results for Reaction 3 

using Analysis #I Oxygen Conversion, Experiment MR065. 
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The optbization subroutine had difficulty converging to the reported apparent kinetic 

parameters when the initial kinetic estimates were varied. This was partly due the nature 

of the inputted finctions used to represent the experimental conversion data. Various 

simplified input functions of oxygen conversion were tested for potential improvements 

in the convergence of the optimization subroutine. However, only minor improvements 

resulted from varying the input functions and instability in convergence still existed. The 

difficulty that the model had with convergence was mainly due to the nature ofthe 

asp haltenes conversion profile for Reaction 3. The asphdtenes conversion profile was 

obtained within the model by numerical differentiating values generated by the Coke 

Formation Model. The profiles generated by this procedure for Experiment MR065, 

Analysis #1 caused instability in the convergence of the computer program because the 

profile could not easily be fitted with an Arrhenius-type reaction equation. Thus, the 

apparent kinetic values reported in Table 46 correspond to a local minimum of the 

objective function and a global minimum was not found. 

The average errors between the simulated results and the inputted data hnctions are 

shown in Table 47. These values were derived from Figures 74 and 75, which show the 

time dependent fit of the simulation model to the inputted experimental data for 

Experiment MR065 using Analysis #1 oxygen conversion. The average error values 

were relatively high for all three reactions, particularly for Reaction 3. 

Table 47: Average Objective Function Errors using Apparent Kinetic 

Parameters and Analysis R1 Oxygen Conversion, Experiment MR065. 

Reaction 1 2 3 

Average Error 10% 6% 17% 

The folIowing observations were based on the simulated results of Experiment MR065 

using Analysis #I oxygen conversion: 



The profiles of reaction rate versus inverse temperature indicated that mass 

transfer limiting effects were significant above about 180°C for Reactions 1 and 2 

during the experiment 

Based on the sensitivity analysis on convergence, the reported apparent kinetic 

values more Wtely represent a local minimum to the objective finction than a 

global minimum. 

The simulation model obtained a reasonabie match of the inputted data finctions 

of oxygen conversion for Reactions 1 and 2. However, due to the relatively poor 

match of Reaction 3, the overall average error in the objective ttnction was 12%. 

The order in which the reactions occurred was Reaction 2, followed by Reaction 

1, followed by Reaction 3. This was based on both conversion profiles and 

apparent activation energies. 

After an elapsed time of about 20.0 hours, the asphaltenes conversion profile 

began to decline. This indicated that coke was being consumed in the reactor. 

Since there were no coke consumption reactions in the low-temperature model, 

this characteristic was not modeled. 

The coke initiation time occurred at 6.50 hours. The reactor conditions at this 

time were: 

Inputted bnction temperature: 25 1 OC. 

Cumulative average temperature: 136OC. 

Amount of asphaltenes present: 26.2% of IOIP (by mass). 

7.4.8.2 Analysis #2 

Table 48 summarizes the true and apparent reaction kinetic parameters obtained using 

Analysis #2 oxygen conversion for Experiment MR065. These values were obtained by 

linear extrapolation of the reaction rate versus inverse temperature plots, shown in Figure 

76. Refer to Section 7.4 for the units of pre-exponent factor and activation energy in 

Table 48. 



The kinetic parameter values for Analysis #2 are summarized in Table 48. The variances 

between true and apparent activation energy values for Reactions 1.2, and 3 were 12%, 

400/4 and 7%, respectively. For Reactions 1 and 2, these variances can also be seen in 

the reaction rate versus inverse temperature profiles shown on Figure 76, which shows 

that both reactions contained mass transfer controlling e f f i  above about 180°C. The 

large difference between true and apparent activation energy values for Reaction 3 may 

not be due to mass transfer limiting effects but rather due to scatter in the data or the 

calculation of a linearized exponential profile. 

Figure 76: Reaction Rate versus Inverse Temperature using Analysis #2 Oxygen 

Conversion, Experiment MR065. 
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The sensitivity analysis on the initial kinetic parameter estimates for the Analysis #2 

model showed a relatively stable convergence during the tested range of e 5 %  of the 

apparent kinetic values in Table 48. The optimization subroutine converged for the range 

of vaiues between -5% and 10% and required between 41 and 83 iterations. This 

indicated that the apparent kinetic parameters in Table 48 likely represented a global 



minimum for the objective W o n  of Experiment MR065, Analysis #2 oxygen 

conversion 

Table 48: True and Apparent Reaction Kinetics for Experiment MIX065 using 

Analysis #2 Oxygen Conversion. 

Reaction Apparent Kinetics True Kinetics 

k' Ea' k Ea 

Table 49 summarizes the average objective function errors using the Analysis #2 oxygen 

conversion model with the Analysis #I model values for reference. The Analysis # 2 

values were derived fiom the conversion profiles shown in Figures 77 and 78, on the 

following page. 

Table 49: Comparison of Anatysis #1 and Analysis #2 Average Objective 

Function Enors for Experiment MR065. 

React ion 1 2 3 
- - - - - 

Analysis #2 Average Error 14% 5% 15% 

Analysis #I Average Error 10% 6% 1 7Y0 

The following points compare the Analysis #I and Analysis #2 simulation model results 

for Experiment MR065. 

The profiles of reaction rate versus inverse temperature indicated that mass 

transfer limiting effects were significant above about 180°C for Reactions 1 and 2 
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during the experiment. This result was also observed during the Analysis #1 

model simulation results. 

The reported apparent kinetic values may represent a global minimum to the 

objective function based on the convergence of the simulation model during the 

interval of -5% to +lo% of the values in Table 48. This results was in contrast 

with that of the Analysis #1 model, which did not show stable convergence to a 

consistent set of kinetic parameters for the entire range of initial estimates. 

The Analysis #1 oxygen conversion model represented the inputted experimental 

data slightly better than the Analysis #2 model. The average overall error in the 

Analysis #1 and Analysis #2 models were 12.6% and 13.4%, respectively. 

Similar to the Analysis #1 model, the order in which the reactions occwed was 

Reaction 2, followed by Reaction 1, followed by Reaction 3. This was based on 

both conversion profiles and apparent activation energies. 

After an elapsed time of about 30.0 hours, the slope of the oxygen conversion 

profile for Reaction 1 began to decline, indicating that the supply of maltenes 

available for reaction was starting to abate. However, the compositional analysis 

on the core residue indicated that a significant amount of maltenes remained on 

the core after the experiment. This characteristic suggests that Reaction 1 could 

be modeled as reversible reactions with a reactive and non-reactive component for 

the maltenes hction. Only a single, forward reaction was modeled for the 

consumption of maItenes to form carbon oxides in this model. 

After an elapsed time of about 20.0 hours, the asphaltenes conversion profile 

began to decline. This indicated that coke was being consumed in the reactor. 

Since there were no coke consumption reactions in the low-temperature model, 

this characteristic was not modeled. 

The coke initiation time was delayed by 0.42 hours, from 6.50 to 6.92 hours. The 

reactor conditions at the coke initiation time were: 

Inputted temperature function: 266OC. 

Cumulative average temperature: 143 "C. 

Amount of asphaItenes present: 30.3% of IOIP (by mass). 



7.49 Fsperiment MR066 

RTO Experiment MR066 was run with an input gas flux of 14.0 rn3(s~)/rn2-hr, an oxygen 

concentration of65.4 mole percent, a reactor pressure of 7000 kPa, and a maximum 

heater temperature of 260 O C .  As shown in Figure 79, a high-temperature combustion 

zone was not established and the oxidation reactions did not generate distinct low- 

temperature oxidation peaks at each of the thermocouple zones. The observations 

recorded in the manual input log of the experiment indicated that it was completed 

without instrument failure or operational problems. 

Figure 79: Zone Temperature Profiles and Inputted Temperature Function for 

Experiment MR066. 
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The simulation model o f  Experiment MR066 could not be run past the coke S a t i o n  

time due to emrs in implementing the Coke Formation Model. As discussed in Section 

7.3, the hydrocarbon hction distribution at the end of Experiment MR066 caused the 

errors in the Coke Formation Model. More specifically, the quadratic form of the 



correlating equations used to predict the maitenes and asphdtenes hctions could not be 

implemented while remaining true to the hydrocarbon distributions at the coke initiation 

time and at the end ofthe experiment Thus, the Coke Formation Model's f~lure to 

predict the maltenes and asphdtenes haions beyond the coke initiation time prohibited 

the modeling of the complete Experiment MR066 data. The results from the simulation 

of this experiment beyond the cuke initiation time were considered exploratory and the 

mass kction curves of the maltenes and asphaltenes as well as the total mass ratio were 

set to zem to distinguish these results as such However, meaningfir! information could 

still be extracted tiom the simulation model of Experiment MR066 for times prior to or at 

the coke initiation time, 

The simulation model was able to predict the coke initiation time and the reactor 

conditions prior to the wke initiation time. The coke initiation times for the Analysis #1 

and Analysis #2 models of Experiment MR066 were 5.78 hours and 6.04 hours, 

respectively. The reactor conditions at the coke initiation time for the Analysis #1 

oxygen conversion model were: 

Actual temperature: 228OC. 

Average temperature: 1 16'C. 

Amount of asphaltenes present: 30.1% of IOIP (by mass). 

For the Analysis #2 oxygen conversion model the predicted reactor conditions at the coke 

initiation time were: 

Actual temperature: 238OC. 

Average temperature: 1 2 1 'C. 

Amount of asphaltenes present: 32.5% of IOIP (by mass). 



7.5 Results Summary 

7.5.1 Sensitivity Analysis of the Initial Kinetic Parameters 

As discussed in the previous sections a sensitivity analysis was performed on the initial 

kinetic parameters that were inputted to each of the simulation programs. The initial 

kinetic parameters were varied bmeen B5% of the values reported in Tables 20 and 21 

of Section 7.4 to determine if each set of kinetic values represented the global minimums 

of the each experiment's objective function. The initial values were only varied by S 5 %  

because, beyond these values, the simulation programs experienced instability and 

required lengthy convergence times. For example, when the initial parameters were 

varied by f25% only six of the simulation programs converged ad, of these programs, 

the times required for wnvergence varied fiom 95 to 127 how. 

Tabk 50: Convergence Chrracteristiu of the Low - Temperature Oxidation 

Simulation Models using Analysis #I Oxygen Conversion. 

Experiment Range of Initial Number of Iterations Time Required for 

Kinetic valuesw Required for Convergence Convergence, hours 

fi% *lo0? -5% k5% f 10% e 5 %  

MR064 Did not converge. 

MR065 Did not converge. 

(a) denotes the range of initial Linetic values for which the simulation model successfi~lly 

converged. 

Stable convergence was obtained for the majority of the simulation models. Only the 

models for Experiments MR064 and MIL065 showed signs that the optimization program 



either did not converge or converged to kinetic values that were not the global minimum 

of the objective function. 

The convergence characteristics of each of the simulation models are shown in Tables 50 

and 51. These tables show the range of initial kinetic parameter estimates for which the 

simulation models converged, the number of iterations the optimization routine required 

for convergence, and the elapsed time that an htef 82443BX Pentiurn@) I1 Processor 

required for convergence. 

A comparison of Tables 50 and 5 1 shows that the Analysis #2 models performed better 

than the Analysis #1 models in terms of convergence characteristics. AU seven of the 

Analysis #2 models showed convergence to a global minimum of the objective function 

while only five of the Analysis #1 models showed the same convergence. Also, for each 

experiment, the Analysis #2 models had a larger range of initial values for which the 

optimization routine converged. 

Table 51: Convergence Characteristics of the Low-Temperature Oxidation 

Simulation Mod& using Analysis #2 Oxygen Conversion. 

Experiment Range of Initial Number of Iterations Time Required for 

Kinetic values'.' Required for Convergence Convergence, hours 

MR063 -25% to +25% 95 146 223 99 118 124 

~ ~ 0 6 4  -25% to +25% 34 64 I I6 74 95 127 

MR065 -5% to +lo?% 46 77 - 76 97 - 
(a) denotes the range of initial kinetic values for which the simulation model successfilly 



The most likely reason for the superior performance of the Analysis #2 model during the 

sensitivity analysis of initial kinetic parameters was the execution of the optimization 

routine on the Analysis #2 oxygen conversion profiles. The oxygen conversion profiles, 

used to describe Reactions 1 and 2, had more similar magnitudes and curvatures when 

using the Analysis #2 model. This dowed the optimization routine to optimize knctions 

with relatively like characteristics rather than functions with contrasting characteristics, 

as was the case during the Analysis #1 model. The optimization routine consistently 

showed a more stable convergence for models that had similar magnitudes and matures 

for the conversion profiles of all three reactions than for models that had contrasting 

profiles for the three reactions. 

7 5 2  Controlling Mechanism Analysis 

To establish whether the experimental data was obtained under kinetic control, plots of 
the proposed reaction rates versus inverse temperature were made on a semi-log scale for 
each experiment. If this plot yielded a linear relation for all of the reaction rate profiles, 

Table 52: Experiments with S i p s  of Mus-Transfer Controi. 
. . . . . . --- 

Experiment Oxygen Location of Mass Transfer Control 

Conversion Model 

MR056 Analysis #1 Reaction 3 reaction rate vs. inverse temperature profile. 

MR064 Analysis #1 Reaction 1 reaction rate vs. inverse temperature profile. 

Reaction 2 reaction rate vs. inverse temperature profile. 

MR064 Analysis #2 Reaction 1 reaction rate vs. inverse temperature profile. 

Reaction 2 reaction rate vs. inverse temperature profile. 

MR065 Analysis # 1 Reaction 1 reaction rate vs. inverse temperature profile. 

Reaction 2 reaction rate vs. inverse temperature profile. 

MR065 Analysis #2 Reaction 1 reaction rate vs. inverse temperature profile. 

Reaction 2 reaction rate vs. inverse temperature profile. 



the assumption of kinetic control was reasonable. However, if any significant non- 
linearity existed in these profiles, then the kinetics parameters obtained would mask mass 
W e r  limiting effects. Table 52 summarizes the experiments that showed evidence of 
mass transfer control in their reaction rate profiles. 

Five of the low-temperature oxidation simulation models showed evidence of mass 

transfer control within their reaction rate versus inverse temperature profiles. The results 

fiorn these models will not be included in the overall characterization of the proposed 

kinetic system of reactions. 

7.53 Optimization Routine Pertormance 

Table 53 summarizes the performance with which the optimization routine matched the 

Arrhenius-type reaction model and the inputted experimental data fbnctions. The 

following average errors were derived from the figures in Section 7.4. An analysis of the 

fming ofthe actual experimental raw data with the numerical functions used in the 

simulation models is shown in Appendix A. 

The results ofthe optimization routine showed an average error range of bemeen 4% and 

17% error. The largest average percent error in the match between the simulation's 

reaction model and the inputted functions of experimental data occurred in Experiment 

MR056, AnaIysis #1 oxygen conversion. The 17% overall average error for this 

simulation model was a result of the discontinuous nature of the oxygen conversion 

profiles at the onset of Reaction 1, the combustion of maltenes. The discontinuities in the 

oxygen conversion profiles for Reactions 1 and 2 were caused by the frequency with 

which data was collected during the experiment (1 Sominute intervals). These 

discontinuities subsequently caused the formation of an asphaltenes conversion profile 

that also could not accurately be simulated. The remaining experiments had relatively 

comparable optimization routine performances with average errors between 4% and 12%. 



Table 53: A Summary of the Accuracy with which the Simulation Models 

Matched the Inputted Raw Data Functions. 

Experiment W g e n  Average Error between Simulation Overall 

Conversion Model Model and Inputted Data, % Average Error, 

MR056 Aaalysis #1 

Analysis #2 

MRO58 Analysis #1 

Analysis #2 

MR060 Analysis #1 

Analysis $2 

MR062 Analysis #1 

Analysis #2 

MR063 Analysis #1 

Analysis #2 

MR064 Analysis #1 

Analysis #2 

MR065 Analysis #1 

Analysis #2 

Reaction 1 

15% 

10% 

6% 

11% 

7% 

8% 

5% 

4% 

4% 

5% 

4% 

2% 

10% 

14% 

Reaction 2 

12% 

11% 

14% 

9% 

8% 

9% 

7% 

8% 

5% 

5% 

5% 

2% 

6% 

5% 

Reaction 3 

25% 

5% 

9% 

8% 

10% 

12% 

9% 

13% 

3% 

7% 

11% 

9% 

17% 

15% 

7.5.4 Oxygen and Asphdtenes Conversion ProTiie Chamcteristics 

The simulation models of Experiments MR062, MR064, and MR065 exhibited similar 

characteristics in their conversion profiles for Reactions 1 and 3. The conversion profiles 

of these reactions would initially increase, reach a maximum conversion, and then begin 



to decline. The remaining experiments did not exhibit true declines in their conversion 

profiles other than artificial declines caused by the use of two definitions for oxygen 

conversion and the calculation of oxygen converted to oxygenated hydrocarbons by 

difference. 

The occurrence of a declining oxygen conversion profile for Reaction 1 in Experiments 

MR062, MR064, and MR065 suggested that either maltenes or oxygen was becoming a 

limiting reactant in the reaction. However, the Coke Formation Model predicted that, in 

the time of the declining oxygen conversion profiles, there was an abundance of maltenes 

as shown in Figures 25,27 and 28. Also during this time the flow of oxygen was 

coastant and d c i e n t  to react with any maltenes present. Thus both mdtenes and 

oxygen were available for reaction but were not reacting according to the proposed 

Reaction 1 reaction pathway. A potential cause of this characteristic in the oxygen 

conversion profile is that mdtenes may have both a reactive and non-reactive component 

within their structure. Thus, during the low-temperature oxidation of maltenes, oxygen 

will initially attack the accessible and reactive component of the maltenes fiaction and, as 

this component is exhausted, the maltenes fraction is reduced to its non-reactive 

component. This would account for the residual maltenes remaining on the core after 

completion of experiment such as MR062, MR064, and MR065. The potential reactive 

and non-reactive component of the maltenes m i o n  was not modeled in this study. The 

proposed reaction model was limited to only the forward reactions of mdtenes and did 

not differentiate between possible reactive and non-reactive components of the maltenes 

m i o n .  An alternate cause of the declining oxygen conversion profile in the proposed 

Reaction 1 could be that maltenes oxidation reactions may be reversible. Ifthis were the 

case, then equilibrium-type model would be best suited for the modeling of the low- 

temperature oxidation reactions of maltenes. This also could not be addressed by the 

proposed reaction model in this study and will be left for future researchers to explore. 

The occurrence of a declining asphdtenes conversion profile for Reaction 3 in 

Experiments MR062, MR064, and MR065 suggested that coke was dso being consumed 

during the low-temperature oxidation reactions. This comment shares a similar basis to 



that ofthe d t e n e s  frsction discussion in the previous paragraph. However, it is unlikely 

that Reaction 3, rewritten below for rderence, is reversible because coke is very likely an 

end product that can not be transformed to lighter hydrocarbons such as asphaltenes. 

Reaction 3: Asphaltenes, + a@a[tenes, + c,Coke, + ACO, + kCH,  

Consumption of coke through oxidation has been shown to occur at relatively low 

temperatures (below 3 00°C) in the high-temperature oxidation model. Also, as discussed 

in Section 7.1, the oxygen conversion profiles associated with low-temperature coke 

consumption are very low (in the range of 0.02 to 0.08 hr*'). This implies that the rate of 

coke consumption is also relatively slow at these low temperatures and a long period of 

time would be required for a substantial amount of coke to be consumed by low- 

temperature oxidation reactions. Thus, it was not surprising that a declining asphaltenes 

conversion profile was associated with Experiments MR062, MR064, and MR065, 

experiments that had the longest run-times. 

The run-times for Experiments MR062, MR064, and MR065 were 26, 50, and 50 hours, 

respectively. Of the three experiments, Experiments MR064 and MR065 had the most 

evident declines in their asphaltenes conversion profiles. This was due partly to their 

experimental conditions. These experiments had the longest run-times (50 hours), their 

ramp temperature set points were 350°C, and they had relatively low oxygen fluxes; 2.7 

and 3.2 m3/(m2*hr), respectively. Hence, the coke within the reactors of these 

experiments had been subjected to temperatures at which coke could slowly be consumed 

by the flowing oxygen for a long period of time. The analysis of the hydrocarbon 

residuals remaining on the core upon completion of Experiments MI2064 and MR065 

confirm this. These residual analyses showed the least amount of asphaltenes and coke 

fractions remaining in the reactor of all the RTO experiments tested in this study. 

Experiment MR062 also showed evidence of coke consumption but to a lesser extent 

than Experiments MR064 and MR065. The experimental conditions for Experiment 

MR062 included a ramped temperature set point of 260°C and an oxygen flux of 8.2 

rn3/(m2-hr) with a total run-time of 26 hours. The relatively lower amount of coke 

consumed during Experiment MR062 was expected because of operation at lower set- 

point temperatures and a shorter overall run-time. 



Coke coosumption at relatively low temperatures was not modeled as part of the low- 

temperature model in this study. The reason for this was because the RTO Experimental 

oxygen conversion data could not be differentiated into oxygen that was consumed by 

coke oxidation and oxygen that was consumed by maltenes oxidation at low 

temperatures. This aspect of low-temperature oxidation will also be left for future 

researcher to develop. 

This study chose to limit the assumptions regarding oxygen consumption to the 

following: oxygen consumed during bond-scission type reactions and oxygen consumed 

during addition-type reactions. This directly limited the scope of the simulation models 

to either low-temperature (less than 400°C) oxidation reactions involving maltenes or 

high-temperature (greater than 400°C) combustion reactions involving coke. 

Ultimately, the deciining oxygen and asphaltenes conversion profiles will need to be 

considered when modeling the complete behavior of heavy oil fiaction during in siru 

combustion. Maltenes oxidation reactions may need to be modeled with reversible or 

equilibrium-type models and may need to consider a potential non-reactive component of 

the maltenes &action. Coke combustion reaction models will need to consider the 

consumption of coke at relatively low temperatures to explain the behavior of 

experiments such as Experiment MR062, MR064 and MR065. These considerations will 

be left for future studies. 



7.5.5 Summary of the Low-Temperature Oxidation Kinetic Results 

The simulation models that satisfied the following criteria were chosen to represent the 

reaction kinetics of the proposed low-temperature oxidation reactions for this study. 

Relatively good optimization routine performance, 

Negligible mass transfer control of the experimental data, 

Stable convergence of the objective fimction to a consistent minimum, and 

Negligible operational or instrumentation problems during the experiments. 

Only six of the low-temperature simulation models met these criteria - two simulations 

that used AnaIysis #I oxygen conversion: Experiments M.062 and MR063, and four 

simulations that used Analysis $2 oxygen conversion: Experiments MR056, MR060, 

MR062, and MR063. The kinetic parameter remlts derived ftom these simulation 

models are shown in Table 54. 

Prior to this study, numerous authors have studied the low-temperature oxidation kinetics 

of heavy oil or Athabasca bitumen. Table 55 compares the kinetic values obtained by 

this study with the published results of four previous authors: Dabbous et al. (1974), 

Phillips et aI. (1985), Yoshiki et al. (1985) and Adegbesan (1982). Despite the use of 

diffhent experimental methods and models, the previously published kinetic results are 

relatively comparable with the results of this study. 

The difrences between the previously published kinetic results and those of this study 

are partly due to differences in the treatment of the oxidized hydrocarbons. The kinetic 

results obtained by this study represent the competing forward reactions of the 

hydrocarbon fra*ions during the oxidation of Athabasca bitumen. Previously published 

results, shown in Table 55, represent bitumen oxidation reaction kinetics of single, bulk- 

component systems that are assumed to be independent of other, competing reactions. 

Previous simulation models were limited in the treatment of their hydrocarbon t'ractions. 

This was because experiments were limited to either measuring only the liquid 

hydrocarbon hctions within the reactor or the production or consumption ofgases. This 



Table 54: Summary ofthe Find Reaction Kinetic Parameter Results for the 

Low-Temperature Oxidation Model. 

Presrponent Factor, Activation Energy, 

Experiment k. Ea, Jouledmole 

Analysis #1 Oxygen Conversion 

MR062 6.46E+3 4.9-3 3.03E+6 51,738 21,639 53,723 

MR063 3.30E+O 2.19E-3 4.26.+7 36,131 24,923 58,289 

Analysis #2 Oxygen Conversion 

MR056 3.5=+2 1.43E-3 5.35E+2 39,505 18,849 43,096 

MR060 1,28E+4 8.00E-3 L.80E+5 47,882 18,408 36,823 

~ ~ 0 6 2  5.47E+2 1.34E-3 3,01E+4 3 8,479 17,695 3 1,887 

MR063 4.1 OEM 2.18E-3 1,68E+8 2 1,500 18,017 64,3 24 

(a) Moles of oxygen reacted I (mole of maltenes atmosphere hour). 

(b) Moles of oxygen reacted / (atmosphere - hour). 

(c) Moles of asphaltenes reacted / (mole of initial asphaltenes - hour). 

study has overcome this experimental limitation by incorporating the results of two 

independent sets of experiments, the Low-Temperature Oxidation (LTO) and the 

Ramped-Temperature Oxidation @TO) Experiments, through the Coke Formation 

Model. Thus the simulation models presented in this study were able to simultaneously 

model both the liquid hydrocarbon components and the produced and consumed gases 

during the oxidation of Athabasca bitumen. This may also partiaily explain why the 

kinetic results obtained f?om this model are consistently Iower that those found in 

literature. Thus, by combining the coke formation results of the LTO experiments with 

gas phase! and temperature response results of the RTO experiments the simulation model 

presented in this study is able to predict the relative amounts of maltenes, asphaltenes, 

and coke within the flow-through, fixed-bed reactor as well as the amount of gases in the 

reactor at any time dun-ng each experiment. 



Table 55: Previously Published Reaction Kinetic Parameters for Low-Temperature Oxidation Experiments. 

Author(s) Reactant I)rpe of Reaction Rate EQuation(s) Pre-exponent Factor, k, Activation Energy, E, 

0lrl.l joules / mole 

Dabbous el al, ( 1  974) Crude oil I CH,+02 + products knexp(d)*[2ji 

SG=0,935, 1 9.g0API 

Adcgbesan ( 1982) Achsbasca bitumen 

SG= 1 .O 14,8.1 OAPl 

Phillipsetal.(1985) Athabascabitmen 

SG= 1.0 14,8, 1°API[ 

Yoshiki et al. (1985) Athabasca bitumen 

SG= 1,O 14.8, I OAPI 

This study, Athabasca bitumen 

SG= 1.007, 8.0°API 

1, CH,+02 + kl ~ e x p ( - ~ ~ ) * [ ~ ] ~ . "  

Asphaltenes-Coke 

2, CH,* +Resins+ kz*exp(-E2)*(021 0.41-O.M 

AsphaltenesCoke 

1, CH,* -+ CO,, Hz0 kl*exp(-El)*[@] 

2, CH,* + oxygenated k2*exp(-E2)-(02] 

hydrocahons, Ha 

CHxt02 -+ oxygenated k s x p ( - ~ ) . [ ~ ] ~ "  

hydrocarbons, H 2 0  

1. CH,+02 + COX, H20 See Section 5.1, 

2. CH,+02 + oxygenated 

hydrocarbons, H20 

3, Oxygenated 

hydrocarbons + Coke, 
CH, (v,, CO,, Hz0 



As stated earlier, previously published kinetic studies were based on the oxidation of 

Athabasca bitumen or heavy oil compounds and not the pseudo-components of these 

compounds. Thus the activation energy values of these previous studies should 

intuitively be higher than the activation energy results of this study. This is because more 

energy would be required to initiate the oxidation of Athabasca bitumen than its maltenes 

pseudo-component. Hence, the kinetic values obtained by this study can not be directly 

compared to previously published values because the bases of the two studies are not 

directly comparable. 

7.5.6 Eff't of Operating Conditions on Kinetic Results 

As discussed in Section 7.4, a comparison of several simulation model results could 

potentially provide insights into the effect of operating conditions on the kinetics of low- 

temperature oxidation. Since only a limited set of experiments was successfully 

modeled, the analysis of the effect of operating conditions on kinetics was greatly 

limited. 

By comparing the results of Experiments MR058, MR062, MR063, and MR065 we can 

analyze the effect of injected gas flux on kinetics. However, the kinetic results from 

Experiments MR058 and MR065 were omitted fiom this study because of operational 

problems during the experimental procedure and evidence of mass transfer control, 

respectively. Thus only results fiom Experiments MR062 and MR063 were used for this 

aaalysis. 

When the injected gas flux was increased from 36.5 to 104.6  ST) I (m2 - hr), with all 

other operating conditions being equal, a similar trend occurred in the activation energy 

values of both the AnaIysis #I and #2 models of Experiments MR062 and MR063. The 

activation energies for Reaction 1 decreased and the activation energies For Reactions 2 

and 3 increased. The activation energy values are shown Section 7.5.4, Table 54. The 



decrease in Reaction 1's activation energy indicated that Reaction 1, the oxidation of 

maltenes to carbon oxides and water, reqyired less energy to initiate and began to react at 

a relatively lower temperature at the higher value of injected gas flux Conversely, the 

increase in Reaction 2 and 3's activation energies indicated that these reactions required 

more energy to initiate and began to react at relatively higher temperatures. Reactions 2 

and 3 represented the consumption of mdtenes to form oxygenated hydrocarbons and the 

consumption of asphaltenes to form coke. In terns ofenhancing production of 

Athabasca bitumen using in siRc combustion, increasing the injected gas flux would help 

to improve the production characteristics of the in situ combustion process. This is 

because Reactions 2 and 3, reactions which clearly hinder the flow of hydrocarbons in the 

reactor, would begin to react at reIatively lower temperatures and Reaction 1, which 

enhances flow of hydrocarbons, would begin to react at relatively higher temperatures. 

By comparing the results of Experiments MR060 and MR063 an analysis of the effect of 

feed-gas oxygen concentration on kinetics can be performed. As stated earlier, the 

kinetic results of Experiment MR060, Analysis #1 oxygen conversion were omitted from 

the final results because of relatively poor convergence performance. The poor 

convergence performance indicated that the kinetic values did not represent a global 

minimum of the objective function. The simulation model of Experiment MR060, 

Analysis #2 oxygen conversion did not experience these convergence problems and thus 

its kinetic results were included in the final summary. Thus only results fiom the 

Analysis #2 oxygen conversion model of Experiments MR060 and MR063 were used for 

this analysis. 

The difference between Experiments MR060 and MR63 was an increase in the feed-gas 

oxygen concentration from 7.3 to 22.6 mole percent, respectively. All other operating 

conditions were identical between the two experiments. The kinetic results f?om the 

simulation of these experiments showed a decrease in the activation energy for Reaction 

I and an increase in activation energy for Reaction 3. The activation energy values for 

Ekperiments MR060 and MR063 are shown in Section 7.5.4, Table 54. The decrease in 

Reaction 1's activation energy indicated that it required relatively less energy to initiate 



and began to react at a relatively lower temperature for the higher value of feed-gas 

oxygen concentration. Conversely, the increase in Reaction 3's activation energy 

indicated that Reaction 3 began to read at a relatively higher temperature. The activation 

energy for Reaction 2 remained relatively unaffected by the change of feed-gas oxygen 

concentration from 7.3 to 22.6 mole percent. In terms ofthe enhanced production of 

Athabasca bitumen using in silu combustion, this combination ofReaction 1 and 3 

activation energies would help to improve the production characteristics of the in sihr 

combustion process. This is because Reaction 3, which represents the formation of coke 

from asphaltenes, would begin to react at relatively higher temperatures and Reaction 1, 

which represents reactions that form less viscous products and that enhance flow 

characteristics within a reservoir, would begin to react at relatively lower temperatus. 

A change in the feed-gas oxygen concentration &om 7.3 to 22.6 mole percent had a 

greater effect on kinetic results than a change in injected gas flux from 36.5 to 104.6 

rn3(s~) I (m2 - hr). The increase of the injected gas flux caused a reduction in Reaction 

1's activation energy o f  between 30% and 44% while the increase in feedgas oxygen 

concentration caused Reaction 1's activation energy to decrease by 55%. This suggests 

that an m silu combustion process operated at high rates of injected gas flux and high 

feed-gas oxygen concentration would improve flow characteristics compared to processes 

with low injected gas fluxes and feed gas concentrations. 

Perhaps a more meaningfbl analysis of the effect of operating parameters on the in silu 

combustion kinetic parameters of Athabasca bitumen are the combined effects of the 

injected gas flux and feed-gas oxygen concentration and the effect of oxygen partial 

pressure within the reactor. Only the Analysis #2 oxygen conversion model experiments 

listed in Table 54 will be considered for this analysis because these experiments met all 

of the filtering criteria defined in Section 7.5.4. The Analysis #1 oqgen conversion 

model had only two experiments that meet the criteria 

Increasing the combined effect of injected gas flux and feed-gas oxygen concentration, or 

injected oxygen gas flu% had the following effect on the reaction kinetic parameters. For 



Reaction 1, the bond-scission reactions involving maltenes, both the Arrhenius pre- 

exponent factor and the activation energy decreased for all experiments except 

Experiment MR056. For Reaction 3, the formation of coke from asphaltenes, the 

activation energy increased for all reactions. Otherwise, there were negligible effects on 

neither the kinetic parameters of Reaction 2 nor the pre-exponent factor for Reaction 3. 

The effects on the Reaction 1 and 3 kinetic parameters suggest that increasing injected 

oxygen gas flux during an in situ combustion process on Athabasca bitumen would 

hasten maltews oxidation while delaying coke formation. Both of these characteristics 

are desirable for the enhancement of flow characteristics within a reservoir. 

The oxygen partial pressures within the reactor for the four Analysis #2 oxygen 

conversion experiments varied with time. The oxygen partial pressure for Experiment 

MR060 ranged tiom 2.41 to 4.24 atmospheres, Experiment MR056 ranged from 5.05 to 

5.54 atmospheres, Experiment MR062 ranged from 4.05 to 9.60 atmospheres, and 

Experiment MR063 ranged fiom 10.19 to 14.15 atmospheres. The effkct of increasing 

oxygen partial pressure in the reactor on the reaction kinetic results was as follows. For 

Reaction 1, both the pre-exponent factor and the activation energy decreased. For 

Reaction 2, there was negligible effect on both presxponent factor and activation energy. 

And for Reaction 3, both kinetic parameters increased except for the activation energy of 

Experiment MR062. These effects on the Reaction I and 3 kinetic parameters suggest 

that increasing the oxygen partial pressure during an in sihr combustion process involving 

Athabasca bitumen would hasten maltenes oxidation while delaying coke formation. 

Both of these characteristics would act to enhance flow characteristics of hydrocarbons. 

Insufficient simulation models were run successfi~lly to perform a similar analysis on the 

effkct of the remaining operating conditions, temperature and pressure, on kinetic results. 

However, in sinr combustion processes on heavy oils are most effective when a high- 

temperature oxidation fiont is established. A high-temperature oxidation fkont ads to 

reduce viscosity by consuming coke through combustion reactions and ensures that the 

process operates at temperatures in which low-temperature oxidation reactions do not 

occur. Low-temperature oxidation reactions, particularly addition reactions involving 



maltenes and asphaltenes, contribute to the reduced mobility of heavy oils through the 

formation of heavier hydrocarbon fractions such as asphaltenes and coke. These 

reactions also impede the ability ofthe resenroir to achieve a high-temperature oxidation 

fiont. Hence, in siru combustion processes must be operated at temperatures that are 

sufficient to create a high-temperature oxidation tiont and that minimize the effects of 

low-temperature oxidation reactions. 

Finally, it is important to consider the influence of the average temperature profile used 

during the simulations of both the low- and high-temperature models. As discussed in 

Section 6.4, it was impractical to simulate all five zone temperature profiles for each 

experiment to determine the average kinetic parameters. Thus, a choice was made to use 

only one of the zone temperature profiles to represent the average temperature profile for 

an experiment. This temperature profile was usually that of Zone 3. The consequence of 

this decision was that the kinetic results presented in this study are biased to a single 

temperature profile. The experiments that would be most affected by limiting the 

temperature profile to just one zone would be the experiments that had the slowest 

advancing oxidation fionts. These experiments would have the largest time delays 

between their oxidation front temperature peaks and would thereby cause the largest 

differences in the kinetic results fkom the various temperature profiles. Experiments 

MR060, MR062, MR064 and MR065 are examples of these experiments. The average 

temperature profile used during each of the low-temperature oxidation experiments were 

superimposed on the plots of hydrocarbon mass fiaction distribution and oxygen and 

asphdtenes conversion to illustrate the temperature regime that was used during the each 

simulation models. 

This study recognizes that there were severd possible kinetic solutions to the proposed 

reaction system based on the five zone temperature profiles recorded for each 

experiment. Also, the use of a single zone temperature profile to represent the average 

temperature condition within the reactor of each experiment limited the kinetic resu1t.s of 

this study to be based on only a single, average temperature profile. This modeling 

limitation could not be avoided and it was believed that the kinetic resuIts presented in 



this study were representative ofthe proposed low- and high-temperature reaction 

systems. 



CaAPTER8 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

8.1 Summary and Conclusions 

1. Numerical simulation models were used to reproduce the low- and high-temperature 

experimental behavior of a series of ramped-temperature oxidation (RTO) 

experiments. Eighteen of the twenty-four simulation models were able to generated 

reaction kinetic results. 

2. The simulation models were based on a non-isotherm& integral, plug-flow reactor 

and Anhenius-type reaction rate equations. The reaction rate equations were 

assumed to be first-order with respect to oxygen partial pressure and heavy oil 

fraction concentration. These assumptions were shown to be adequate through the 

relatively good fit between the predicted kinetic results and the experimental raw 

data. 

3. The high-temperature simulation models were differentiated @om the low- 

temperature models by the temperature of the advancing oxidation front during an 

experiment. Ifthe oxidation fiont temperatures exceeded 400°C the experiments 

were modeled using the high-temperature model, otherwise, they were modeled using 

the low-temperature model. 

4. The high-temperature model used a single, irreversible, forward reaction involving 

the combustion of coke to carbon-oxides, water, and methane. 

5. The low-temperature simulation model used a series of three simultaneous, 

irreversible, forward reactions. The first reaction consisted of a maltenes fraaion 

reacting with oxygen to form carbon-oxides and water, the second reaction consisted 



of a maltenes hction reacting with oxygen to form asphdtenes and water and the 

third reaction consisted of an asphaltenes hction decomposing to form maltenes, 

coke, carbon-dioxide and methane. 

6. Both the low- and high-temperature simulation models used two phases to describe 

the gaseous and heavy oil fiaction components. The heavy oil hctions of maitenes, 

asphaltenes, and coke were modeled as an immobile solid phase while dl remaining 

injected and produced components were modeled as gases. 

7. Both the low- and the high-temperature reactions were kinetically controlled during 

eight of the RTO experiments. The remaining four RTO experiments showed signs 

of mass transfer controlling effects. 

Two definitions of oxygen conversion were tested on each of the experiments. The 

definitions of the oxygen conversions can be found in Sections 5.7.1 and 6.3 and in 

Appendix B. The average kinetic parameters estimated by the high-temperature or 

coke burning simulation model are as follows: 

Experiment Pre-exponent Factor, Activation Energy, 

k "1 Ea, Joules / mole 

Analysis # 1 Oxygen Conversion 

mo59 1 .oSE+ I 

MR068 3.40E+O 

Analysis #2 Oxygen Conversion 

MR068 4.16E+O 58,593 

(a) Moles of oxygen reacted I (moIe of coke - atmosphere hour). 



The average kinetic parameter estimates generated by the low-temperat. simulation 

models are as follows: 

- - . . . - - 

Pre-exponent Factor, 

Experiment k. 

- - -- -- - 

Activation Energy, 

Ea, Joules/mole 

Rxn. lC8) Rxn 2@) Rxn. 3(=) Rxn. 1 Rxn* 2 Rxn* 3 

Analysis #1 Oxygen Conversion 

MR062 6,46E+3 4.92E-3 3.03E+6 5 1,738 2 1,639 53,723 

MR063 3.30E+O 2.19E-3 4.26E+7 36,131 24,923 58,289 

Analysis #2 Oxygen Conversion 

MR056 3.56E+2 1.43E-3 5.35E+2 39,505 18,849 43,096 

MR060 1.28E+4 8.OOE-3 1.8OE+5 47,882 18,408 36,823 

MR062 5.47E+2 1.34E-3 3.01E+4 38,479 17,695 3 1,887 

MR063 4.1 OEM 2.18E-3 1.68E+8 2 1,500 18,017 64,3 24 

(a) Moles of oxygen reacted / (mole of mdtenes - atmosphere - hour). 

(b) Moles of oxygen reacted I (atmosphere + hour). 

(c) Moles of asphaltenes reacted I (mole of initial asphaltenes - hour). 

8. The kinetic parameters obtained by the high-temperature, coke burning models 

compared well with literature. 

9. The kinetic parameters obtained by the low-temperature models were generally lower 

than most literature values. The cause of this discrepancy was that this study 

estimated the kinetics for the oxidation of the maltenes hction of Athabasca 

bitumen, the component most likely to be oxidized at low temperatures, while 

previous studies reported kinetics for the oxidation of Athabasca bitumen as a whole. 



10. The main limitation of previous kinetic studies on the low-temperature oxidation of 

Athabasca bitumen was that their experiments could not measure both the mobile 

produced gas and produced light-liquid phase data simultaneously with the immobile, 

heavy-liquid phase data The Coke Formation Model within this kinetic model 

provided a means with which to predict the time-dependent, immobile, heavy-liquid 

phase behavior during the RTO experiments. 

1 1. The coke initiation time, equal to the time required to reach an oxygen uptake of 0.04 

grams of oxygen reacted per gram of initial hydrocarbons, was an adequate condition 

to initiate the Coke Formation Model. The coke initiation times were dependent on 

the RTO experimental conditions and method used to calculate oxygen uptake. Both 

Methods #I and #2 oxygen uptake CaIculations resulted in comparable coke initiation 

times. Coke initiation times varied between 5.0 1 and 7.49 hours for the Analysis # 1 

oxygen conversion models and between 5.37 and 8.16 hours for the Analysis $2 

oxygen conversion models. 

12. The Coke Formation Model successfully predicted the fractional distributions of 

maltenes, asphaltenes, and coke as fbnctions of time, temperature, and oxygen uptake 

for fourteen of the low-temperature simulation models. 

13. The asphaltenes conversion profiles, which were derived tiom the Coke Formation 

Model, allowed for the simulation model to estimate the kinetic parameters for the 

coke formation reaction. 

14. Prior to the formation ofcoke, the simulation models predicted the amount of 

accumulated asphaltenes in the reactor to be between 17.5% and 30.1% (by mass) of 

the initial oil in place for the Aaalysis #1 oxygen conversion models and between 

20.3% and 32.6% (by mass) of the initial oil in place for the Analysis #2 oxygen 

conversion models- 



15. The optimization routine converged to global minimums of the objective fbnctions 

for twelve of the low-temperature simulation models. The overall convergence of the 

Analysis #2 oxygen conversion models were generally more stable than those of the 

Analysis #I oxygen conversion models. 

16, The maltenes hction of the Athabasca bitumen exhibited both a reactive and a non- 

reactive component during low-temperature RTO experiments. This study was only 

able to model the reactive component of maltenes. 

17. The effect of increasing injected gas flux and injected oxygen gas flux during the 

RTO experiments on the low-temperature oxidation kinetic results was to promote the 

oxidation of maltenes to carbon-oxides while hindering the oxidation of maltenes to 

oxygenated hydrocarbons, such as asp hdtenes. 

18. The effect of increasing feed-gas oxygen concentration and oxygen partial pressure 

during the RTO experiments on the low-temperature oxidation kinetic results was to 

promote the oxidation of maltenes to carbon-oxides while hindering the oxidation of 

maltenes to oxygenated hydrocarbons, such as asphdtenes. 



8 3  Recommendations 

1. Further isothermal experiments, similar to those of Millour et al. (1 986), and ramped- 

temperature experiments, similar to those of Moore et al. (1995), should be conducted 

to investigate the compositional behavior of maltenes and asphaltenes hctions 

during the low-temperature oxidation of bitumen. These experiments should initially 

focus on the maltenes fraction. 

2. Models for the low-temperature oxidation of mdtenes should account for the reactive 

and non-reactive properties of maltenes. These models could take the form of 

equilibrium or reversible reaction models to account for the occurrence of a declining 

oxygen conversion profile. The results of the experiments that were recommended in 

Point #I would greatly enhance the quality of the proposed maltenes reaction models 

in this recommendation. 

3. Future low-temperature oxidation models should include coke combustion reactions 

at temperatures below 300°C. These models should include appropriate assumptions 

regarding the fiaction of oxygen consumed by maltenes oxidation reactions and the 

hction of oxygen consumed by coke combustion reactions. 

4. In order to model the complete oxidative behavior exhibited during the RTO 

experiments, fbture models should include the behavior exhibited during the negative 

temperature gradient region. This region ties between the proposed low- and high- 

temperature oxidation models presented in this thesis. 
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APPENDIX A 

A1 High-Temperature Oxidation Model Input Functions 

The accuracy of the inputted functions used to represent the experimental raw data in the 

high-temperature oxidation models will be summ&ed in this section of Appendix A 

Table A1 contains a summary of the average percent enor for each raw data input 

fbnction. Percent error was calculated at each experimental data value obtained during a 

ramped-temperature oxidation @TO) experiment. The average percent errors, shown in 

Table Al, were simply the arithmetic averages of the individual percent errors calculated 

at the experimental raw data values. 

Table Al: Average Percent Erron between Raw Data and the Inputted 

Functions of Raw Data for the High-Temperature Simulation Model. 
-. . - - . - .. -. 

Inputted Function Average Percent Error, Experiment . . . 

Temperature 3 -2% 2.3% 1.7% 

CO/C02 Ratio 0.1% 0.0% 0.0% 

C W C a  Ratio 0.2% 0.2% 0.1% 

Oxygen Conversion, Reaction 4 

Analysis #I 0.1% 0.5% 1.4% 

Analysis #2 1 .OYO 0.5% 1,4% 

The inputted functions used in the high-temperature simulation model were reactor 

temperature, produced CO/C& ratio, produced CHJCOz ratio, and oxygen conversion. 

The profiles of these inputted functions for each of the experiments are shown in Figures 

A1 through A28, on the following pages. 



Figure Al: Inputted Function of Temperature venus Raw Data for Experiment 

MR059. 
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Figure A2: Inputted Functions of Produced CO/C02 and (X&/COt Gas Ratios 

venus Raw Data for Experiment MR059. 
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Figure A3: Inputted Functions of  Oxygen Conversion versus Raw Data for 

Experiment MR059. 
C? 
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Figure A4: Inputted Function of Temperature versus Raw Data for Experiment 

MR068. 
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Figure A5: Inputted Functions of Produced CO/C& and C&IC& Gas Ratios 

versus Raw Data for Experiment MR068. 
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Figure A6: Inputted Functions of Oxygen Conversion versus Raw Data for 

Experiment MR068. 
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Figure A7: Inputted Function of Temperature versus Raw Data for Experiment 

MR075. 
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Figure AS: Inputted Functions of Produced CO/C02 and CHJCOz Gas Ratios 

versus Raw Data for Experiment M W 5 .  
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Fi y r e  A9: Inputted Functions of Oxygen Conversion versus Raw Data for 

Experiment MR075. 

, 
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A.2 Low-Temperature Oxidation Model Input Functions 

The accuracy ofthe inputted functions used to represent the experimental raw data in the 

low-temperature oxidation model will be summarized in this section of Appendix A 

Table A2 contains a summary of the average percent error for each raw data input 

function. Percent error was calculated at each experimental data value obtained during an 

RTO experiment. The average percent errors, shown in Table A2, were simply the 

arithmetic averages of the individual percent errors calculated at the values of 

experimental data 

Table A2: Comparison olAverage Percent Erron between Raw Data and the 

Inputted Functions for the Low-Temperature Simulation Model. 

Inputted Average Percent Error for Experiment . . . 

Function MR056 MR058 MR060 MR062 MR063 MR064 MR065 

Temperature 1.2% 1.5% 0.8% 0.6% 4.8% 3.5% 2.7% 

C0/C02 Ratio 0.3% 1 -2% 0.8% 0.4% 0.2% 1.3% 0.8% 

CWC02Ratio N/A 0.5% NIA N/A 0.2% N/A 2.3% 

Analysis $1 Oxygen Conversion 

Reaction I 1.3% 0.6% 1.9% 1.4% 2.2% 3.7% 2.5% 

Reaction 2 3.0% 4.0% 3.9% 4.3% 2.4% 2.3% 8.1% 

Analysis #2 Oxygen Conversion 

Reaction 1 1.3% 0.7% 1.7% 3.3% 1.2% 3.4% 19% 

Reaction 2 0.8% 3.7% 1.2% 5.8% 1.4% 3.9% 3 -6% 

The inputted functions used in the low-temperature oxidation models were reactor 

temperature, produced CO/C& ratio, produced CHJC& ratio, and oxygen conversion. 

The profiles of  these inputted functions used within each of the simuIation models are 

shown in Figures AIO through A28. 



Figure A10: Iaputted Function of Temperatun vcnas Raw Data for Experiment 

MR056. 
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Figure All:  Inputted Functions of Produced CO/COz and C W C 0 2  Gas Ratios 

versus Flaw Data for Experiment MR056. 
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Figure A l Z :  Inputted Functions of Oxygen Conversion venus Raw Data using 

AnaIysis #1 Oxygen Conversion, Experiment MRO56. 
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Figure A13: Inputted Functions of Oxygen Conversion venus Raw Data using 

Analysis #2 Oxygen Conversion, Ekperiment MR056. 
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Figure A14: Inputted Function of Temperature venus Raw Data for Experiment 

MR058. 
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Figure A15: Inputted Functions of Produced CO/CO2 and C&/C02 Gas Ftatios 

venus Raw Data for Experiment MROSS. 
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Figure A16: Inputted Functions of Oxygen Conversion versus Raw Data using 

Analysis #1 Oxygen Conversion, Experiment MR058. 
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Figure All:  Inputted Functioas of Oqgen Conversion versus Raw Data using 

Analysis #2 Orygen Conversion, Experiment MR058. 
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Figure A18: Inputted Function of Temperature venus Raw Data for Experiment 

MRO60, 

4.0 6.0 8.0 
Time, hours 

o Zone 4 - Raw Data -Zone 4 - Input Function 

Figure A19: Inputted Functions of Produced CO/Ca and (3&/C02 Gas Ratios 

venus Raw Data for Experiment MR060. 
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Figure A20: Inputted Functions of Oxygen Conversion venus Raw Data using 

Analysis #1 Oxygen Conversion, Experiment MR060. 
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Figure A21: Inputted Functions of Oxygen Conversion venus Raw Data using 

Analysis #2 Orygen Conversion, Experiment MR060. 

4.0 6.0 8.0 
Time, hours 

o XI-RawData X1 - Input Function 
a X2 -RawData O D .  X2 - Input Function 



Figure A22: Inputted Function of Temperature venus Raw Data for Experiment 

MR062. 
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Figure A23: Inputted Functions of Produced CO/CO2 and m C 0 2  Gas Ratios 

venus Raw Data for Experiment MR062. 
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Figure A24: Inputted Functions of Oqgen Conversion versus Raw Data using 

Analysis #1 Oxygen Conversion, Experiment MR062. 
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Figure A25: Inputted Functions of Orygen Conversion versus Raw Data using 

Analysis #2 Oxygen Conversion, Ekperiment MR062. 
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Figure A26: Inputted Function of Temperature versus Raw Data for Experiment 

MR063. 
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Figure A27: Inputted Functions o f  Produced CO/C& and CELdC02 Gas Ratios 

versus Raw Data for Experiment MR063. 
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Figure A28: Inputted Functions of Oxygen Conversion versus Raw Data using 

Analysis 111 Oxygen Conversion, Experiment MRO63. 
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Figure A29: Inputted Functions of Oxygen Conversion venus Raw Data using 

Analysis #2 Oxygen Conversion, Experiment MR063. 
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Figure A30: Inputted Function o f  Temperature Venus Raw Data for Experiment 

MR064. 
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Figure A31: Inputted Functions of Produced COIC02 and C&/C02 Gas Ratios 

versus Raw Data for Experiment MR064. 
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Figure A32: Inputted Functions of Oxygen Conversion versus Raw Data using 

Analysis #1 Oxygen Conversion, Experiment MR064. 
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Figure A33: Inputted Functions of Oxygen Conversion versus Raw Data using 

Analysis #2 Oxygen Conversion, Experiment MR064. 
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Figure A34: Inputted Function of Temperature versur Raw Data for Experiment 

MR065. 

Figure A35: Inputted Functions of Produced CO/C02 and C&/C02 Gas Ratios 

versus Raw Data for Experiment MR065. 
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Figure A 3 6  Inputted Functions of Oxygen Conversion versus Raw Data using 

Analysis #l Osygen Conversion, Experiment MR065. 
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Figure A37: Inputted Functions of Oxygen Conversion versus Raw Data using 

Analysis #2 Oxygen Conversion, Experiment MR065. 
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A.3 Coke Formation Model Hydrourban Distributions 

Apart &om the initial and find distrriutions of hydrocarbon hctions, the hydrocarbon 

hction distributions were generated using the correlating equations in Section 6.1. The 

initial hydrocarbon distniutions for each of the experiments were the same, 83.3% 

rnaltenes and 16.7% asphdtenes by mass. The final hydrocarbon distributions for each 

experiment were dependent on the operating conditions during the experiment. Both the 

initial and final hydrocarbon hction distributions were obtained through solubility tests 

in pentane and toluene as described in Seaions 3.1 and 5.3. Table A3 summarizes the 

hydrocarbon fraction distributions observed at the end of each RTO experiment. 

Table A3: Raw Data Vdues o f  the Residud Hydrocarbon Fractions in the RTO 

Experiments used in the Low-Temperature Simulation Models. 

Total Mass of Mass Percent of Hydrocarbon 

Experiment Hydrocarbons at End Fractions at End of Experiment, % 

of Experiment, g Maltenes Asp haltenes Coke 

The mass fiaction distribution plots of all RTO experiments considered within the low- 

temperature oxidation model are shown in Figures A38 through A55. Please refer to 

Section 7.3, page 82, for assistance in interpreting the information on these plots. 



Figure A38: W s  Fraction Profdes of Hydrocarbon Components for Experiment 

MR056 using Method #1 Oxygen Up* 
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Figure A39: Mass Fraction ProfiIes of Hydrocarbon Components for Experiment 

MR056 using Method #Z Oxygen Uptake. 
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Figure A40: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

MR058 using Method C1 Oxygen Uptake 
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Figure A41: Mass Fraction Profdu of Hydrocarbon Components for Experiment 

MRO58 using Method #2 Osygea Uptake 
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Figure A42: Miw Fraction Profdes of Hydrocarbon Components for Experiment 

MR060 using Method #1 Oxygen Uptake. 
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Figure A43: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

MR060 using Method #2 Oxygen Uptake. 

0.0 2-0 4.0 6.0 8,O 20.0 12.0 
Time, hours 

--o- Maltenes 
+ Coke 

+ Asphaltenes - TotaI Mass / Initial Mass of - 1 Oil 
I Temwrature - Inputted Data I 



Figure A44: Mass Fraction Rofdes of Hydrocarbon Components for Experiment 

M.061 using Method #1 Oxygen Uptake. 
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Figure A45: Mass Fraction ProNes of Hydrocarbon Components for Experiment 

MR061 using Method #2 Oxygen Uptake 
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Figure A46: M u  Fraction Pmfdes o f  Hydrocarbon Components for Experiment 

MR062 using Method #I Oxygen Uptake. 
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Figure A47: Mass Fraction Profiies of  Hydrocarbon Components for Experiment 

MRO62 using Method #2 Osygen Uptake* 
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Figare A48: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

MR063 using Method #I Oxygen Uptake. 
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Figure A49: Mass Fraction Proles of Hydrocarbon Components for Experiment 

MR063 using Method #2 Oxygen Uptake. 
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Figure A50: Mass Fraction Profdu of Hydrocarbon Components for Experiment 

MRO64 using Method #1 Oxygen Uptake. 
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Figure A51: Mass Fraction Profiles of Hydrocarbon Components for Experiment 

MR064 using Method W Oxygen Uptake. 
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Figure AS2: Mass Fraction Profiles of Hydrocarbon Components for Experiment 

MR06S using Method #I Oxygen Uptake. 
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Figure A53: Mass Fraction Profdes of Hydrocarbon Components for Experiment 

MR065 using Method #2 Oxygen Uptake. 
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Figure A54: Mass Fraction Profdes o f  Hydrocarbon Components for Experiment 

MR066 using Method #I Oxygen Uptake. 
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Figure A55: Mass Fraction Profiles of Hydrocarbon Components for Experiment 

MR066 using Method #Z Osygen Uptake. 
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APPENDIX B 

B.l Types of Oxygen Conversion Rate used in the Simulation Models. 

In this study oxygen conversion rate was used to differentiate between the maltenes that 

were converted to bond-scission reaction products and addition reaction products. The 

two types of oxygen conversion rate that were investigated using the simulation models 

were labeled Analysis #1 and Analysis #2 and are rewritten here for reference. 

Analysis #I: 

Analysis #2: 

(611 = (COZ + ( c 0 ) p h - d  

* Denotes hydrogen to carbon ratio for either maltenes for the low-temperature 

oxidation model or coke for the high-temperature oxidation model. 

The Analysis #1 oxygen convenion rate divided consumed oxygen into oxygen that was 

consumed to form carbon-oxides through bond-scission type reactions with the balance 



of the consumed oxygen being used by addition-type reactions. The Analysis #2 oxygen 

conversion rate divided the consumed oxygen into oxygen that was consumed to form 

carbon-oxides and water through bond-scission type reactions with the balance of the 

consumed oxygen being used by addition-type reactions. The amount of oxygen 

consumed to form water in the Analysis #2 oxygen conversion model was based on the 

hydrogen to carbon ratio of the reacting hydrocarbon. 

Although the Analysis #2 oxygen conversion rate more accurately represented the 

stoichiometry of Reactions 1 and 4, both oxygen conversion rates were tested within the 

simulation models due to the limited water production information obtained during the 

RTO experiments at low temperatures. 

B.2 Summary of the Experimental Operating Conditions. 

Table B1 lists the experimental operating conditions of the experiments that were 

simulated using the low- and high-temperature models. The operating conditions 

contained in Table B 1 includes the reactor total pressures, set-point temperatures, 

injected oxygen gas fluxes, and simulation model predicted characteristics such as the 

oxygen partial pressures within the reactor and the highest values of oxygen conversion 

for the proposed oxidation reactions. 

The temperature profiles of the advancing oxidation fiont were the distinguishing factor 

that divided the ramped-temperature oxidation @TO) experiments into their respective 

models. Experiments modeled using the low-temperature model had oxidation front 

maximum temperatures below 400°C while high-temperature model experiments had 

maximum oxidation fiont temperatures in excess of 400°C. 

The units of oxygen conversion in Table B 1 are moles of oxygen reacted per mole of 

oxygen fed into the reactor. 



Table B1: Summary of the Experimental Conditions used during the Low- and High-Temperature Oxidation Models. 
. . ..... . .. 

Absolute Set-point Injected Oxygen Oxygen Partial Highest Oxygen Conversion 

Experiment Pressure, Temperature, Gas Flux, Pressure, kPa Analysis #1 Analysis #2 

m3(sT) ' (m2*hr) Range Average Rxns. 114 Rxn, 2 Rxns. 114 Rxn. 2 

High-Temperature Oxidation Models 

MR059 7090 260 68.4 3839 - 4839 4232 0,065 

MR068 2423 260 68.4 1096 - 1520 1416 0.162 

~ ~ 0 7 5  4190 260 68.4 2393 - 2654 2607 0,055 

Low-Temperature Oxidation Models 

MR056 867 276 

MR058 7090 260 

MR060 7090 260 

MR06 1 7090 260 

~ ~ 0 6 2  7090 260 

MR063 7090 260 

MR064 7090 350 

MR065 7090 350 

512 - 561 549 0.200 0.053 0.03 1 0,038 

1194 - 1572 1479 0.089 0.140 0.128 0.102 

225 - 429 335 0,132 0,308 0.194 0.255 

Simulation Failed to Converge. 

410 - 973 598 0,252 0.33 1 0,367 0,222 

1032 - 1434 1293 0,111 0,155 0.157 0,104 

18- 135 46 0.566 0.32 1 0.819 0.260 

5 - 267 56 0,653 0.40 1 0.960 0,310 

MR066 7090 260 9.2 Simulation Failed to Converge. 



APPENDIX C 

The computer program, written in C*, that optimized the set of reaction kinetic 

parameters was first written to simulate the raw data obtained fkom a single ramped- 

temperature oxidation @TO) experiment. Upon completion of the first computer 

program, modified copies of it were made to simulate the remaining RTO experiments. 

This section describes the general components of the computer program used to optimize 

the sets of reaction kinetic parameters for both the low- and high-temperature oxidation 

models. 

C.1 Low-Temperature Model (Computer Program #I) 

Cele1 Global Constants 

The initial component in the computer program was the declaration of the global 

constants. Global constants were constant values throughout the entire computer 

program. They include values such as the molecular weights and initial and find mass 

distributions of the hydrocarbon hctions. Also, global constants include the reactor 

operating conditions such as the flow rates of the injected gases, the nitrogen to oxygen 

ratio ofthe injected gas, reactor pressure and dimensions, and the duration of the RTO 

experiment. Finaily, global constants include model specific constants such as the 

number of equations that were simultaneously solved, the number of variables in these 

equations, the iteration increment, the maximum number of iterations allowed, and the 

tolerances required for convergence. 

The global constants discussed in the previous paragraph are shown as they appear in the 

computer program for Experiment MR056. 

#define MW_M 475.622 

#define MW_A 1092.8 

#define MW-C 1200.0 

#define MASS-IN 2 1 -2839 

#define M-IN-FR 0.8333 



#define A-IN-FR 0.1667 

Mefine C-IN-FR 0.00 

#define MASS-OUT 19.2826 

#define M-OUT-FR 0.2523 

#define A-OUT-FR 0.1453 

Mefine C-0UTUTFR 0.6024 

#define F02 0.3704 

#define T-END 7.40 

#define RN202 3.8743 

#define P-REACTOR 69.0 

#define N 6 

#define EQNS 4 

#define DIA 2.21 

#define VOL 123.02 

#define DT 0.25 

#define ITMAXTMAXPO 75 

#define iTMAX-BR 50 

#define TOL 1 .OE-4 

#define JMAX 18 

#define EPS 1 ,OE-4 

#define NR-END 1 

Mefine CGULD 0.38 19660 

#define ZEPS I .Oe-10 

#define GOLD 1.6 18034 

#define GLXMIT 100.0 

#define TINY 1 .OE-20 



C1.2 Initidization & Optimization 

This component of the computer program both initialized all the variables and began the 

iterative procedure that solved for the reaction kinetics. First, the coefficients for the 

Coke Formation Model were calculated so that the coke, asphaltenes and maltenes mass 

hction distribution profiles could be generated. This was accomplished by solving two, 

second order equations using Gaussian Elimination (subroutines "gauss7' and "solv"). 

The following values were needed before this calculation could be performed. First, the 

coke initiation time was established at the point where the cumulative oxygen uptake was 

0.04 grams of oxygen consumed per gram of initial oil. Second, the hydrocarbon 

distribution of the heavy oil fractions was set based on the predictions of the 

stoichiometric equations. With these values set, the computer calculated the coefficients 

of the Millour-type correlations that would fit the residual hydrocarbon distribution of 

each experiment. Once these coefficients were calculated, the Millour-type correlations 

generated the hydrocarbon profiles in the reactor at any time during the experiment 

beyond the coke initiation time. 

Next, the main variables, b'js77 and "pararn", were set. These variables stored all of the 

derived constants and the initial and find estimates for the reaction kinetics. Tabfe C1 

describes the content of these variables. 

Once the values of dl derived constants were calculated and stored in the variable "js", 

subroutine "powell" was used to optimize the kinetic parameters. Subroutine "powell" 

used the initial values within the variable "pararn", the direction vector 'ki", and the 

initial error value outputted by subroutine "finction-1" as its inputs. The objective 

knction for the low-temperature model discussed in Chapter 5, was located in 

subroutine "function-I" and simply returned a single error value to subroutine "powell" 

based on the kinetic parameter estimates. The optimization routine minimized this error 

value by modifying the kinetic parameten as descriied in Chapter 4. 

The computer code described in this section is shown on the following pages. 



Tabk C1: Description o f  Variables "js[i]" and "param[i]" in the Low- 

Temperature Simuiation Model. 
- 

Variable Description 

param[l, 2,3] Arrhenius pre-exponent factors for Reactions 1,2, and 3. 

param[4, 5.61 Activation energies for Reactions 1.2, and 3. 

js[5 ,6,7,81 Coefficients used to dculate coke, asphaltenes and 

mdtenes hctions in the Coke Formation Model. 

The following sets of variable are start and end times for either the calculation of 

the reaction rate equation or the sum of the square of errors. 

js[g, 131 Rate of reaction range for Reaction 1. 

js[lO, 141 Rate of reaction range for Reaction 2. 

js[l1, 151 Rate of reaction range for Reaction 3. 

js[17,21] Error analysis range for Reaction 1. 

js[18,22] Error analysis range for Reaction 2. 

js[19,23] Error analysis range for Reaction 3. 

I/ Calculating JP Millour Paper coefficients. 

H.0; 02-up=O.o; 

do 

t+=O.O I ; 

intX~qsimp(Xo2-C,O .O,t); 

intXo=qsimp(Xo2-0,O.O.t); 

02-up=32.0*FOuMAsS-IN*(intXc + intxo); 

massM=MW - Mf(M-IN-FR*MASS/MW_M - F02*(intXc/b l(t) + 
intXo/bZ(t))); 

~~S~A=MW-AYA-IN-FR*MASS-IN/MW~A -t 

FO2*d2(t)/b2(t)*intXo); 



~ O ] [ O ] ~ ~ O O O O . O * ~ ~ M * ( ~ ~ M + ~ C C ~ ~ O , ~ ~ O  I)-1.0); A[O][l]--1.0; 

A[l][O]=l OOOO.O*M~OUTUT~R*~~OUTUT~+C+COUTUTFR- .O); A[I ] [I  I=- 1 .o; 
~[o]=-~w(lOo.o*~~C(k,tO,tO-tO-Ol),0.5); B[l]=pow(100.0*C - OUT - m0.5); 
for(i=O;i<= 1 ;i*) 

1 L[i]=O; S[i]=O.O; X[i]=O.O; 

1 
gauss(4 S, L, 1); solv(A, £3, X, L, 1); 

kl=X[O]; k2=X[1]; 

// Initial guess of the kinetic parameters. 

pararn[l]=Y1; param[2]=Y2; patam[3]=Y3; 

param[4]=Z 1 ; param[S]=Z2; param[6]=Z3 ; 



I/ Initial guess of the unit vector for Powef's Method. 

xi=(double *) m~oc(~+l)*(Ntl)*sizeo~double)); 

for(i=O;i<=N;i*) 

{ for(i=O$<=Nj*) 

{ *i=j)xi[(N+l)*i+j]=l.O; 

else xi[(N+l)*i+j]=O .O; 

1 
1 
fret=Cunction-L(param); 

powell(param,xi,N,TOL,&iter,&fret,~ncti~n~l); 

C.1.3 Objective Function 

The value of the objective hnction was calculated in subroutine "function-1 ." The 

calculations within the low-temperature model's objective function were described in 

Chapter 5. A fourth-order Runge-Kutta method was used to simultaneously solve the 

system of three equations at each time increment within the reactor. The objective 

function took as input the values of the six kinetic parameters and returned a single error 

value, "p-error." This value represented how well the current estimates of the kinetic 

parameters simulated the inputted conversion profiles. 

The relevant computer code used within the objective function is shown below. 

double function-l(double *p) 

int i; 

double p-error=0.0; 

double *dydt, *y; 



// Initializing variables. 

X3-t-o.0; X3_t2=0.0; dX3dH.O; d?Udt2=0.0; 

for(i= 1 ;ic=EQNS;i++) y[i]=O.O; 

dmassM=M-IN-FR*MASS-W; 

dmassA=A-W-FR*MASS-W; 

dmassC=C-IN-FRtMASS-N; 

w; 
do 

( t+=DT; Y [EQNs ]=Temp(t); 
massM=MW - M * (M-IN-FR*M.ASS-lN/MW-M - 

F02*(qsirnp(Xo2-C,O.O,t)/b 1 (t) + 

qsimp(Xo2-0,O. O,t)/bz(t))); 

iflt<=j s[8]) 

{ massA=MW-A*(A-ININFR*MASSSINM-A + 
F02 *d2(t)/b2(t)*qsimp0(02-0,0.O,t)); 

frM=massM/(massM+massA); 

fit* .o; 

1 
else 

( &A-*cA(js[S]js[6], js[7]Js[8],t); 

K=fracC(js[S]Js[S], t); 

X3-t = fKfmassTOT*MW_A / 

(MW-C*A - IN-FR*MAS S_IN*e3 (t)); 

dX3 d t 2 9  ~0x3 -t2)/DT; 

dX3dt=O.05*dX3dt2+0.95*dX3dt; 

f?M= l .O-fkA-fic; 

1 
massTOT=massM/fiM; 

massA=frA*massTOT; 

massC=M=*massTOT; 



(*derivs)(y, dydt, p, massM/(MW-M*VOL), massA/(MW-A*VOL), 

massC, dX3dt, dmassM, dmass4 dmassC, t); 

rk4& dydt, t, y, p, massM/(MW-M*VOL), massA/(MW_A*VOL), 

rnassC, dX3 dt, dmassM, dmass4 dmassC, derivs); 

I/ Calculate the value o f  the objective function using the square o f  differences. 

if(t>=js[l7] && t<=js[2 11) p-error += SQR(Xo2_C(t) - y [ 1 1); 
if(t-js[l8] && t<=js[22]) p-error += SQR(Xo2-O(t) - y[Z]); 

iflt-*s[l9] && t<=js[23 1) p-error += SQR(X3-t - y[3 1); 
) w h i I e ( t a - m ) ;  

C-1.4 Raw Data Input Functions 

The following subroutines are examples of input numeric functions of raw experimentai 

data. These functions were specific to each experiment and continuous with respect to 

time. Subroutines "rC0 and "rCH4" returned the values o f  cumulative produced CO to 

C02 and CH4 to C02 respectively. Subroutines "X023" and "Xo2-On returned vaIues 



of oxygen conversion for Reactions 1 and 2 respectively. And finally, subroutine 

"Tempn returned the value of temperature at any time during the experiment. 

The computer code ofthe inputted raw data functions for Experiment MR056 is shown 

below. 

double rCO(doub1e t) 

( double hnc, a=2873.890072, b=6 1.70295990, *I045 .77 166, d=- 
2483 -72 728, e=6588.296 156, t2=4.0; 

if(tM) func=a+b*t+c*log(t)+d/log(t)+e*exp(-t); 

else f imd.0;  

return func; 

1 
double rCH4(double t) 

{ double knc, a=234.4244250, b=-22.7757382, ~ 5 . 4 3  1740603, d= 
466.8 1 5 6 6 4 , 6 9  1.5005541, t24.5; 

iqt>t2) func=a+b *t+c*t *log(t)+d/pow(t,005)+e*Iog(t)/pow(t,2.0); 

else fUnc=O .O; 

return knc; 

1 
double Xo2-C(doub1e t) 

( double hnc, a=2355.7540 16, b=255.1890362, c=203.15 19877, d= 
13 86.46995, e=3 73 5.099005, m2=0-0, b2=0.0, t24.5; 

if(tX.2) hnc=a+b*t+c*pow(Iog(t),2.0)+d*t/log(t)+dp0~(t,2.0); 

else hnc=m2*t+b2; 

return MAX(O.O,fUnc); 

1 



double Xo2-O(double t) 

{ double fbnc, a=5760.820823, b423.80673 19, ~~497.2842337, d= 
3390.583 17, ~9137.764453, m2=0.001481142, b2=0.002221713, 

t2=4.5; 

iflt>t2) fimc=a+b * t+c*pow(10g(t),2.0)+dW0g(t)+e2.0); 
eIse fbnc=m2*t+b2; 

return MAX(O.O,fbnc); 

double Tern p(doub le t) 

{ double &nc, a=5.386893703, b=-0.4 1718226, c=-2.25092836, 

d4.043574405, e4.23 5498621, m2=36.88053097, b2=22.8943 t 416, 

t24.53 1; 

if(t>t2) ~nc=((a+c*t+e*pow(t,2.0))/(l.0+b.t+d*po~(t,2.0))); 

else hnc=m2*t+b2; 

return func; 

C.2 High-Temperature Model (Computer Program #2) 

C.2.1 Global Constants 

The global constants used in the high-temperature model are shown below as they appear 

in the computer program. 

#define Y4 1.05E+O I 

#define 24 5.6976E+04 

#define ITMAX-PO 20 

#define ITMAX-BR 50 

#define TOL 1 .OE-4 



#define JMAX 18 

#define TINY 1 ,OE-20 

#define MW-M 13 -63 124 

#define MW-A 1092.0 

#define MW-C 1374.0 

#define MASS-IN 1 7.003 

#define M-IN-FR 0.83 33 

#define A-IN-FR 0.1667 

#define C-IN-FR 0.00 

#define MASS-OUT 3.133 897736 

#define M-OUT-FR 0.93 9295048 

Mefine A-OUT-FR 0.022378277 

#define C-OUT-FR 0.038326675 

#define F02 1.1557653 

Mefine T-END 6.44 

#define VEL 59.2238 

#define RN202 0.5532037 

#define P-REACTOR 67.1 108 

#define N 2 

#define EQNS 2 

#define DIA 2.21 

#define VOL 123.02 

#define DT 0.25 

C.2.2 Initialization & Optimization 

The initiation and optimization routines were similar to those ofthe low-temperature 

model. The main difference between the models was the simpIification of the Coke 

Formation Model. The high-temperature model assumed that sufficient coke had been 



laid down prior to the passage of the oxidation/combustion front in the reactor. Hence, 

the amount of coke in the reactor was set to the residual amount and maintained at that 

value shody after the start of the computer simulation- 

The main variables, "js" and "param", contained more limited information than for the 

low-temperature model. Table C2 describes the content of these variables. 

Table C2: Description of Variables "js[ilW and vanm[il" in the EIigh- 

Temperature Simulation Model. 

Variable Description 

param[ 1 1 Arrhenius pre-exponent factor for Reaction 4. 

~ar=[2] Activation energy for Reaction 4. 

js[s ,6,7,81 Coefficients used to calculate the residual coke 

concentration on the core after start-up. 

The following sets of variable are start and end times for either the calculation of 

the reaction rate equation or the objective function error analysis. 

js[12, 161 Reaction rate range for Reaction 4. 

js[20,24] Error analysis range for Reaction 4. 

Similar to the low-temperature model, subroutine "powell" was used to optimize the 

kinetic parameters. The values initially inputted into subroutine "powell" included the 

initial kinetic parameters, a unit direction vector, 'ki", and the error value calculated 

within the objective function, "fitaction-2," based on the initial kinetic parameters. 

The computer code for the initiation of the high-temperature model is shown below. 

/I Calculating the residual coke concentration. 

tO=O. 25; k==SQR(C-OUT-FK* I OO.O)Aog(TTEND/tO); 



// Initial guess of the kinetic parameters. 

param[l]=Y4; pararn[Z]=Z4; 

/I Initial guess of the unit vector for Powel's Method. 

xi=(double *) maIloc((N+1)*(N+1)*sizeoqdouble)); 

for(i=O;i<=N;i*) 

( for(j=O;i<=N;j+) 

( iqi = j) xi[(N+l)*i+j]=l.O; 

else xi[(N+ l)*i+jl=O.O; 

1 
1 
&et+unction-2(param); 

poweU(param,xi,N,TOL,&iter~&fiet,function - 2); 

CeW Objective Function 

The value of the objective fimction was calculated in subroutine "fbnction-2." The 

calculations within the Iow-temperature model's objective function were described in 

Chapter 5. A fourth-order Runge-Kutta method was used to simultaneously solve the 



differential equation for oxygen conversion at each time increment within the reactor. 

The objective finction took as input the values of the set of two kinetic parameters and 

returned a single error value, "p-error-" This value represented how well the current 

estimates of the kinetic parameters simulated the inputted conversion profiles. 

The computer code for the high-temperature model objective function is shown below. 

double finctiond2(double *p) 

( 

int i; 

double p-error=O.O, t=O.O; 

double *dydt, *y; 

for(i= l ;i<=EQNS;i++) (y[i]=O.O; dydt[i]=0.0;} 

do 

( t+=DT; y[2]=Temp(t); 

massC=f?acC(js[5]js[8],t)*rnassTOT(t); 

( * deri~s)(y,dydt,p,massC/(MW~C*VOL), t); 

rk4(y,dydt,t,y,p,rnas~C/(MW~C*VOL),derivs); 

// Calculate the value of the objective knction using the square of differences. 

if(t>=js[20] && t<=js[24]) p_error+=SQR(Xo2-HTO(t)-y[l I)* 1 000 -0; 

) while(tC-END); 

free-vector(dydt, 1 ,EQNS); 

See-vectoror, 1 ,EQNS); 

js-ite-; 

return( p-err0 r); 



C.2.4 Raw Data Input Functions 

The folIowing subroutines are examples of the input numeric hnctions that represented 

the RTO experimental raw data. These functions were specific to each experiment and 

were continuous with respect to time. Subroutines bbrCO" and "rCH4" returned the 

values of cumulative produced CO to C02 and CH4 to C02, respectively, while 

subroutine "Xo2-HTO returned values of oxygen conversion for Reactions 4. Finally, 

subroutine "Temp" returned the value of temperature in the reactor at any time during the 

experiment. 

The computer code of the inputted raw data hnctions for Experiment MROS9 is shown 

below. 

double rCO(doub1e t) 

( 

double a=2804.343892, b358.2969448, c=52.50759793, d=-1533.17007, 

d660.0780 14, t2=4.0; 

if(t<=t2) retun 0.0; 

else return a+b*t+c*pow(Iog(t),2.O)+d.t/log(t)+e*exp(-t); 

1 
double rCH4(double t) 

f 
double a=948.5604444, b=13 1.1079440, c46 1.902 1 15, d=58.00243 53 5, 

e=I 764.049739, t2=4.0; 

if(t<=t2) return 0.0; 

else return a+b *t+c*t/log(t)+d*pow(t,O. S)+e*exp(-t); 

1 
doubIe Xo2-HTO(doub1e t) 

double knc, a=0.00675386, M.73568404, c=0.005850968, d4.2093 520 19, 



if(tCt2) f im~0.0 ;  

else hnc= (a+c*t+e*pow(t,2.O)+g*pow(t,3.0)) 1 

(1 .O+b*t+d*pow(t,2.0)+f*pow(t,3 .O)+h*pow(t,4.0)); 

return MAX(0 .O,finc); 

1 
double Temp(doub1e t) 

( 

double hnc, a=22.9209553 1, b=0.6987469, c=-3 -84995742, d=. 180808755, 

e=-0.14495723, f=-0.0 1661539, a2=44.99 198033, b2=-.33953221, 

c2=-I 2.54159 14, d24.0252206 14, t2=4.5; 

iqtCt2) knc=a+c*t+e*pow(t,2.0))/(1 .O+b*t+d*pow(f2.0)+fLpow(t~3 -0)); 

eIse fUnc=(a2+c2*t)/(l .O+b2*t+a*pow(f2.0)); 

return hnc; 

1 




