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ABSTRACT  

Two experimental and analytical methods were employed to screen a candidate crude oil for 

compatibility with the application of the High-Pressure Air Injection (HPAI) process of 

Enhanced Oil Recovery (EOR).  The studied methods are thermal processes used to assess 

and evaluate the oxidation reaction kinetic parameters of a reservoir oil and core samples; 

they are heated in the presence of air at specific reservoir conditions of pressure and 

temperature, and then analyzed for apparent kinetic behaviour. Kinetic parameters provide 

the initial indicators of the viability of the air injection application.  

The studies were carried out under sandstone reservoir conditions for a Mexican oil field in 

the Miocene geological era with a high American Petroleum Institute (API) gravity oil. 

The first method studied, Accelerating-Rate Calorimetry (ARC) evaluated the ignition and 

oxidation/combustion characteristics of the reservoir in the presence of air at reservoir 

conditions, using the reservoir core and oil samples. The results identified the temperature 

intervals where the oil reacted. This information was used to determine the rate and continuity 

of these reactions based on temperature and time. Based on this information, the Arrhenius 

parameters for the oxidation kinetics of the oil were determined. Four ARC tests in óclosedô 

mode and one in óflowingô mode were conducted, where the exotherms found are associated 

with bond-scission reactions in light oil reservoirs. 

The second method, High-Pressure Ramped Temperature Oxidation (HPRTO), enabled the 

identification of the temperature at which important changes in the energy generation and 

oxygen consumption rates occurred. The data allowed the derivation of the oxidation kinetic 

parameters for the reservoir system. In this study, two oxidation and one thermal cracking 

experiments were conducted, demonstrating that an elevated temperature oxidation front 

travelled across the core, the carbon oxide-forming reactions were dominating over the 

oxygen-addition reactions. 

The results from these two studies and their post-test analysis indicate that the proposed 

reservoir is a good candidate for the application of the High-Pressure Air Injection (HPAI) 

method for Enhanced Oil Recovery.
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CHAPTER 1 ï INTRODUCTION  

Global energy demand continues to increase while conventional oil reserves dwindle and 

prices fluctuate with economic and political shifts. To increase supply, research into 

technological advances is being implemented to economically produce both conventional 

and unconventional reservoir plays.   

Mexico is one of the top oil producing countries in the world. Unfortunately, their reservoirs 

often fall victim to pressure depletion reducing recovery and leaving significant amounts of 

hydrocarbons in place. Many regulatory agencies (CHN, 2018), believe Mexicoôs reservoirs 

have the essential properties to make them strong candidates for accelerated enhanced oil 

recovery (EOR) technologies. Therefore, application of EOR will help to make the most of 

Mexicoôs remaining natural resources. 

EOR methods are receiving more attention because they can increase the amount of oil that 

can be recovered from a reservoir by diverse mechanisms. This is particularly relevant for 

mature reservoirs that have lost their pressure making them unable to maintain expected 

production. When EOR methods have been used in the production of heavy and extra heavy 

oil reservoirs, success is strongly dependent on the properties of each reservoir. However, 

the type of fluids applied in the EOR process and their behaviour with the native fluids impact 

the effectiveness of the EOR application. While the historical focus for EOR has been for 

heavy and extra heavy oils recovery, EOR in light oil reservoirs have proved success as well, 

and may also be strong candidates for EOR, including the depleted reservoirs in Mexico. 

The application of an EOR method may change the chemical and physical properties of the 

rock and fluids in the oil-bearing formation with the implementation of external energy. If 

the known characteristics of the reservoir are favourable for the utilization of EOR, it is 

necessary to model a complete analysis of the reservoir and the fluids interaction in response 

to the process applied. 

There are three primary techniques for EOR: gas injection, chemical injection and thermal 

recovery. Air injection is a thermal EOR method also known as In Situ combustion or High-

Pressure Air Injection (HPAI). It seems to be applicable in a wide range of reservoirs, 
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including some Mexican reservoirs under the required specifications. This thermal method 

generates heat in the reservoir to maintain oil recovery.  During the process some of the oil 

is burned within the reservoir, generating the heat that pushes the oil to the producer wells. 

The injected air reacts with the crude oil to create a high-temperature combustion front.  

The success of the process is dependent on: the characteristics of the oil in the reservoir, its 

properties, and the oxygen reactions occurring during combustion. To obtain as much 

information as possible about these interactions laboratory work is conducted to mimic the 

anticipated chemical behaviour during the combustion and oxidation process. Oils that are 

potential candidates for air injection-based recovery processes are often screened by means 

of their oxidation/combustion characteristics, particularly the kinetics of the ignition process 

and the transition in the temperature ranges where some reactions dominate over others.  

Over the years, different thermal studies have been performed in order to obtain the chemical 

behaviour for HPAI application. Two common studies are the Accelerating Rate Calorimetry 

(ARC) and Ramped Temperature Oxidation (RTO). These methods are used to screen for the 

kinetic parameters of the in situ combustion reactions that occur in the process. The insight 

gained from these studies is the first step to demonstrate the impact the air injection-based 

method generates on the reservoir. This information is also used to establish parameter values 

for kinetic models used in future numerical simulation processes and eventually field 

applications. 

 

1.1. Background 

EOR methods have been applied successfully for several decades mainly in North America 

because fields in the United States of America and Canada have declined quickly requiring 

novel recovery methods. The low probability of discovering new large-scale reserves 

increased the study of improved oil recovery (IOR) methods. Since 1990 EOR production 

contributed to more than half of the worldôs production, where thermal methods caused 

approximately 67% of that recovery. EOR and thermal methods have been applied to heavy 
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oil projects in Canada (Alberta), California (Bakersfield), Venezuela, Indonesia Oman and 

China. (Kokal, S. and Al -kaabi A., 2010). 

In situ combustion is an enhanced oil recovery method incorporating an air injection-based 

oil recovery process. Thermal energy is generated by injecting compressed air into the 

formation and displacing the oil through the reservoir to the surface by the creation of a fire 

front. The application of this process has gained popularity on the oil industry due to its 

efficiency and its applicability to a broad range of reservoirs with different oil gravities, as 

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

Air injection has been applied successfully since 1920 to heavy and light oil reservoirs. At 

its beginning, the air was used as an agent to pressurize the reservoir. Then it was determined 

that oxidation reactions were occurring at reservoir conditions creating a reaction zone where 

oil was displaced moving it toward the production wells (Moore et al., 1998). Lewis saw the 

possibility for the existence of combustion when the warm air was injected into the formation 

combating problems related to paraffin deposition and increasing the oil recovery (Lewis, 

1916). Produced gas samples from a pressurized area were taken and analyzed to demonstrate 

the presence of carbon dioxide. The carbon dioxide and the low oxygen content of the 

produced gas resulted from the chemical reactions between the in situ crude and the oxygen 

level of the air (Lewis, 1917). The extended warm air injection may cause the self-ignition 

of the in situ crudes.  

Air injection as a recovery process was officially patented in the USA in 1920 and since that 

time has been installed in more than 250 pilot and commercial-scale fields around the globe 

with mixed success (Moore and Mehta, 2019).  

Today the term in situ combustion or fire flooding is used to refer to air injection-based 

processes in thin reservoirs containing heavy oil and bitumen that require operations in a 

high-temperature range for the successful displacement of the oil in the oxidation zone 

(Moore et al., 1998). In the oxidation zone the combustion reactions are between the fractions 

of the oil and the injected oxygen-containing gas. High-Pressure Air Injection (HPAI) 

involves air injection into deep, light oil reservoirs where the combustion reactions are 

dominant within the low-temperature range. The name of the process depends on the oil 
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gravity, either heavy or light oil reservoir, the reservoir conditions where the process is 

applied, the behaviour of the process, and the fluid displacement mechanisms (either oil 

viscosity reduction after steam generation in heavy oils or flue gas generation in light oils). 

Another characteristic to consider in the definition of the process (in situ combustion or 

HPAI) is the temperature range where the temperature peak of the combustion front is found. 

Light oils under elevated pressure and temperature tend to peak in the range of 280 to 380ºC. 

Heavy oils in shallow conditions with lower pressure and cooler temperature peak in 

temperature ranges greater than 450°C (Fazlyeva et al., 2019).  

According to the American Petroleum Institute (API) and the In Situ Combustion Research 

Group (ISCRG) at the University of Calgary, light oils have a low density (below 880 kg/m3) 

and a high API gravity (above 30°) due to the presence of a high proportion of light 

hydrocarbon fractions. Heavy oils have a high density (over 930 kg/m3) and a low API 

gravity (below 20°). In this thesis, a HPAI process in a light oil reservoir is studied. 

Eldon Showalter noted the observation that in situ combustion is not a true thermal process 

and should be viewed as a displacement process because the oil is mobilized into the cold 

part of the reservoir and the hot zone has no remaining oil (as cited in Tzanco et al., 1991). 

A pure thermal recovery process is best suited for reducing oil viscosity by increasing the 

temperature of the heavy oil reservoir. Showalterô statement recognizes that much of the 

energy generated by the process remains in the swept portion of the reservoir. The main 

concerns with light oils is whether the residual oil saturation available to the combustion zone 

and the oxidation kinetics are such as to provide sufficient fuel to make the process self-

sustaining (Tzanco et al., 1991). 

Over the years, different researchers have published the advantages and disadvantages of air 

injection-based recovery methods. Air injection in light oil reservoirs offers the advantage of 

a better displacement efficiency and a mobilization of extra combustion oil, a rapid reservoir 

pressurization, oil swelling and injection gas substitution and flue-gas stripping of the 

reservoir oil. Also spontaneous oil ignition, complete oxygen utilization and near miscibility 

of the generated gas and oil are presented (Fassihi et al., 1997). Spontaneous ignition during 
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air injection into an oil reservoir is viewed as very desirable, since it simplifies process 

initiation and consequently improves process stability. 

The fluid transport and displacement mechanisms in the porous medium make this process 

relevant for application in the field. Unlike other thermal methods, oil composition and rock 

mineralogy played important roles in the success of this process. 

The first registered HPAI field test began in 1963 and was extended until 1967 in Nebraska 

(Parrish et al., 1974). It was applied as a tertiary recovery in combination with forward 

combustion and waterflooding for a deep and thin light oil reservoir (38.8 ºAPI) at a depth 

of 6,200 ft. and a thickness of 11 ft. The results demonstrated the technical feasibility of the 

method when a substantial amount of oil was recovered from production wells that had 

previously been thoroughly watered out.  

 

1.1.1. Air injection process 

Following the model that Sarathi presented (Sarathi, 1999), the in situ combustion air 

injection-based process is classified as forward and reverse combustion depending on 

whether the combustion front advances in the general direction of air flow or in the opposite 

direction. The process can be dry (only air or oxygen-enriched air) or wet combustion (where 

the co-injection of air with water takes place). In some cases, water injection improves the 

energy efficiency modifying the kinetics of the reaction. In this research, a dry forward high-

pressure air injection-based process was studied. 

In dry combustion, either air or enriched air is injected into the injection well for a short time 

to ignite the oil in the formation. Light oil reservoirs, are relatively deep reservoirs with high 

temperature and pressure conditions. The in-place oil is reactive enough to remove the 

oxygen from the air stream, creating a condition where self-ignition can often be achieved 

spontaneously. Ignition is the first step of the in situ combustion process (Burger, 1976). 

When self-ignition fails, it may be obtained by an initial input of energy from downhole gas 

burners, electric heaters or the injection of chemically pyrophoric agents or hot fluids, such 

as steam. The best method to apply is determined by laboratory testing. 
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After ignition the combustion front is maintained by the continuous air flow and the oil is 

displaced forward by the burning or combustion front, steam bank, combustion product gases 

and hot water. The heat required to initiate the combustion front may be provided by an 

exothermic reaction between air and an appropriate chemical compound. This compound 

may be an easily oxidizable organic liquid injected into the formation in the vicinity of the 

ignition well before air injection, but if the formation crude oil itself has sufficient reactivity 

with oxygen under reservoir conditions, the formation may ignite spontaneously when air is 

injected for a prolonged period or even in a reasonably short time in some reservoirs, 

depending upon the heat dissipation (Burger, 1976). 

The zones created afterwards are the result of heat and mass transport and the chemical 

reactions occurring in the oil-bearing formation. For a better description of a forward 

combustion process, Figure 1 presents an idealized representation based on liner combustion 

tube experiments (After Sarathi, 1999). 

 

 

Figure 1. An ideal representation of a forward combustion process (After Sarathi, 1999). 
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The presented zones are (1) burned zone, (2) combustion zone, (3) coking zone (cracking 

and vapourization), (4) condensation or steam plateau zone, (5) water bank, (6) oil zone and 

(7) the undisturbed native zone.  

The burned zone is the zone adjacent to the injection well, where the combustion has taken 

place. It may or may not contain some residual unburned organic solid, generally referred to 

as coke. Because of the continuous influx of ambient air, the temperature in this zone 

increases from formation temperature near the injector to near combustion temperature in the 

vicinity of the combustion zone. 

Following the direction of the air flow, there is the combustion zone. Here is where the 

reactions between oxygen and fuel to generate heat tend to happen (Figure 1). This zone is a 

very narrow region where high-temperature oxidation produces primarily water and 

combustion gases carbon dioxide (ὅὕ) and carbon monoxide (ὅὕ). Laboratory cores studied 

from the post-burn region have shown that the combustion process generates a very high 

microscopic displacement efficiency in the combustion zone. This generates a sweep in the 

zone, creating a complete absence of hydrocarbons. Approximately five to ten percent of the 

oil-in-place is consumed as fuel and the rest is mobilized and available for capture (Gutierrez 

et al., 2008). The gas-oil mixture may be immiscible and/or partly or completely miscible. 

Moving forward with the process, coke is formed in the thermal cracking zone. Coke is often 

considered to be the predominant fuel source for the combustion process in heavy oil 

reservoirs. It is not pure carbon but a hydrogen deficient organic material that depends on the 

thermal decomposition conditions. The temperature reached in this zone is dependent on the 

nature and the quantity of fuel consumed per unit volume of the rock. The cracking and 

vapourization zone is where the high temperature generated by the combustion causes the 

separation of the components of the crude. The lighter components tend to vapourize and the 

heavier ones decompose chemically by pyrolysis or thermal cracking. The vapourized light 

hydrocarbons are transported downstream by combustion gases and are condensed and mixed 

with native crude. The pyrolysis of the heavy hydrocarbons produces ὅὕ, hydrocarbons, 

organic gases and solid organic residues (coke) that are deposited on the rock. 
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The condensation zone usually has a low pressure gradient with a flat temperature profile 

depending on the partial pressure of the water in the vapour phase. Some of the hydrocarbon 

vapour that enters here condenses and dissolves in the crude. Depending on the temperature, 

the oil may reduce in viscosity. Subsequently, when a lower temperature than the 

condensation temperature of the steam occurs, a hot water bank is created. This is 

characterized by a water saturation greater than the original saturation.  

Finally, an oil bank ensues containing all the oil displaced from the upstream zones. The 

displaced oil moves into the cold portion of the reservoir, which is barely impacted by the 

combustion process. It may exhibit an increase in gas saturation because of the combustion 

gases (ὅὕ, ὅὕ, ὔ ). 

Moore and Mehta, and Fazlyeva provide a better graphic representation of this process, 

including temperature and saturation profiles in Figures 2 and 3 (Moore and Mehta, 2019; 

Fazlyeva, 2019). Their zones are summarized: (1) burned zone, (2) combustion zone, (3) 

cracking and vapourization zone, (4) steam zone, (5) altered saturation zone (6), oil bank and 

(7) native reservoir. In Figure 3, the temperature and saturation profiles that correspond to 

the mentioned zones are presented. In the saturation profile (Figure 3), the produced coke, 

water, and oil banks are also included. 
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Figure 2.  Forward In Situ Combustion (Fazlyeva, 2019). 

 

 

Figure 3. Schematic of temperature and saturation profile of the generated fluids in dry 

forward combustion for light and heavy oil reservoirs (after Moore and Mehta, 2019). 
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Compared to other improved and enhanced oil recovery methods, the combustion generated 

by oxygen-containing gas is a highly complex process, involving multiphase flow, heat 

transfer and chemical reactions in porous media (Gutierrez et al., 2009). 

 

1.1.2. Process mechanisms of air injection-based recovery 

The term combustion refers to the rapid oxidation reactions of certain fuel elements mainly 

made up of hydrogen, carbon and in some cases sulfur, which take place in the presence of 

oxygen resulting in a significant heat release. The simplest combustion reaction is presented 

in Figure 4 and Equation 1.  

ὅ ὕ ᴼὅὕ          (1) 

During air injection, the injected oxygen is intended to react with a fraction of the reservoir 

oil at an elevated temperature to produce carbon dioxide. Instead of pure oxygen, the reaction 

occurs with the presence of air that is normally considered to have a composition by volume 

of 21% oxygen and 79% nitrogen.  

 

 

Figure 4. Combustion process representation. 
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The combustion generated in the porous media by air injection cannot be represented by a 

simple combustion reaction since it generates consecutive chemical reactions through the 

different temperature ranges (Fassihi et al., 1984).  

Ursenbach et al. (Ursenbach et al., 2010) proposed two significant process mechanisms to 

consider in air injection-based studies: (1) the two indistinct reaction regimes that exist in the 

process (low or high temperature regimes) and (2) the concept of pore blocking or liquid 

block. This last term is more related to the mobility of the cold oil than to the combustion 

characteristics of the oil. It refers to the regions of restricted gas permeability that occurs 

when the liquid saturation of the mobilized oil becomes sufficiently high reducing the gas 

saturation below the critical level to flow (Moore et al., 1999). In the interface, the oxygen 

may be reactive and penetrate in the oil. The resulting restriction can cause the injected air 

flux to drop to a level where the high-temperature reactions cannot be sustained. When this 

occurs, the oxidation process is no longer effective at mobilizing oil, so the flow of oil into 

the highly liquid-saturated region will essentially cease. This is the case for heavy oil 

reservoirs with high oil saturation and low oil mobility. 

These challenges are experienced when an air injection method is applied as a primary 

recovery mechanism. Moore and Mehta describe this phenomenon as early-life liquid block, 

see Figure 5 (Moore and Mehta, 2019). In the first image the fluid flows through the pores 

and in the second image a liquid blocking of gas flow in the pore structure. 

 

 

Figure 5. Fluid flow and liquid blocking of gas flow through pores (Moore and Mehta, 

2019). 
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If the method is used after cold production, referred to as later-life liquid block (Moore and 

Mehta, 2019), the pore blocking mechanism becomes an advantageous feature by reducing 

the tendency for the reaction zone to finger. Wherever the process is burning well, oil is 

mobilized, increasing the oil saturation in the fingers and reducing the gas permeability, 

forcing the air to distribute to other regions of the combustion front (Moore et al., 1999) in 

heavy and light reservoirs. 

Gutierrez et al, identified the high microscopic sweep efficiency of the bulldozing effect of 

the combustion front (Gutierrez et al., 2009). They coined this term because the combustion 

front acts like a bulldozer mobilizing most of the oil immediately ahead of it that was not 

displaced by the other active driving mechanisms (hot water/steam displacement or flue gas 

sweeping). This effect causes rapid mobilization into the downstream pores, temporarily 

reducing the gas permeability, redirecting the airflow and promoting better volumetric sweep 

of the reservoir. 

In light oil reservoirs, pore blocking is considered a gas flood. The main mechanism for oil 

production is provided by the flue or combustion gases, and thermal effects like bulldozing 

have a very little impact on the oil recovery mechanism. 

The second process mechanism to consider in air injection-based studies proposed by 

Ursenbach et al. (Ursenbach et al., 2010) is related to the low or high temperature regimes 

that exist in the process, which will be discussed through this thesis.  

Inter-related mechanisms play an important role in the air injection process. They impact: 

non-isothermal multiphase flow of oil, water and gas, overlapping reaction regimes of high 

and low-temperature oxidation, thermal cracking and physical distillation and the transfer of 

energy to the solid rock matrix and flowing fluids. The critical factors for success in the air-

injection process are the reaction regimes that occur and the reactions between the oxygen 

and the hydrocarbons. 

For the air injection process, the maximum oil recovery is the difference between original oil 

in place (OOIP) at the start of the operation and the oil consumed as fuel. If the fuel 

concentration is excessive, the advance rate of the burning front is slow and the air 
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compression costs are high. If the fuel concentration is too low, the heat of combustion will 

not be enough to raise the temperature of the rock and the contained fluids to a level of self-

sustained combustion causing combustion failure (Fassihi et al., 1984). Under the proper 

conditions when the air is injected into the reservoir, a small amount of the OOIP is consumed 

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

For oil recovery to be possible, the oxidation reactions are key. Figure 6 from Moore and 

Mehta shows the expected temperatures ranges for heavy and light oil reservoir displacement 

to achieve recovery (Moore and Mehta, 2019). Light oils are expected to show up to 80% of 

recovery when operating in the low temperature ranges (LTR). Heavy oils are expected to 

recover the same amount of oil but require operation in the high temperature range (HTR).  

 

 

Figure 6. Oil recovery from air injection-based processes for light and heavy oil reservoirs 

(Moore and Mehta, 2019). 

 

Determining a reliable estimation for ultimate recovery in HPAI projects is subjected to a 

high level of uncertainty and requires history matching. Considering this process as an 

immiscible gas flood and extrapolating the gas-oil ratio up to an economic limit is not useful 

(Fassihi et al., 1994). It can result in underestimating reserves. Burning greater reservoir 

volumes can result in much higher oil recoveries than predicted using conventional gas 

flooding theory, as was proved by Gutierrez et al. (Gutierrez et al., 2008). 
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1.2. Problem statement 

Mature reservoirs with decreased oil saturation are good candidates for the application of air 

injection-based methods, to increase their oil recovery. Relying on the established screening 

parameters in the literature is not enough to ensure a successful project design. It is necessary 

to perform laboratory studies of each candidate reservoir using their specific reservoir 

conditions to provide a qualitative and quantitative understanding, principally of the kinetics 

and reactions occurring during the process.  

The purpose of this research work was to carry out an analytical study from the results of two 

thermal methods studied by the In Situ Combustion Research Group (ISCRG) at the 

University of Calgary, where a Mexican sandstone reservoir was the sample source. The 

ISCRG has been performing combustion tube tests, as well as thermal cracking and oxidation 

kinetic experiments since 1974.  

The laboratory tests performed were Accelerating Rate Calorimeter (ARC) and High 

Pressure Ramped Temperature Oxidation (HPRTO). They provided insight into the oxidation 

reactions and kinetics associated with the air injection-based process. The results will be used 

to determine if the reservoir may be a good candidate for application of High-Pressure Air 

Injection in the field. 

 

1.3. Research objectives 

 

1.3.1. Main research objective 

To determine the oxidation/combustion kinetics of a Mexican reservoir based on four ARC 

tests performed in the óclosedô mode, one ARC test operated in the óflowingô mode, two 

HPRTO oxidation tests and one HPRTO thermal cracking test. 
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1.3.2. Specific research objectives 

1. To study of the oxidation reactions that occur in the low temperature range (LTR) of 

the light oil reservoir studied. 

2. To assess the ignition and oxidation/combustion characteristics of the reservoir 

during the air injection-based IOR. 

3. To identify the temperature intervals where the oil reacted with the air to determine 

the extent and continuity of the oxidation reactions. 

4. To determine the Arrhenius parameters for the oxidation kinetics of the oil under the 

test conditions. 

5. To obtain the oxygen uptake rate data to derive the kinetic parameters necessary to 

model prospective HPAI field projects with reservoirs comprised of oil and core 

material of similar composition to the oil and core material examined in this studied. 

6. To determine if the reservoir under study will generate better results after applying 

the HPAI method. 

7. To evaluate the tests performed by the In Situ Combustion Research Group at the 

University of Calgary. 

 

1.4. Research scope 

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

on the qualitative and quantitative parameters using the two thermal methods described in 

the thesis for evaluating the application of HPAI in the light oil reservoir under study. This 

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

The performed experiments will provide the necessary Arrhenius parameters to establish that 

the light oil reservoir under study is a good candidate for a High-Pressure Air Injection 

application, based on the ignition and the oxygen reaction temperatures occurring in the 

temperature ranges necessary to achieve a bond scission mode for a successful light oil 

combustion project.  

 

1.6. Outline 

This thesis is organized in the following form: 

Chapter 1 includes a brief introduction to the terms In situ combustion and High-Pressure 

Air Injection as an EOR method for high gravity oils, which is the case for the reservoir under 

study. In this chapter, the air injection process is defined. 

Chapter 2 explains the oxidation reactions that occur during air injection in heavy and light 

oil reservoirs within the different temperature regimes. 

Chapter 3 describes the thermal methods under investigation to provide insight into the 

oxidation study of the High-Pressure Air Injection EOR method. They are the Accelerated 

Rate Calorimeter and the High Pressure Ramped Temperature Oxidation. 

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

displaying its principal properties of the rock and fluids. 

Chapter 5 and 6 contain the studied tests, with the generated plots and the experimental 

results for the crude oil and core matrix samples. The oxidation study and calculations are 

presented as well as a discussion of the results obtained from each experiment. 

Chapter 7 summarizes the conclusions from this research. 
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CHAPTER 2 ï OXIDATION REACTIONS  

The process mechanisms of High-Pressure Air Injection (HPAI) rely on the chemical 

reactions that occur during combustion between the crude oil and the injected air within the 

reservoir. Oxidation/combustion kinetics are very important; hence they will be discussed 

first.  

Kinetics are the rates of chemical reactions and the mechanisms by which they take place 

including the time variable and the path that reactants follow to become products. They 

provide a good representation of the chemical changes experienced by the oil and rock matrix 

alongside the heat-generation events. A kinetic study for air injection or combustion 

processes helps to characterize the reactivity of the oil and to determine the conditions 

required to achieve ignition. They can aid in determining if self-ignition will  or will not take 

place in the reservoir upon air injection. Modelling combustion in the reservoir implies 

chemical reactions at every stage for almost every component requiring a large number of 

kinetic expressions.  

The oxidation of hydrocarbons and the dissolution and formation of bonds between carbon 

atoms and oxygen atoms can take many paths. There are two important reaction models for 

the hydrocarbon and oxygen interaction during combustion. They are distinguished by their 

type; light or heavy oil (Tadema, 1959). The classification is based upon differences in the 

oxygen uptake rate versus the temperature behaviour. The large difference between the peak 

temperatures for heavy and light oil is due to the type of oxidation reactions that are dominant 

in each temperature range. There are two main types of reactions: bond scission and oxygen 

addition. 

 

2.1. Oxygen addition reactions 

ὌώὨὶέὧὥὶὦέὲὕὼώὫὩὲᴼὕὼώὫὩὲὥὸὩὨ ὧέάὴέόὲὨίὉὲὩὶὫώ   (2) 

Or  
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ὅὌ ὕ ᴼὅὌὕ           (3) 

Oxygen-addition reactions are referred to as low-temperature oxidation (LTO) reactions 

(Sarathi, 1999). During LTO the oxygen chemically binds with the molecular structure of the 

liquid hydrocarbons to produce oxygenated compounds (oxygen-addition products). These 

compounds consist of organic acids, aldehydes, alcohols, ketones and/or hydroperoxides. 

They tend to further react and polymerize with each other, forming heavier and less desirable 

oil fractions or acid oxidized hydrocarbons that promote the formation of stable emulsions 

with water. When oxygen addition reactions dominate, the thermal zone becomes very 

ineffective at displacing oil and the volume of the flowing gas stream is significantly reduced, 

due to the removal of oxygen and the absence of carbon oxide forming reactions. 

 

2.2. Bond scission (combustion) reactions 

ὌώὨὶέὧὥὶὦέὲὕὼώὫὩὲᴼὅὥὶὦέὲ έὼὭὨὩίὡὥὸὩὶὉὲὩὶὫώ   (4) 

Or  

ὅὌ ὕ ᴼὅὕ Ὄὕ         (5) 

Bond scission reactions represent the traditional combustion reactions (Equation 1), where 

the oxygen combines with the hydrocarbon molecules to principally produce carbon oxides 

and water. They are also referred to as high-temperature oxidation (HTO) reactions, (Sarathi, 

1999). Traditional in situ combustion literature assumes that the dominant oxidation mode is 

high-temperature combustion involving a coke-like fuel which is laid down due to the 

thermal cracking reactions. 

High-temperature oxidation reactions are heterogeneously characterized by the consumption 

of all or the majority of the oxygen in the gas phase. For the stoichiometry of this reaction 

see Equation 6, where n is the atomic ratio of hydrogen to carbon, ά is the molar (mole 

percent) ratio of produced ὅὕ to ὅὕ. This is zero in the case of complete combustion to ὅὕ 

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

equation.  

ὅὌ ὕ ᴼ ὅὕ ὅὕ Ὄὕ     (6) 

The heat generated from these reactions provides the thermal energy required to sustain and 

propagate the combustion front (Sarathi, 1999). 

For a better understanding in terms of temperature ranges and to explain the terms low-

temperature and high-temperature ranges, for a model to light and heavy oils, Moore et al. 

(Moore et al., 1998) presented Tables 1 and 2 which summarize the nominal temperature 

ranges for oxygen-addition and bond scission reactions based on numerous laboratory tests. 

The data are the results from combustion tube and ramped-temperature oxidation 

experiments previously performed on Athabasca bitumen (Ursenbach et. al, 1993) for heavy 

oils and from some authorôs interpretation for light oils (Burger and Sahuquet, 1972; 

Yannimaras et al., 1991; Kisler and Shallcoss, 1998). 

 

Table 1. Oxidation Kinetic Regimes for Model Light and Heavy Oils (Moore et al., 1998) 

Temperature range 

(°C) 

Dominant 

oxidation mode 

Secondary 

oxidation mode 
Reactant 

Light oil 

<150 Oxygen addition   

150 ï 300 Bond scission Oxygen addition  

350 ï 700 Bond scission  Asphaltenes 

700+ Bond scission  Gas-phase 

 

Heavy oil 

<150 Oxygen addition  Coke formation 

150 ï 300 Oxygen addition Bond scission  

350 ï 700 Bond scission  Coke 

700+ Bond scission  Gas-phase 
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Table 2. Temperature Range for Effective Displacement in Air Injection (after Moore et al., 

1998) 

Type of oil 
Temperature of 

reaction 
Range of temperature 

Light oils 280 to 350°C Low-temperature range 

Heavy oils 450 to 600°C High-temperature range 

 

High-Pressure Air Injection applied to light oil reservoirs may effectively displace oil while 

operating at temperatures within the low-temperature range (LTR). In many light oils the 

dominant oxidation mode is a bond scission reaction occurring in the LTR. Oxygen addition 

reactions seem to dominate at temperatures below 150°C. With light oils most significant 

energy generation rates and carbon oxides production occur between 150 ï 300°C. 

Exothermic heat generated by the liquid phase oxygen addition reactions appears to be the 

ignition source for the bond scission reactions, although recent findings suggest that the 

hydrocarbons within the vapour phase may play a role in initiating bond scission reactions 

as well (Mallory et al., 2019).  

Moore et al. have described a phenomenon observed when burning light oil in a combustion 

tube. They noted the formation of a high-temperature reaction region in the upstream portion 

of the core long after the oxidation front passed through the region. Analysis of the residual 

core had no presence of solid or liquid hydrocarbon fuel. They hypothesized that the fuel was 

a gaseous mixture that refluxed backwards past the main combustion front. The reaction 

temperatures during this reflux were often greater than 700°C and have been observed to 

reach up to 1200°C (Moore et al. 1998). 

Heavy oils require oxygen consuming reactions occurring in the high-temperature range 

(HTR) for effective displacement. The oxygen addition reactions are dominant at 

temperatures below 300°C and result in the generation of asphaltenes and coke fractions. The 

coke formed at temperatures greater than 300°C is attributed to thermal cracking reactions.  

Bond scission reactions become the dominant reaction mechanism at temperatures above 

350°C. According to Table 1, gas-phase bond scission reactions are believed to be 

responsible for generating temperatures over 700°C for heavy and light oils. 
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The key to success in air injection is to design a process that ensures operation in the bond 

scission mode. This mode will achieve an effective displacement of oil from the region swept 

by the reaction region with the proper ignition procedures (Gutierrez et al., 2009).  

Air injection-based processes tend to operate in light oils under a wide range of operating 

conditions, because of their tendency for bond scission reactions. Heavier oils do not always 

enjoy the same predisposition for success. Faulty ignitions, insufficient air for the injection 

and permeability restrictions due to the rapid mobilization of oil into cooler, downstream 

parts of the reservoir, can all lead to domination by the oxygen addition reactions (Moore et 

al., 1998). 

From Gutierrez et al., 2009, Figure 7 plots the oxygen uptake rate against temperature for the 

oxidation reactions. In this figure the negative temperature gradient region which is found 

between the low and high-temperature regions, occurs from 280 ï 350°C. The rate of reaction 

(oxygen uptake) decreases as temperature increases and corresponds to the lowest oxygen 

consumption rate. The upper temperature of this zone is defined when the energy generation 

rate reaches a localized minimum value (Rios, 2012). According to Moore et al., 1998, the 

existence of this negative temperature gradient region is very significant, particularly for 

heavy oil. The negative temperature gradient region must be identified to achieve the desired 

reaction temperatures for effective pore-scale displacement of oil from the region swept by 

the oxidation zone, if the energy generation rate is not enough to elevate the reaction 

temperature; then the temperatures will fall and the oxidation reaction rates will drop until 

the energy rate is not sufficient to balance the energy load (Moore et al., 1998). Laboratory 

tests show that the oxygen flux is the prime operating parameter controlling the ability of the 

reservoir to achieve the reaction temperatures over those corresponding to the negative 

temperature gradient region. 
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Figure 7. Crude oil oxidation regions (After Gutierrez et al., 2009). 

 

2.3. Fuel-forming reaction 

There is a third important measurable reaction during air injection that is fundamental in the 

combustion process, besides the two types of reaction related to the temperature oxidations. 

Burger determined that the hydrocarbon fuel term in their model was required (Burger, 1972). 

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

displacement. 

The fuel concentration and the rate at which the fuel is burned at the front are important 

factors governing the air requirements in a forward combustion operation. Although the fuel 

is essentially unrecoverable crude, the air required to burn the fuel is an important economic 

factor in this process (Bousaid and Ramey, 1968). The most crucial zone in a combustion 

process is between the burned and combustion zones, also known as the burning front 

(Fassihi et al., 1984). The burning front is where the temperature reaches a maximum value 

and the reactions take place. For combustion to proceed, the injected oxidant gas must pass 

through the burning zone. The burning zone moves as the reacting fuel is removed from the 

sand grains by oxidation where transport processes are occurring. Oxygen must move from 

the bulk gas stream to the fuel interface, then perhaps absorb and react with the fuel. The 
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combustion products must desorb and transfer into the bulk gas stream (Bousaid and Ramey, 

1968). 

The rate of advance and the peak temperature of the combustion front depends on the amount 

of fuel, availability of oxygen and the rate of fuel oxidation. The two most important factors 

in the combustion process are fuel deposition and oxidation because they govern the ability 

to sustain forward combustion and strongly influence the economics of a combustion project.  

Some researches noted that the kinetics of crude oil oxidation in porous media confirmed the 

occurrence of three major reactions during in situ combustion. These three reactions are the 

fuel-forming or fuel deposition, fuel combustion and the low-temperature oxidation, 

previously discussed. 

Fuel deposition is derived from the fuel left on the solid matrix as the crude oil moves 

forward. In the literature this phenomena is known as coke formation, fuel laydown or 

cracking.  This mechanism is thought to be the fuel responsible for combustion whose carbon 

is deposited on the rock after the pyrolysis reaction. Gutierrez et al. describe the pyrolysis 

reaction of a hydrocarbon in a general form in Equation 7 (Gutierrez et al., 2009).  

ὌώὨὶέὧὥὶὦέὲ ựựựự Ὄὅ  Ⱦ  Ὄὅ     (7) 

Thermal cracking by pyrolysis, is the modification of the native oil properties by thermal 

energy in the absence of oxygen. Pyrolisis of crude oil in porous media goes through three 

overlapping stages: distillation, visbreaking, and coking (Abu-Khamsin et al., 1988). During 

distillation, the oil loses most of its light ends and part of its medium gravity fractions. During 

visbreaking, the oil mildly cracks into a slightly different product and, at high temperatures, 

the oil remaining in the porous medium cracks into a semi solid residue that is rich in carbon. 

Both cracking reactions produce gas. Most pyrolysis reactions are endothermic, which makes 

temperature the most influential parameter that dictates the severity of cracking (Gutierrez et 

al., 2009).  

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

processes involve dehydrogenation reactions (hydrogen stripping at constant carbon 
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number), cracking reactions (carbon-carbon bond scissions) that generate lower carbon 

number molecules and condensation reactions resulting in the formation of molecules with 

larger carbon numbers. In an ideal combustion process in heavy oils, thermal cracking 

reactions are the prime fuel laydown mechanism (Burger et al., 1985). According to Wiehe, 

1993, coke is produced as a direct by-product of residuum thermolysis from a sequence of 

polymerization and condensation steps from the lightest to the heaviest fractions (Wiehe, 

1993); this mechanism is altered in the presence of oxygen and is presented in Equation 8. 

έὭὰίᴼὶὩίὭὲίᴼὥίὴὬὥὰὸὩὲὩίᴼὧὥὶὦὩὲίᴼὧέὯὩ     (8) 

From several oxidation experiments on Athabasca Oil Sands, Moore et al. observed a rapid 

fuel formation when oil maintained contact with an oxygen-containing gas during the 

temperature range of 200 to 300ºC over an extended period of time (Moore et al., 1992). The 

simplest overall reaction to represent the oxidation of typical hydrocarbon fuel is presented 

in Equation 9, where ὲ are the stoichiometry coefficients determined by the choice of fuel 

and depends on the composition of the original oil that is undergoing bond scission reaction. 

This reaction is also called the Intermediate Temperature Oxidation (ITO) reaction (Sarathi, 

1999). 

ὊόὩὰὲὕ ᴼὲὅὕ ὲὅὕ ὲὌὕ       (9) 

This global reaction is a convenient way to approximate the impact of the many elementary 

reactions occurring. The rate must represent an appropriate average of all the individual 

reaction rates involved.  

Given the tendency of the light oils to undergo bond scission reactions at low temperatures, 

pyrolysis is not as important as is in heavy oils, to the extent that coke is an important source 

of fuel for the bond scission reactions at much higher temperatures. In light oils, coke is rarely 

seen during the analysis of the post-test (burned) samples (Gutierrez et al., 2009). Instead, 

the gas phase combustion is key in the process, being responsible for the flue gases that 

generate the mobilization of the oil. This process is very common in light oil reservoirs 

following ignition. 
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The oxidation reaction rate (combustion rate, Ὑ,) of crude oil in a porous medium is 

described in terms of a simple reaction rate model that links the initial or direct reaction rate 

with the reactant pressures and the constant parameters. Sarathiôs model assumes functional 

dependency on carbon (fuel) concentration and oxygen partial pressure (Sarathi, 1999). See 

Equation 10 where ὅ is the instantaneous concentration of fuel, Ὧ is the rate constant, ὖ  is 

the partial pressure of oxygen and the coefficients ὥ and ὦ are the order of reaction for oxygen 

partial pressure and fuel concentrations respectively. 

Ὑ Ὧὖ ὅ          (10) 

In the study of temperature effects on the rate constants of chemical reactions, the rate 

constants of the reaction increase exponentially with temperature. This is represented in the 

Arrhenius rate equation (Equation 11). The Arrhenius equation includes the combustion rate 

parameter, Ὧ, which is a function of absolute temperature Ὕ (in K), where ὃ is the pre-

exponential factor or the Arrhenius rate constant (function of the surface area of the rock), 

Ὁ is the activation energy, and Ὑ is the universal gas constant (1.987 cal mole-1 K-1 or 8.314 

J mole-1 K-1). Note that mole refers to g moles. For heterogeneous reactions, the constant ὃ 

is a function of the surface area of the rock.  

Ὧ ὃ Ὡὼὴ
Ὁ
ὙὝ         (11) 

The term exothermicity is used to describe the release of the heat generated during an 

exothermic reaction. Exothermic heat generated by oxygen addition reactions (LTO) in the 

liquid phase, appears to be the ignition source for the bond scission reactions (HTO). More 

recent findings suggest that the hydrocarbons within the vapour phase may play a role in 

initiating bond-scission reactions as well (Mallory et al., 2019).  

For a good kinetic model, it is necessary to include relevant low-temperature oxidation 

reactions (oxygen-addition), pyrolysis and combustion (bond-scission) or high-temperature 

oxidation reactions, capture the negative-temperature gradient region and more importantly, 

capture the transition from one oxidation mode to the another. Combustion parameters such 

as molar carbon dioxide/carbon monoxide (ὅὕȾὅὕ) and the hydrogen/carbon ratios (ὌȾὅ) 
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are used to observe the transition between reactions at different temperature levels. The ὌȾὅ 

ratio is calculated by element analysis of the fuel or from the material balance of the gas 

phase in the high-temperature combustion zone alone. It is preferable to use the value 

obtained from laboratory tests since the combustion front study is difficult to carry out in the 

field because the oxygen consumption can only be determined from analysis of gases in the 

production wells. During in situ combustion, the carbon produced is deposited on the solid 

skeletons of the porous medium, while the hydrogen may contribute to increasing the ὌȾὅ 

ratio of the flowing hydrocarbons. 
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CHAPTER 3 ï LABORATORY OXIDATION STUDIES FOR HIGH -

PRESSURE AIR INJECTION-BASED PROJECTS 

The importance of conducting laboratory combustion and oxidation tests for an air injection-based 

project resides in the parameters obtained from their results. The results provide sufficient 

knowledge to generate a detailed experimental investigation and give greater relevance to the 

thermal process of the reservoir under study. The investigations should be performed under 

realistic reservoirs conditions for the pressure and temperature to realistically evaluate the 

feasibility of an air injection-based EOR process.  

The process is complex and there is not a single test that can provide all the information described 

in Chapters 1 and 2. For oxidation studies, kinetics is the most important parameter to study. 

Kinetic parameters are necessary to calculate the energy required for ignition and propagation of 

a combustion zone moving in a reservoir. Gutierrez et al., proposed a classification of kinetic 

studies (1) Screening studies, (2) Quantitative kinetic studies and (3) Combustion performance 

studies. (Gutierrez et al., 2009). This thesis relies on Gutierrez et al. methodology of classification.  

 

3.1. Screening studies 

Screening studies in kinetic terms are classified as qualitative. Their purpose is to estimate the 

kinetic parameters of the oxidation reactions. The kinetic parameters revealed are the activation 

energy, reaction order and frequency factor. Knowing the kinetic parameters enhances the 

understanding of the oxidation behaviour and the exothermicity of the oil and oil/rock systems. 

Kinetic parameters are often not measured under conditions that replicate the flow conditions of 

the combustion process in the reservoir making it impossible to know the recovery performance 

of the process. 

The most common commercial analyses performed to fingerprint crude oil oxidation in a porous 

medium, are differential thermal analysis (DTA), thermo-gravimetric analysis (TGA), differential 

scanning calorimeter (DSC), pressurized differential scanning calorimeter (PDSC) and 

accelerating rate calorimeter (ARC). These techniques support the study of the thermo-oxidative 
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behaviour of crude oils. Understanding thermo-oxidative behaviour provides insight into the 

combustion process; especially the fuel deposition and oxidation.  

Most of these tests are only performed at relatively low pressures; less than 7 MPa which is the 

limit for their practical application for certain reservoir settings. ARC was developed to study 

exothermic reaction kinetics at elevated pressure values, up to 70 MPa. In this thesis the research 

was focused on several experiments that relied on the data from the screening study (ARC) 

conducted by the ISCRG from the University of Calgary.   

 

3.1.1. Accelerating Rate Calorimeter 

An ARC is an instrument developed in 1980 for thermal hazard evaluation. It measures chemical 

kinetic information for a sample based on temperature and time as it undergoes thermal 

decomposition under adiabatic conditions (Townsend, 1980). The first time ARC was applied to 

an air injection-based project was in 1991 when it was used to evaluate the kinetic data of a deep, 

light oil, high-pressure reservoir (Yannimaras et al., 1991). Yannimaras and Tiffin determined that 

ARC results tied directly to combustion-tube and field data (Yannimaras and Tiffin, 1995). The 

ability to link laboratory results to field scale is important to ensure an equal order of magnitude. 

The classical analysis of ARC test data is based on a simple singular decomposition of the form of 

Equation 12, with the assumptions that: (1) the reaction goes to completion and (2) the products 

do not interfere with the reaction mechanism. 

ὃᴼὖὶέὨόὧὸί          (12) 

If the exothermic reaction occurs adiabatically, all the reaction heat will be used in raising the 

temperature of the products. ARC assumes a single reaction model based on the Arrhenius 

expression (Equation 11). The individual reactions rates of the fuel source are represented in terms 

of mass concentration, expressed in Equation 13, where ὲ and ά are not related to the 

stoichiometric coefficients in the global reaction but are empirical constants determined from 

experimental or detailed kinetics calculations. ὲ is the order of reaction for fuel and ά is for 

oxidizer. The overall reaction is assumed to be first-order for fuel and oxidizer so that ά ὲ ρ. 
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Ὧ ὃÅØÐ
Ὁ
ὙὝὊόὩὰὕὼὭὨὭᾀὩὶ      (13) 

A more justifiable assumption is that ὲ be left as an unknown to be determined experimentally by 

the oxidation of the given oil and ά is equal to zero, implying that the rate is independent of the 

overall, global, oxidation concentration (there is excess oxygen available at all times), expressed 

in Equation 15 from Equation 14. 

ὃ ὃὕὼὭὨὭᾀὩὶ          (14) 

Ὧ ὃᴂÅØÐ
Ὁ
ὙὝὊόὩὰ        (15) 

For an n-th order reaction with a single reactant, the rate of reaction is presented in Equation 16, 

where ὅ is the concentration at adiabatic concentrations at time ὸ. The term ὅ defines the fuel 

source in terms of mass concentration. 

Ὧὅ            (16) 

The process for an exothermic reaction at adiabatic conditions is demonstrated in a plot of the 

expected temperature vs. time. See Figure 8 (Townsend and Tou, 1980). The heat generated from 

the reaction at an initial temperature Ὕ, results in a temperature rise, which accelerates the rate of 

reaction. This accelerated rate is associated with the concentration of the reactant depleting. The 

rate of the reaction is expected to decrease after reaching the maximum value at a temperature Ὕ , 

and it diminishes to zero after the reaction at a temperature Ὕ.  
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Figure 8. The temperature and Self-Heat Rate vs. time curves of an adiabatic system (Townsend 

and Tou, 1980). 

 

At any temperature Ὕ or time ὸ, the concentration of the reactant is related to the temperature of 

the system. In Equation 17, ὅ is the initial concentration of the reactant and Ὕ Ὕ is the 

adiabatic temperature rise. 

ὅ ὅ           (17) 

Equation 17 is rewritten in Equation 18, where ὅ is an oil sample concentration at time t. This 

equation assumes that the fuel concentration is proportional to the temperature differences. 

           (18) 

When deriving the relationship between fuel concentration and temperature and evaluation 

segments of the heat flow trace, the relationship between the fuel and temperature is assumed to 

be as shown in Equation 19. Equation 18 assumes that the fuel concentration is proportional to the 

temperature differences which in turn assumes that the stoichiometric parameters ὲ in the reaction 

that represent the oxidation of typical hydrocarbon fuel (Equation 9) does not change, and implies 

that the heat of reaction and the air/fuel ratio are constant over the segment for the total temperature 

range of the exotherm (Fazlyeva et al., 2019). 
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          (19) 

For an ARC experiment, k refers to the Self-Heat Rate (SHR) measured at temperature Ὕ or time 

ὸ and the reaction rate is represented as  (relating the thermal measurable quality to a kinetic 

event).  

Assuming a single component is reacting over the temperature range of an exotherm; Ὕ is the 

sample or bomb temperature at any time during the exotherm. By substituting Equations 16 and 

17 into Equation 13, Equation 20 is obtained. 

ὛὌὙ ὃᴂὩὼὴ
Ὁ
ὙὝ ὅ       (20) 

Or in other words, Equation 21. 

ὃᴂὩὼὴ
Ὁ
ὙὝ ὅ Ὕ Ὕ       (21) 

Defining k*, is in the form 

Ὧᶻ Ὧὅ ὃᴂὩὼὴ
Ὁ
ὙὝ ὅ        (22) 

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

experimentally available from an ARC run, expressed as Equation 23, assuming ὛὌὙ ά . 

Ὧᶻ          (23) 

From equation 23, Ὧᶻ is a pseudo-zero-order rate constant at temperature T. 

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

ÌÎὯᶻ, ὥ
Ὁ
Ὑ, ὼ ρ

Ὕ, and ὦ ὃᴂὅ . 

ώ ὥὼ ὦ           (24) 
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The Arrhenius parameters are determined by plotting Ὧᶻ versus Ὕ or ρὝ on log scales, and it is 

possible to determine ὲ as the best fit of data onto a straight line (Townsend and Tou, 1980). 

The methodology followed by Townsend and Tou assumes that the fuel contributing to the 

observed increase in self-heating rate is of a constant composition throughout the entire 

temperature range of an experiment.  The use of this assumption may be applicable for many 

standard ARC applications, but its applicability to complex hydrocarbon mixtures may not be as 

valid. Naturally occurring reservoir oils are hardly ever single component fluids. In addition, the 

oxidation of oils, which start from room temperature, will  most likely involve various reaction 

mechanisms and fuel species by the time that a given self-heating event has reached its completion. 

For that, there is a second assumption from Townsend and Touôs methodology, that is the fuel is 

completely consumed. The assumption is that the reaction will  reach completion at the maximum 

reaction temperature. However, when considering petroleum samples, and the studies performed 

by the In Situ Combustion Research Group (ISCRG) with the closed-mode testing of oil samples 

using the ARC instruments, the following is concluded (D. Mallory, personal communication, 

August 2020):  

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

b) According to oil oxidation behaviour and the application of temperature, there are several 

distinct oxidation pathways that oil samples may follow.  While these may depend upon 

many parameters, they will significantly depend upon temperature. 

c) As composite oils undergo oxidation from native reservoir temperature up to the maximum 

observed temperature, the ófuel speciesô and reaction mechanism will change as the 

temperature increases.  New fuel species may evolve from initial fuel species as the 

temperature is increased. 

d) It is believed that significant variations in the slope of self-heat rate (SHR) plots are 

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

Taking into consideration the points above, the method of Townsend and Tou was modified to 

split the entire SHR trace into a series of connected (yet individual) segments. Each section has 

potentially its own fuel species and it is considered to be in excess for the duration of the segment. 

Consequently, the value of ñnò (associated with the order of reaction) and normally assigned to 
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the overall reaction, has been forced to zero.  It is recognized that this procedure uses the activation 

energy to observe when the maximum in the self-heat rate occurs as opposed to predicting the 

maximum temperature when the fuel concentration goes to zero. 

The objective of the ARC experiments performed in this thesis was to identify the temperature 

intervals where the oil reacted with air, and then. to determine the Arrhenius parameters for the 

oxidation kinetics of the oil in the presence of the native reservoir core matrix. In the ARC plots, 

the presence of a trace over a temperature interval indicates a region of an exothermic reaction, 

while the absence of experimentally recorded points indicates the Self-Heat Rate is below the 

detection limit (Yannimaras and Tiffin, 1995). 

Crude oils are multi-component in nature and oxidation reactions rarely complete during ARC 

testing of crude oils. Refractory residual material often remains in the sample cell after the ARC 

tests, even in the presence of excess air.  

Kinetic models based on Arrhenius type rate equation for a single reaction ignore the negative 

temperature gradient region (NTGR), hence, they predict that the oxygen uptake rate will increase 

as temperature increases. Assuming the apparent heat of reaction is constant per mass oxygen 

consumed, it is expected that the SHR will  increase as the temperature increases if the impact of 

the NTGR is ignored.  

 

3.2. Quantitative kinetic studies 

In general, thermal analyzes do not replicate the pressures and flow conditions within a reservoir. 

The ARC does operate at realistic reservoir pressures but it does not replicate the contact between 

the core matrix, reservoir fluids or flowing gas. Ramped Temperature Oxidation (RTO) are 

conducted at reservoir pressures and on re-combined core in a one-dimensional configuration. The 

following section describes the RTO experiments. 

Neither ARC nor RTO experiments provide quantitative information related to the recovery 

performance of the combustion process (air requirements and air-fuel ratio) or to the recovery 
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factor of the reservoir where the process is applied. The quantitative information related to 

recovery performance can be determined from combustion tube tests. 

 

3.2.1. Ramped Temperature Oxidation (RTO) 

The classical definition of in situ combustion kinetics assumes there is high-temperature 

combustion with a coke-like phase and that phase has been deposited by thermal cracking reactions 

occurring ahead of the high-temperature front (Moore et al., 1992). But further experiments on 

Athabasca oil sand samples demonstrated that there are exceptions to this classic definition. Those 

exceptions were noted in high-pressure experiments with high oxygen concentrations and low 

oxygen fluxes (Moore et al., 1992). One of the most important observations made by Moore et al., 

was identifying the significance of the low-reaction rate region that exists at the intermediate 

temperatures found between the low-temperature oxidation and high-temperature combustion 

reactions, in other words in the NTGR. The kinetics in this transition temperature range are 

characterized by reduced oxygen uptake and energy generation rates as temperature increases. 

(Moore et al., 1999). 

Ramped temperature oxidation (RTO) or high-pressure ramped temperature oxidation (HPRTO) 

experiments are used to gain information related to oxygen uptake. They typically provide insight 

into the oxidation reactions that occur in the earliest points of the LTO range, where oil first 

uptakes oxygen and generates energy. This information cannot be obtained using data from 

combustion tube experiments due to the standard ignition procedures and temperatures associated 

with combustion tube tests.  

While there are different experimental designs for RTO, the principal remains the same; heat the 

oil-saturated cores (reservoir oil, core, and/ or brine) in a one-dimensional plug flow reactor. This 

type of plug flow reactor is often called a kinetic cell (Sarathi, 1999). It has a predetermined heating 

rate for a flowing stream of normal or enriched air. (Moore et al., 1999). If oxidation is being 

studied, an oxygen containing gas is flowed through the sample. If pyrolysis is being studied, then 

nitrogen is used. The heating continues at the desired rate until termination or the prescribed 

maximum temperature is reached. When the maximum temperature is reached, it is held for the 
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remainder of the test. The flow of air continues until there is no change in the exit gas 

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

study.  

The schematic of the kinetic cell employed differs from laboratory to laboratory. This kinetic cell 

used for this research work was designed at the University of Calgary and is presented in Figure 9 

(Moore and Mehta., 2019). 

 

Figure 9. Schematic of the University of Calgaryôs ramped temperature oxidation cell (Moore 

and Mehta, 2019). 

 

Often a second kinetic cell is used as a reference, this was the case for the study of the Athabasca 

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

subjected to the same heating schedule as the test reactor. During a run, the temperatures in the 

corresponding zones of the active and reference reactors are compared to isolate 



36 

 

 

 

exothermic/endothermic hydrocarbon oxidation events occurring in the active reactor (Sarathi, 

1999). 

Prior to the appearance of a distinct reaction zone, RTO (or HPRTO) experiments operate in a 

differential mode and provide Arrhenius-type parameters for modelling oxygen uptake at 

temperatures up to approximately 180°C. Once distinct reaction waves are detected, the RTO 

reactor no longer operates in a differential mode and the Arrhenius-type parameters cannot be 

derived using differential analysis. Outside the temperature range where the RTO reactor operates 

differentially, the data are useful for matching with the predictive data generated in thermal 

simulators. 

The purpose of the RTO test is to study global oxidation behaviour and reaction kinetics under 

controlled conditions. The end goal is to provide realistic reaction data that can be used in thermal 

reservoir simulators to predict field performance. The RTO test has proven to be extremely useful 

at defining the different oxidation regimes (oxygen addition reactions or bond-scission reactions) 

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

The RTO analyses are based on ὕ balances in and out of the reactor. For those RTO tests which 

exhibit a distinct reaction zone that propagates over the core length, the velocity is related to the 

oxygen injection flux through the oxygen requirement parameter. This relationship is expressed in 

Equation 25, where ό is the front velocity given in m/h, ὕ  is the oxygen concentration of the 

feed gas, ό  is the injection air flux and ὥ  is the oxygen requirement. 

ό            (25) 

Additional combustion parameters are presented in the following equations for the oxygen/fuel 

ratio, Ὂ , (Equation 26), apparent atomic hydrogen to carbon ratio, Ὄὅ, (Equation 27), overall 

oxygen utilization, Ὁ , (Equation 28), reacted oxygen/fuel ratio, Ὂ , (Equation 29) and the 

fraction of reacted oxygen converted to carbon oxides, Ὢ , (Equation 30). For all these equations, 

Ὑ is the nitrogen/oxygen concentration ratio in the feed gas and ή is the cumulative volume of 

produced component i. 
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       (26) 

Ὄ
ὅ τ          (27) 

Ὁ           (28) 

Ὂ Ὂ Ὁz           (29) 

Ὢ           (30) 

When reviewing the oxygen requirements and the combustion parameters, it is important to note 

that these values are generally less favourable than those observed during a combustion tube test 

or in situ field combustion (Mallory et al., 2019). This is because the extensive low-temperature 

oxidation occurs during the ramp period at the start of each RTO test. 

While it is expected that the Ὑ value will remain constant throughout a given experiment, the 

assumption that the instantaneous rates of nitrogen injection and production will always be equal, 

may not be correct. During periods of low-temperature oxidation, oxygen is actively combined 

into the hydrocarbon molecules within the core. To maintain a constant pressure within the reactor, 

it is likely that nitrogen will accumulate within the core and its instantaneous rate of production 

may be lower than the injection rate during periods of LTO. For this reason, any parameters 

computed using instantaneous values taken from the HPRTO data are subject to error. 

Some other kinetic parameters, like specific reaction rates, are calculated from the chemical 

analysis of the post-test core-oil samples and effluent gas (RTO) analysis (Mamora and Brigham, 

1995; Burger et al., 1985; Fassihi et al., 1984). This is defined in Equation 31, where ὑ is the mass 

of the oxygen uptake per unit time concerning the mass of oil present in the sample (ά ), Ўά  is 

the mass of oxygen used up during time Ўὸ, ὖ  is the average oxygen partial pressure and Ὑ is the 

gas constant, assuming the order of reaction ὲ ρ. 
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Ў
ὃ Ὡὼὴ ὖ         (31) 

The operating parameters are evaluated from temperature profiles, oxygen uptake rates, liquid 

hydrocarbon production, and residual hydrocarbon concentrations and compositions. These are 

known to impact the ramped temperature oxidation behaviour of a given oil in contact with a given 

mineral matrix: heating rate, absolute pressure, injection gas flux, oxygen concentration, initial oil 

saturation and initial water saturation. Oxygen partial pressure and oxygen flux are also important 

parameters. Their impact is expressed in the absolute pressure, total gas flux and oxygen 

concentration. 

The design of the ramped temperature apparatus is another variable impacting the observed 

oxidation characteristics. The heating rate parameter is influenced by the heat capacity of the 

reactor and the radial heat transfer characteristics of the annular region between the reactor wall 

and heating mantle. The heating rate is a controlled or independent variable until the energy 

generation within the core causes the reaction temperature to exceed the containing walls of the 

reactor (Moore et al., 1992). 

The RTO test and combustion tube test have demonstrated that the operating pressure, oxygen 

partial pressure, and oxygen flux parameters have a meaningful impact on the ability of an oil to 

achieve the high-temperature combustion mode (Moore et al., 1999). 

RTO studies highlight the importance of operating in situ combustion projects in a bond-scission 

(carbon oxide-forming) mode to ensure effective oil mobilization. All design parameters and 

operations focused on promoting bond-scission reactions including, but not limited to, ignition, air 

injection rates, process monitoring and trouble-shooting (Mallory et al., 2019).  

 

3.3. Combustion performance studies 

Combustion tube (CT) tests are the traditional tools employed in the laboratory to investigate the 

recovery performance of the in situ combustion process when applied to a specific reservoir. They 

provide quantitative information related to the oxygen (or air) and fuel requirement parameters for 
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the design of field projects with the exception of superwet combustion tests. Combustion tube 

studies do not provide kinetic data about the reactions that occur in the low-temperature range. 

Combustion tubes are elemental physical simulators that allow for the direct observation of the 

propagation of the combustion front under conditions approximating those of the reservoir. The 

nature of the combustion front propagation is controlled by the chemical reactions and relative 

permeability characteristics of the reservoir. Combustion tube experiments provide a means for 

estimating the net impact of the interrelationships between the various mechanisms that affect 

combustion. The main drawback of combustion tube tests is that they are unscaled experiments. 

Making a direct correlation between the combustion tube results and the corresponding reservoir 

is not straightforward. When the testing is done under representative reservoir conditions, the test 

can exhibit a good correlation for the oxygen (air) and fuel requirements, combustion stability and 

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

A properly designed and operated combustion tube test provides useful information about the 

rock/oil systemôs combustion characteristics and the necessary data for engineers to make reliable 

economic projections for an air injection project (Nelson and McNeil, 1961). The parameters 

normally measured are: equivalent apparent atomic ὌȾὅ ratio of the burnt fuel, air/fuel ratio, 

oxygen/fuel ratio, oxygen requirement, the fraction of the reacted oxygen converted to carbon 

oxides, the effect of the injected water/air ratio on the process parameters, characteristics of the 

produced fluids, peak combustion temperatures, potential ὌὛ generation and pH of the produced 

water. Many of these parameters are strongly influenced by the properties of the fluid tested, the 

pressure and temperature conditions during testing, the nature of the rock matrix and its 

permeability, porosity, and composition (how much clay and pyrite it contains) (Prasad and Slater, 

1986). Combustion tube tests are performed at significantly higher fluxes than those encountered 

in the field. However, the temperatures recorded during field projects are similar to those during 

combustion tube tests. A simplified combustion tube schematic is presented in Figure 10 from 

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

 

Moore et al. (Moore et al., 1999) described the analysis of combustion tube tests performed on 

several different reservoirs under a variety of operating conditions. Their work demonstrated that 

the conceptual model for in situ combustion that involves the propagation of a high-temperature 

combustion front, where fuel is a coke-like substance laid down during the thermal cracking 

reactions is inadequate for describing the performance of all reservoirs as equal. For this reason 

and because each reservoir has different properties and characteristics, laboratory combustion 

studies are a necessary first step to design an air injection-based project. 

 



41 

 

 

 

CHAPTER 4 ï RESERVOIR UNDER STUDY 

Mexicoôs oil and gas sector is committed to improving their oil recovery rates. They want to ensure 

that they obtain the maximum volume of crude oil and natural gas from fields in operation or in 

the process of being abandoned. They need to do this economically even though the sectorôs 

condition varies unpredictably (CNH, 2012). Hydrocarbon production has been declining in the 

country while demand for crude oil and gas grows. 

Mexicoôs regulatory agency (Comisión Nacional de Hidrocarburos, CNH) estimates a great 

potential for implementing EOR in the country. According to their reports, up to 10% of the 

remaining oil could be recovered which is equivalent to more than 165 m3/d for the next 20 years 

(CNH, 2012). 

Despite CNHôs expectations for production, Mexico has very limited field experience with EOR. 

Accurate studies and pilot tests are needed to confirm or adjust EOR success rate in Mexicoôs 

mature oil fields (Alvarado et al., 2017). This country has conducted analyses which have exposed 

the potential for EOR methods to increase national production.  

Over time, research has established an operational paradigm; the exploitation of a reservoir begins 

with the primary recovery (natural production mechanisms) and when a significant fraction of the 

reservoirôs energy is exhausted a secondary recovery is executed. The secondary stage incorporates 

methods that increase or maintain the production of the reservoir by injecting water and/or gas 

under immiscible conditions for pressure maintenance. When stage one and two are exhausted, 

tertiary or enhanced recovery follows. Mexico is challenging the industry established sequential 

process. It has developed plans to maximize the efficiency including incorporating EOR in stage 

one or two (CNH, 2012).  

Based on the properties of the reservoir rock-fluid system, hydrocarbon prices and the feasibility 

of their applications, selected reservoirs were identified for further study using EOR methods 

(CNH, 2012). 

Reservoir geological characteristics have played a prominent role in the outcome of many 

historical combustion projects. Air injection offers unique economic and technical opportunities 
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for EOR in many candidate reservoirs. Concentrating on the economically advantaged class of 

light-oil reservoirs, potential EOR process benefits include: an excellent displacement efficiency 

and mobilization of extra combustion oil, rapid reservoir pressurization, flue-gas stripping of the 

reservoir oil, oil swelling and injection-gas substitution. When air injection is into high-pressure 

reservoirs (like the one under study) additional benefits are: spontaneous oil ignition and complete 

oxygen utilization, and near miscibility of the generated flue gas and oil (Fassihi et al., 1994). The 

single greatest limitation of applying EOR processes is that the reservoir must have a temperature 

where oxygen can be consumed during combustion. Otherwise, the presence of oxygen in the 

reservoir could lead to bacterial growth and emulsions.  

In light oil reservoirs, rock composition is more important than oil properties to determine the 

amount of fuel available for combustion (Earlougher et al., 1970). The clay and metallic content 

of the rock is critical to understand. The clay and metallic content impact surface area which 

influences the fuel deposition and oxidation rates. The presence of clays and fine sands in the 

matrix contribute to increased rates of fuel formation. Clay content, such as kaolinite and illite 

amplify fuel formation under low-temperature oxidation reactions. Rock minerals (pyrite, calcite 

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

 

4.1. Generalities and reservoir properties  

The reservoir under study is located in the geological province of Salina del Istmo and it is part of 

the Tertiary basins found in the South East (SE) of Mexico. The reservoir was discovered in 

November 2013 using seismic data and regional geology studies. Its structure is defined as an 

anticline consisting of a system of normal faults used for its delimitation with a NW-SE orientation 

that belongs to the Miocene sandstone formations. The structural map is presented in Figure 11.  
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Figure 11. Structural map of the Miocene reservoir (after CNH, 2018). 

 

The petrophysical characteristics of these formations were estimated based on the information 

from well logs (resistivity, neutron, lithodensity, sonic, reservoir saturation tool [RST]) and 

interpretations of petrophysical models. The geological characteristics, fluid and reservoir 

properties and the recovery factor are presented in Table 3. 

 

Table 3. General Characteristics of the Miocene Reservoir (CNH, 2018) 

General characteristics Miocene reservoir 

Area (km2) 78.893 

Discovery year 2013 

Exploitation start year 2014 

Average depth (m) 3050 

Elevation (m) 17 
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Wells 

Number and type of drilled wells 19 (Vertical and directional wells) 

Operating wells 13 

Closed wells 4 

Wells with exploitation possibilities 1 

Wells without exploitation possibilities 3 

Type of artificial production systems Pumping system/Hydraulic pumping jet 

 

Geological framework 

Era, period and time Cenozoic/Neogene/Miocene 

Basin Salina del Itsmo 

Tectonic regime Divergent 

Deposit environment Sea fan 

Lithology depot Sandstones 

 

Petrophysical properties 

Mineralogy Clay, Qz, Fld, Ca, Dolomite, Pyrite 

Initial water saturation (%) 20 ï 30 

Intergranular porosity (%) 20 ï 22  

Absolute permeability (mD)  250 ï 500  

Average gross and net thickness (m) 75 ï 181 

Net/gross ratio 0.41 

 

Fluid properties 

Hydrocarbon type Black oil 

Density API @ reservoir conditions 34.1 

Density API @ standard conditions 36 

Viscosity @ reservoir conditions (cp) 0.43 

Viscosity @ standard conditions (cp) 1.92 

Initial and current gas/oil ratio (m3/m3) 175 and 140 

Initial and current Bo (m3/m3) 1.512 and 1.46 

Saturation pressure (psig)/(MPa) 3114.91/21.47 

 

Reservoir properties 

Temperature (ºC) 97.7 

Initial pressure (psig)/(MPa) 4722.15/32.55 

Current pressure (psig)/(MPa) 2489.09/17.16 

Primary and secondary mechanisms Solution gas and hydraulic 
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Hydrocarbon extraction 

Current oil rates (MStb) 8.4 

Current gas rates (MMScf) 7.0 

Maximum oil rate (MStb) 16.7 (March 2016) 

Maximum gas rate (MMScf) 15.2 (May 2016) 

Water cut (%) 17.3 

Recovery factor (current) (%) 34.1 

 

4.2. Geology and lithology  

The stratigraphic column of the basin Salina del Itsmo is made up 16 geological formations, from 

which 5 are Mesozoic formations and 11 are Cenozoic formations. The local column is constituted 

of an alternation lithology of sand and shale with variable thickness, ranging from Early Miocene 

to Pliocene. The predominant lithology is sandstone. The stratigraphic regional column 

additionally holds older units from Jurassic and Cretaceous (Aulis, 2015). Figure 12 presents the 

ideal representation of the Salina del Itsmo stratigraphic column, originated at Late Miocene and 

Early Pliocene. 
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Figure 12. Ideal representation of the stratigraphic column of Salina del Itsmo (After Aulis, 

2015). 

 

When the movement of the Jurassic salt in the geological province of Salina del Istmo was carried 

out as a product of overload, and due to the effects of the regional deformation, numerous salt 

structures with different geometries and sizes were created, generally aligned in NE-SW direction. 

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

and horizontal movement of the salt through the surrounding layers.  

The salt bodies were originally accumulated in an area subject to deformation by extension, a rift 

basin. Later, because of the Yucatan block movement (South of Mexico), two regions with salt 
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were separated, one part remaining in the north of Gulf of Mexico and the other one in the western 

sector of the Yucatan platform, this last one, being buried by Late Jurassic, Mesozoic and Cenozoic 

sediments. Subsequently, the accumulation of a greater volume of terrigenous sediments in the 

Miocene generated its greatest mobility, creating younger sequences in vertical and horizontal 

orientation, building domes, diapirs and canopies. 

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

del Istmo basin, and also provide excellent migration routes for hydrocarbons. 

 

4.3. Production history and reserves 

The original oil volume of the reservoir is 40.1 MMb and the original gas volume is 57.6 BScf. 

The certified reserves 1P to January 2018 are 8.592 MMStb for oil and 6.581 BScf for gas. This is 

presented in Table 4. Figures 13 and 14 represent the evolution of the oil and gas reserves 

respectively. Their diminishment was due to the reservoir characterization and delimitation after 

the drilling of the development wells. 

 

Table 4. Original Volume and Reserves to January 2018 (CNH, 2018) 

Original volume 
Type of 

reserve 

Expected recovery 

factor 
Reserves Accumulated production 

Oil 

(MMStb) 

Gas 

(MMMScf) 
Oil (%) Gas (%) 

Oil 

(MMStb) 

Gas 

(BScf) 

Oil 

(MMStb) 

Gas 

(BScf) 

40.1 57.6 1P 51.6 30.3 8.592 6.581 

12.1 10.8 40.1 57.6 2P 54.8 32.6 9.859 7.548 

40.1 57.6 3P 54.8 32.6 9.859 7.548 
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Figure 13. Evolution of oil reserves (after CNH, 2018). 

 

 

Figure 14. Evolution of gas reserves (after CNH, 2018). 
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Oil and gas production history over time, is presented in Figure 15. 

 

 

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

 

In the High-Pressure Air Injection process the main fluid involved is air, which is very mobile and 

sensitive to formation heterogeneities, saturation and temperature gradients, and oil properties 

(Moore et al., 1995). Several factors must be taken into consideration: geological site, reservoir 

rock and fluid properties, crude oil characteristics and reservoir geometries. Moore and Mehta 

identified several common parameters of successful HPAI reservoirs (Moore and Mehta, 2019), 

which are listed in Table 5 compared with the Mexican reservoir under study.  

High-Pressure Air Injection EOR was chosen to increase the production of the Mexican Miocene 

reservoir since better fits with the necessary requirements for its application.  
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Table 5. Parameters for HPAI Projects and the Mexican Reservoir Under Study (after Moore 

and Mehta, 2019) 

Parameter 
Medicine 

Pole Hills 
Buffalo 

Capa 

Madison 

W. 

Hackberry 

Horse 

Creek 

Mexican reservoir 

under study 

Formation Red River Red River Madison Oligocene 
Red 

River 
Upper Miocene 

Total depth (ft) 9,500 8,450 8,400 9,200 9,100 10,006 

Net pay (ft) 18 10 20 31 20 246 

Permeability (mD) 5 10 1 300 ï 1,000 10 ï 20 250 ï 500 

Porosity (%) 17 20 10 25 12 20 ï 22 

Water saturation 

(%) 
43 45 42 - 35 20 ï 30 

Temperature (ºC) 230 215 236 200 220 97.7 

OOIP (bbl/ac-ft) 530 735 250 - 
45.7 

MMbbl 
8.592 MMStb 

Gravity (ºAPI) 39 31 43 33 32 34.1@r.c/36@s.c. 

Oil viscosity (cP) 0.48 2.1 0.28 0.9 1.42 0.43@r.c/1.92@s.c. 

Bubble point (psi) 2,246 3,000 3,317 - 625 - 

Air injection rate 

(MMScf/D) 
9 33 4 4 8.5 - 

Oil production 

rate (bbl/D) 

950 (1,200 

peak) 

2,600 

(2,800 

peak) 

126 (275 

during air 

injection) 

- - - 

Incremental oil 

production (Air 

injection, MMbbl) 

1.1 10 0.078 - - - 

Cumulative 

injected air (Bscf) 
12 90 2.4 - - - 

Average air/ 

incremental oil 

ratio (Mscf/STB) 

11 9 30 - - - 

Instantaneous 

Air/Oil ratio 

(Mscf/STB) 

9.5 12.7 14.5 - - - 
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 CHAPTER 5 ï ACCELERATING RATE CALORIMETRY TESTS  

Five ARC tests were conducted on oil and core samples from the studied reservoir. The samples 

were provided to the ISCRG at the University of Calgary by a Mexican oil company.  

 

5.1. Equipment and procedure 

The basic principle of the ARC is to maintain a sample in adiabatic conditions once an exothermic 

reaction is detected. Adiabatic conditions are the key factor for optimal ARC design and 

construction. ARC consists of a small spherical diameter sample holder where the reactants are 

placed; the diameter is generally 2.54 cm. The samples are contained in high-pressure holders or 

bombs; made of various materials with different masses: glass, titanium, stainless steel, hastellogy 

and tantalum. The volume and mass of the material for the reaction holder was determined based 

on the chemical reaction under study. Titanium spherical bombs have a low thermal capacity, 

which supports modelling of the conditions encountered in an actual large-scale decomposition 

(Little, 2000). The bomb is placed inside a precisely heated calorimeter whose temperature is 

maintained exactly to ensure no variation between the bomb and the calorimeter wall.  

The temperatures are measured with thermocouples placed on the bomb and on the outer walls of 

the calorimeter which contains the heaters. The heat flow toward the outside of the bomb varies 

according to the difference in temperature between the bomb and the calorimeter walls. This 

permits the tracking of rapid exothermic reactions under strict adiabatic conditions. ARC measures 

the self-heat rate (SHR) and the rate of temperature rise related to the energy generation rate. When 

SHR is achieved or the exothermic initiation is detected, the sample completes its thermal spiral 

adiabatically. The time, temperature and pressure data are recorded until the exothermic reaction 

is completed.  

In most ARC studies, the self-heat rate threshold is usually set at 0.025 °C/min or greater. In the 

ARC study conducted for the selected Mexican sandstone reservoir a value of 0.020 °C/min was 

established as the self-heat threshold. A pressure transducer attached to the bomb head reads the 
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pressure measurement inside the bomb. The schematic drawing of the accelerating-rate 

calorimetry unit is presented in Figure 16 taken from Mallory et al., 2019, after Sarathi, 1999. 

 

 

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

 

When utilized for thermal decomposition of reactive chemicals, further post-run calculations can 

be used to make predictions about the behaviour of the isolated chemical and the behaviour of the 

chemical in other environments The various kinetic parameters that describe the decomposition 

reaction can be determined. These results assist the plant operator to make accurate hazard 

predictions.  

The ARC traditionally operates as a closed system within its specific temperature and pressure 

performance envelope. This closed system has a fixed amount of air, initially at reservoir pressure, 

over the oil sample and is a near-perfect adiabatic operation. This operating mode is the standard 

used to obtain most kinetic parameters for the oxidation of oils at the test pressures. In real 

reservoirs, the reaction kinetics are dynamic and affected by oxygen flux. Yannimaras and Tiffin 

developed a flowing mode type of ARC testing (Yannimaras and Tiffin, 1995). In flowing mode, 

the air is continuously supplied to the reaction cell for the duration of the run at reservoir pressure 

and quasi-adiabatic operation. When ARC is operated in flowing mode, SHR, volumetric flow rate 
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and composition of the produced gases are obtained using a wet test meter and gas chromatograph 

(Fazlyeva et al., 2019). 

There are two types of ARC tests, scanning or heat-wait-search (HWS) and isoaging also known 

as isothermal aging. The information provided from each type is very similar and their differences 

lay mainly in the waiting period: minutes (HWS) versus days (Isoaging). Isothermal aging offers 

the advantage to determine if the oil reservoir is likely to self-ignite upon air injection. 

HWS or scanning is programmed to raise the system temperature (thermal equilibrium) in pre-

determined steps, after a certain waiting and searching period of typically 20 minutes to one hour. 

If an exotherm is encountered, the oil is allowed to react adiabatically at its inherent reaction rate. 

When the sample is reacting, there is no forced baseline heating, the system boundaries are kept at 

a temperature equal to the sample holder temperature to ensure adiabatic operation. A scanning or 

HWS run is useful for quickly establishing the temperature intervals in which the oil reacts with 

air.  

Isoaging or isothermal aging involves holding the oil, core and air samples at the reservoir 

temperature and pressure for typically five to seven days of a soaking period. A low level of heat 

transfer is required. As reactions take place, the system temperature may slowly increase until 

ignition occurs and there are sustained exotherm results. Ignition in an ARC experiment is defined 

as the temperature at which the SHR exceeds the pre-set threshold value and produces a self-

sustaining exotherm.  

The ARC screening of oils for suitability to air injection was developed by Amoco Production 

Company (Amoco). Amoco used it as a fingerprinting tool to screen candidate reservoirs for their 

potential to increase production using HPAI. The technique is based on examining the auto-

ignition behaviour as well as the extent and continuity of the exotherm trace obtained in an ARC 

experiment. The same technique applied to the experiments conducted for this thesis research.    
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5.2. Operating parameters  

The design parameters for this study are presented in Table 6. The study consisted of four tests 

using the closed ARC mode system and one using the flowing ARC mode system with the 

variations in the cell content. 

The cell content was the oil alone sample or the oil plus core samples at Heat-Wait-Search (HWS) 

or isoage plus HWS conditions. The HWS tests were conducted using a target starting temperature 

of 80°C. The isoage tests were initiated using the target reservoir temperature of 90.5°C.   

For all the tests, the sample holder was pressurized with air to achieve the reservoir conditions 

with a pressure of approximately 1706 psig. The self-heat threshold criterion was set at 

0.020°C/min for the HWS and isoage tests. 

 

Table 6. Operating Parameters for ARC Tests 

Experiment 
ARC 

Mode 

Type 

of test 

Initial/ Starting 

temperature 

(°C) 

Initial/ Starting 

pressure (psig) 

Reaction 

cell 

content 

Initial mass 

(grams) 

Run 

duration 

(hours) Oil Core 

1 Closed HWS 22.4/79.7 1484/1679 Oil and air 0.2036 0.0 73.1 

2 Closed HWS 22.4/79.7 1495/1687 
Oil, core, 

and air 
0.2040 1.0051 39.4 

3 (a) 
Closed 

Isoage 24.6/90.5 1496/1715 Oil, core, 

and air 
0.2038 1.0026 

131.9 

3 (b) HWS 21.4/79.7 1482/1678 25.7 

4 Closed 
Isoage

/HWS 
22.0/90.5 1488/1716 

Oil, core, 

and air 
0.2044 1.0232 160.7 

5 Flowing HWS 22.4/79.7 1703/1705 
Oil, core, 

and air 
0.2082 1.0120 27.2 

 

5.3. Oil sample  

The oil sample used in the performed experiments was provided to the ISCRG by a Mexican oil 

company, taken from the reservoir under study. The oil sample was tested to determine its chemical 

composition, recorded in Table 7. 
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Table 7. Oil Properties for ARC Tests (Analyses by U of C, 2019) 

Oil properties 

Density (g/cc) Temperature (°C) 

Density 1 0.8599 @ 15 

Density 2 0.8528 @ 25 

Density 3 0.8420 @ 40 

Density 4 0.8317 @ 55 

°API 33.1 @ 15 

 

Viscosity (cP) 

 

Temperature (°C) 

Viscosity 1 15.1 @ 15 

Viscosity 2 11.3 @ 25 

Viscosity 3 7.62 @ 40 

 

Composition (wt %) 

Carbon 84.7 

Hydrogen 13.23 

Nitrogen 0.07 

Sulphur 1.3 

Asphaltenes 0.44 

 

Molecular weight (g/gmol) 

219 

 

5.4. Core sample  

A representative core sample selected from the reservoir under study was provided by the Mexican 

oil company and it was used in the ARC and HPRTO testing. The extracted core was placed in an 

oven and fired at 350°C for 24 hours to oxidize any residual hydrocarbons. The mineralogy of the 

core sample was semi-quantitatively determined by testing. The analysis determined the sample 

mineral composition on a mass basis of 44.6% of quartz, 15.5% of k-feldspar, 34.2% of plagioclase 

and 5.7% of illite. 
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5.5. Test 1 

For Test 1 a Heat-Wait-Search (HWS) test was conducted on the reservoir oil only in contact with 

air. Figure 17 shows the temperature profiles of the vapour phase (bomb) and the control 

thermocouple at liquid phase (sample) for the time and the pressure profiles recorded during the 

test. The eight numbers used in to label Figure 17 indicate the stages the sample passed through 

during the test.  

 

 

Figure 17. Pressure and temperature profiles for Test 1. 

 

1. The test began with the pressuring and pre-heating the charged reaction cell to the target 

temperature of 80°C.   

2. The first HWS period occurred when the detected self-heating events were below the 

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

increments of 5°C until the self-heating rate of the oil was determined to exceed the pre-

set exotherm threshold value. 
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3. An initial exotherm was identified at a temperature value of 140.2°C. At these conditions 

and based on the input exotherm threshold value, the ARC switched to an adiabatic heat-

loss prevention routine. The system continuously evaluated the sample self-heat rate to 

determine the duration of the apparent exotherm.  

4. This point indicates the end of the initial exotherm at 149.6 °C, when the self-heat rate fell 

below the threshold value of 0.020°C/min again. The ARC controller continued to apply a 

5°C step increase to the heater controls. 

5. Following a temperature stabilization, a second exotherm was identified at 155.0°C. The 

reactor temperature increased steadily until a rapid exothermic release occurred at 1706.8 

minutes, post-test initiation.  

6. This point was inferred to be the ignition. The first major peak observed in the ARC plot 

generally corresponds to the low-temperature range. This explosive event was believed to 

be a result of an instantaneous gas-phase reaction; the maximum self-heating rate observed 

at the control thermocouple placed outside the reaction sphere was 138.8°C/min and the 

maximum self-heating rate observed in the vapour phase of the sphere, above the liquid 

level of the oil sample, was 2003°C/min, as presented in Figure 19. Following the release 

of energy associated with the observed ignition at 285.2°C, the monitored self-heating rate 

dropped below the exotherm threshold and the ARC switched its operating mode into a 

third HWS routine. The ARC controller continued with its heat-wait-search routine until, 

at 355.71°C, the third region of exothermic activity was indicated. This event was very 

short-lived, lasting just over three minutes and is not noted in the Figure 18. 

7. Shortly after resuming HWS operation, the reaction sphere reached 361.2°C and the fourth 

region of exothermic activity was identified.  

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

programmed termination temperature of 499°C. 

The major exotherm associated with this test occurred between 155.0 and 285.2°C (Figure 17). 

The maximum self-heating rate of 138.8°C/min associated with the control sphere occurred at a 

reactor temperature of 247.5°C (Figure 19). 

 



58 

 

 

 

 

Figure 18. Pressure and temperature profiles of the major exotherm for Test 1. 

 

 

Figure 19. Pressure and temperature profiles of the maximum Self-Heating Rate for Test 1. 
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Figure 20 presents the self-heat rate data versus control temperature for Test 1 on a modified 

temperature scale, for all points that were above the threshold self-heat rate (exotherms). The ARC 

experimental results for SHR data are commonly presented as the log of SHR (ºC/min) vs. the 

inverse of absolute temperature (1/T, indicated as 1/K). For this thesis, representative temperature 

in °C was included for all tests. Note that the 1/T scale has been modified by reverse plotting of 

the values. 

 

 

Figure 20. Self-Heat Rate plot for Test 1 displaying the modelled kinetic zones. 

 

The exotherms were treated as kinetic zones because the reaction activity exceeded the threshold 

value. In Test 1, four kinetic zones were observed over different ranges of temperature, presented 

in Table 8 where each kinetic zone is represented using with a unique colour matching the traces 

in Figure 20 respectively. The self-heat rates were modelled to a zero-order Arrhenius equation 

for fuel and oxygen concentrations, and afterwards, the activation energy (kJ/mol) and the pseudo-

pre-exponential factor, AôCN-1 (min-1) were calculated. They are also presented in Table 8.  
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The near-vertical appearance of the self-heat curve above 239°C was thought to be caused by an 

instantaneous reaction in the volume of the reaction sphere occupied by air and the vapourized 

hydrocarbons (gas-phase burn). The temperature ranges when the exotherm exhibited its rapid 

response corresponds to the normal range associated with bond-scission reactions in light oil.  

The self-heating rates measured using ARC are considered to be very accurate, provided the 

heaters supply the power as required by the control system at each temperature in the exotherm. 

At control temperatures above 241.4°C, the ARC heaters were at 100% output capacity and, as 

such, modelling kinetic data above this temperature is associated with decreasing amounts of 

certainty. It was found that 33.9 percent of the original oil mass was consumed during Test 1. 

 

Table 8. Kinetic Zones Found in Test 1 

Kinetic 

zone 

Temperature 

(°C) 

Temperature 

(K) 

Temperature 

(1/K) 

dT/dt 

(°C/min) 

Activation 

energy 

(kJ/mol) 

Ea/R 

(K) 

AôCN-1 

(n=0)(min-1) 

1 
155.0 428.15 0.002336 0.03 

51.91 6257 3.248E+03 
178.2 451.35 0.002216 0.07 

        

2 
178.2 451.35 0.002216 0.07 

112.62 13528 3.063E+10 
202.0 475.15 0.002105 0.37 

        

3 
202.3 475.45 0.002103 0.38 

194.26 23308 1.866E+19 
239.3 512.45 0.001951 13.27 

        

4 
239.3 512.45 0.001951 13.27 

924.44 1E+05 6.72E+94 
241.4 514.55 0.001943 45.7 

 

Figure 21 compares the self-heat rate curves resulting from the control thermocouple and the data 

from the vapour phase thermocouple.  
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Figure 21. Self-Heat Rate comparison plot between the control thermocouple and the vapour 

phase thermocouple in Test 1. 

 

5.6. Test 2 

For this experiment, a second HWS was conducted for an oil/core/air system (the reservoir oil and 

the extracted clean core) loaded into the ARC reaction. As presented in Test 1, Figure 22 shows 

the pressure and temperature profiles of the process, but now, with six points of interest.  

1. The test began with the pressuring and pre-heating to 80°C.  

2. This point indicates the initiation of the HWS process.  

3. The first exotherm is found at a temperature of 155.8°C, where the ARC switched from 

HWS mode to an adiabatic heat loss prevention mode. 

4. This mode finishes in a rapid, gas-phase burn peak. The result was a maximum control 

self-heating rate of 135.8°C/min at 907.73 min on the outside surface measured by the 

bomb or control thermocouple (Figure 24). The temperature inside the bomb, in the vapour 

phase was considerably higher at the time of the peak, with a maximum self-heating rate 

of 2262°C/min, at the 907.68 minutes (Figure 24). The increased pressure and temperature 
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are presented in Figure 23. The gas-phase burn was accompanied by a pressure spike and 

a recorded rate of increase above 4950 psi/min, is shown in Figure 24.  

5. As a result of the rapid cooling associated with the gas contraction following the pressure 

spike, the self-heat rate dropped beneath the exotherm identification threshold of 

0.020°C/min. Then the ARC switched back to a heat-wait-search control mode. No further 

exothermic activity was detected in this test. 

6.  ARC began its cool down routine when the termination temperature of 475°C was reached. 

 

 

Figure 22. Pressure and temperature profiles for Test 2. 
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Figure 23. Pressure and temperature profiles of the major exotherm for Test 2. 

  

 

Figure 24. Pressure and temperature profiles of the maximum Self-Heating Rate for Test 2. 
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Figure 25 presents the Self-Heat Rate data versus control temperature for Test 2, again, on the 

modified temperature scale, for all points that were above the threshold self-heat rate. For this test, 

even if just one exotherm was found, 6 kinetic zones were modelled between different ranges of 

temperatures that demonstrate changes in the trace, presented in Table 9 where each kinetic zone 

is represented using with a unique colour matching the traces in Figure 25 respectively. The self-

heat rates were modelled to a zero-order Arrhenius equation for fuel and oxygen concentrations. 

Table 9 presents the activation energy (kJ/mol) and the pseudo-pre-exponential factor, AôCN-1 

(min-1) calculated. 

 

 

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

 

The near-vertical appearance of the self-heat curve above 238.9°C was thought to be caused by 

the instantaneous reaction in the volume of the reaction sphere occupied by air and vapourized 

hydrocarbons, this is the gas-phase burn or vapour phase combustion. Similar to Test 1, the 

temperature where the major exotherm was exhibited corresponds to the normal range associated 

with bond-scission reactions in light oils.  
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For this test, at control temperatures above 240.8°C, one of the ARC heaters was at 100% output 

capacity. Thus, modelling kinetic data above this temperature would be associated with decreasing 

amounts of certainty. The study found that 36.6 percent of the original oil mass was consumed 

during Test 2. 

 

Table 9. Kinetic Zones Found in Test 2 

Kinetic 

zone 

Temperature 

(°C) 

Temperature 

(K) 

Temperature 

(1/K) 

dT/dt 

(°C/min) 

Activation 

energy 

(kJ/mol) 

Ea/R 

(K) 

AôCN-1 

(n=0)(min-1) 

1 
155.8 428.95 0.002331 0.075 

521.67 62661 2.456E+61 
158.7 431.85 0.002316 0.204 

        

2 
158.7 431.85 0.002316 0.204 

240.74 28904 2.672E+27 
168.6 441.75 0.002264 0.9 

        

3 
168.6 441.75 0.002264 0.9 

122.67 14735 7.046E+12 
211.2 484.35 0.002065 14.877 

        

4 
211.2 484.35 0.002065 14.877 

-27.96 -3356 7.326E-04 
232.2 505.35 0.001979 13.035 

        

5 
232.2 505.35 0.001979 13.035 

135.65 16290 1.889E+14 
238.9 512.05 0.001953 25.859 

        

6 
238.9 512.05 0.001953 25.859 

1329.30 159646 2.659E+136 
240.8 513.95 0.001946 70.268 

 

Figure 26 compares the self-heat rate curve reflecting the control thermocouple data and the vapour 

phase thermocouple. 
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Figure 26. Self-Heat Rate comparison plot between the control thermocouple and the vapour 

phase thermocouple in Test 2. 

 

5.7. Test 3A and 3B 

Test 3 was planned to subject the reaction cell content to a closed isoage routine for a maximum 

five days period, followed by a heat-wait-search routine. However, due to technical problems in 

the laboratory, it was not possible to complete the test as expected. The test therefore, was repeated 

in a new experiment under the same conditions (Test 4). The information obtained before the 

technical problem was incorporated into the thesis data. It was divided into two parts, Tests 3A 

and 3B. 

When operating in isoage mode, the ARC maintains the reactor at the reservoir temperature until 

the time limit for the isoage period is reached or a self-heat rate is detected that exceeds the 

exotherm threshold limit, which for this test was 0.020°C/min. If the temperature of the reactor 

dropped 2°C below the reservoir temperature setting, the ARC added additional energy to the 

reactor until it reached the reservoir temperature again.  
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Figure 27 shows the recorded pressure and temperature profiles of the Test 3A with four points of 

interest.  

1. This point identifies the initiation of the test; heating the sample container to 90.5°C, the 

target reservoir temperature.  

2. This point represents is the onset of isoage heating control. At any time during the isoage 

period, no self-heat values greater than the threshold value of 0.020 °C/min were detected.  

3. When the ARC switched to HWS mode the lack of reactivity indicated a non-auto-ignition 

upon air injection.  

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

The ARC system temperature dropped to room temperature before the breakers could be reset and 

the program restarted. Since the bomb from Test 3 had not yet exhibited notable self-heating, the 

decision was made to subject it to a HWS test, which became test 3B starting at reservoir 

temperature with the purpose to compare its information with the collected data during Test 4.  

 

 

Figure 27. Pressure and temperature profiles for Test 3A. 
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In Figure 28, the results of the HWS for Test 3B are detailed with six points of interest.  

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

2. This point identifies where the ARC controller switched its operational mode to HWS 

heating control.  

3. The temperature increased without identification of notable self-heating until, at 155.4°C, 

the measured self-heat rate exceeded the exotherm identification threshold and the ARC 

switched to the isothermal operation mode.  

4. This point indicates the presence of a rapid gas-phase burn event, with the vapour phase 

within the reaction sphere reaching a maximum temperature of 398.3°C, at 962.2 minutes 

into the test. The control temperature, which was associated with the temperature of the oil 

and core within the reaction sphere, reached its peak temperature of 276.1°C, at 963.4 

minutes into the test (Figure 29). Figure 30 indicates the rate of the increased pressure at 

the time of the gas phase burn was more than 4700 psi/minute and the self-heating rate of 

the vapour phase was over 2000°C/min.  

5. Following the gas phase burn, the self-heating rate computed from the temperature of the 

control thermocouple dropped under the threshold value of 0.020°C/min and the ARC 

returned to HWS mode. No further significant exothermic activity was determined during 

this test. 

6. ARC began its cooling and shutdown routine when the control temperature reached 475 

°C. 
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Figure 28. Pressure and temperature profiles for Test 3B. 

 

 

Figure 29. Pressure and temperature profiles of the major exotherm for Test 3B. 
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Figure 30. Pressure and temperature profiles of the maximum Self-Heating Rate for Test 3B. 

 

Figure 31 presents the self-heat rate data versus control temperature for Test 3B with a modified 

temperature scale for all the points that were above the threshold self-heat rate. During this test, 

one exotherm was found but seven kinetic zones were modelled between a variety of temperature 

ranges, presented in Table 10. In this table, each kinetic zone is represented using with a unique 

colour matching the traces in Figure 31 respectively. The self-heat rates were modelled to a zero-

order Arrhenius equation for fuel and oxygen concentrations. Table 10 also presents the activation 

energy (kJ/mol) and the pseudo-pre-exponential factor, AôCN-1 (min-1) calculated. 
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Figure 31. Self-Heat Rate plot for Test 3B displaying the modelled kinetic zones. 

 

At a temperature of 238°C the exotherm exhibited the near-vertical appearance of the self-heat 

corresponding to the normal range associated with bond-scission reactions in light oils.  

At control temperatures above 240.4°C for this test, certain ARC heaters were at 100% output 

capacity and modelling kinetic data above this temperature was associated with decreasing 

amounts of certainty, similar to the other tests. 25.0 percent of the original oil mass was consumed 

in Test 3. 
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Table 10. Kinetic Zones Found in Test 3B 

Kinetic 

zone 

Temperature 

(°C) 

Temperature 

(K) 

Temperature 

(1/K) 

dT/dt 

(°C/min) 

Activation 

energy 

(kJ/mol) 

Ea/R 

(K) 

AôCN-1 

(n=0)(min-1) 

1 
155.4 428.55 0.002333 0.037 

425.79 51150 5.200E+49 
160.8 433.95 0.002304 0.165 

        

2 
160.8 433.95 0.002304 0.165 

256.23 30780 1.072E+29 
170.8 443.95 0.002253 0.778 

        

3 
170.8 443.95 0.002253 0.778 

159.09 19080 2.498E+17 
185.8 458.95 0.002179 3.217 

        

4 
185.8 458.95 0.002179 3.217 

114.29 13740 1.620E+12 
206.8 479.95 0.002084 11.32 

        

5 
206.8 479.95 0.002084 11.32 

-10.17 -1227 4.844E-02 
225.6 498.75 0.002005 11.131 

        

6 
225.6 498.75 0.002005 11.131 

98.38 11837 1.694E+10 
238.1 511.25 0.001956 21.504 

        

7 
238.1 511.25 0.001956 21.504 

1209.14 1E+05 7.871E+123 
240.4 513.55 0.001947 67.555 

 

Figure 32 compares the self-heat rate curve associated with the control thermocouple (liquid phase) 

with the vapour phase thermocouple.  
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Figure 32. Self-Heat Rate comparison plot between the control thermocouple and the vapour 

phase thermocouple in Test 3B. 

 

5.8. Test 4 

This experiment repeats Test 3. Figure 33 provides the recorded pressure and temperature profiles 

with seven points of interest.  

1. This point represents the initiation of the test, heating the sample container to 90.5°C (target 

isoage operating temperature).  

2. The onset of isoaging heating control is indicated at this point, and, like Test 3, no self-

heating values exceeded the detection threshold of 0.020°C/min. This may indicate a non-

auto-ignition upon air injection.  

3. After five days of isoaging, the ARC switched to heat-wait-search mode and the ARC 

controller began adiabatic operation, similar to the standard HWS tests.  

4. At the 7938.5 minutes, the ARC detected self-heating rates (150.6°C) exceeding the 

detection threshold. The unit switched to adiabatic heating mode.  
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5. A sudden gas-phase burn was observed at this point, and the vapour phase peaked at 

418.2°C. The control thermocouple peaked at a maximum temperature of 277°C.  

6. This exotherm was almost imperceptible (from 8104.3 to 8105.0 min), ending at a 

temperature of 154.4°C in point 6. The vapour phase peak was observed in Figure 34 and 

the changes to pressure and temperature over time are presented in Figure 35.  

7. The ARC switched back to its HWS operation and continued without further exotherm 

identification until it reached a temperature of 475°C when the ARC unit began its 

shutdown procedure. 

 

 

Figure 33. Pressure and temperature profiles for Test 4. 
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Figure 34. Pressure and temperature profiles of the major exotherm for Test 4. 

 

 

Figure 35. Pressure and temperature profiles of the maximum Self-Heating Rate for Test 4. 
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Figure 36 presents the self-heat rate data versus control temperature data from Test 4. Similar to 

the other tests conducted the temperature scale was modified for all points that were above the 

threshold self-heat rate. One exotherm was found and seven kinetic zones were modelled between 

a variety of temperature ranges, introduced in Table 11. Each colour corresponds to a specific 

colored exotherm shown in Figure 34. The self-heat rates were modelled to a zero-order Arrhenius 

equation for fuel and oxygen concentrations. After the activation energy (kJ/mol) and the pseudo-

pre-exponential factor, AôCN-1 (min-1) were calculated. 

 

 

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

 

At 237.8°C the exotherm exhibited the near-vertical appearance of the self-heat corresponding to 

the normal range associated with bond-scission reactions in light oils.  

For this test, at control temperatures above 241.9°C, the ARCôs tube heater was at 100% output 

capacity and modelling kinetic data above this temperature was associated with decreasing 
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amounts of certainty. It was found that 23.0 percent of the original oil mass was consumed in Test 

4. 

 

Table 11. Kinetic Zones Found in Test 4 

Kinetic 

zone 

Temperature 

(C) 

Temperature 

(K) 

Temperature 

(1/K) 

dT/dt 

(°C/min) 

Activation 

energy 

(kJ/mol) 

Ea/R 

(K) 

AôCN-1 

(n=0)(min-1) 

1 
150.6 423.75 0.002360 0.019 

48.98 56137 1.334E+55 
156.9 430.05 0.002325 0.154 

        

2 
156.9 430.05 0.002325 0.154 

277.16 34311 8.971E+32 
165.5 438.65 0.002280 0.718 

        

3 
165.5 438.65 0.002280 0.718 

125.60 15210 2.819E+13 
201.3 474.45 0.002108 10.068 

        

4 
201.3 474.45 0.002108 10.068 

44.79 5363 8.090E+04 
212.5 485.65 0.002059 13.316 

        

5 
212.5 485.65 0.002059 13.316 

-52.75 -6335 2.144E-06 
226.7 499.85 0.002001 9.748 

        

6 
226.7 499.85 0.002001 9.748 

68.66 8224 1.261E+07 
237.8 510.95 0.001957 14.515 

        

7 
237.8 510.95 0.001957 14.515 

716.36 86033 2.660E+73 
241.9 515.05 0.001942 68.641 

 

Figure 37 compares the self-heat rate associated with the control thermocouple (liquid phase) with 

that of the vapour phase thermocouple. 
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Figure 37. Self-Heat Rate comparison plot between the control thermocouple and the vapour 

phase thermocouple in Test 4. 

 

5.9. Test 5 

Unlike the previous four tests, in Test 5 the reaction vessel was installed into the ARC system to 

allow a constant pressure air purge at a flow rate of 0.037 slpm (standard liters per minute) at 1706 

psig so a flowing ARC test could be performed. The reaction cell contained the reservoir oil and 

core material. 

Figure 38 presents the pressure and temperature responses recorded during Test 5 with five points 

of interest.  

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

2. The ARC control system began the HWS process.  

3. The first identification of the self-heat rate exceeding the threshold value at a temperature 

of 155.3°C  
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4. The end of the same exotherm is at a temperature of 411.0°C; when the ARC unit switched 

back to HWS mode. This exotherm process is presented in Figure 39 and the changes in 

pressure and temperature in Figure 40. 

5. The unit switched to a cool down mode when the temperature of the HWS routine reached 

475°C. The peak recorded gas-phase self-heat rate of 11.7°C/min occurred 1139.9 minutes 

into Test 5. 

 

 

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

 

 

Figure 40. Pressure and temperature profiles of the maximum self-heating rate for Test 5. 
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Figure 41 presents the self-heat rate data versus control temperature for Test 5, on a modified 

temperature scale, for all points above the threshold self-heat rate. The exotherms presented during 

the test are presented as kinetic zones, modelled for the changes in the trace. Ten kinetic zones 

were modelled over the total exotherm temperature range. They are presented in Table 12 where 

each kinetic zone is represented using with a unique colour matching the traces in Figure 41 

respectively. The self-heat rates were modelled to a zero-order Arrhenius equation for fuel and 

oxygen concentrations. Table 12 also presents the activation energy (kJ/mol) and the pseudo-pre-

exponential factor, AôCN-1 (min-1) calculated. 

 

 

Figure 41. Self-Heat Rate plot for Test 5 displaying the modelled kinetic zones. 

 

For Tests 1 through 4, the self-heat rate near-vertical appearance indicates the temperature where 

the major exhibited exotherm is noticeable. However, for Test 5 this behaviour did not appear. The 
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highest self-heat rate observed was above 242.3°C, corresponding to the normal temperature 

ranges associated with bond-scission reactions in light oils. 

 

Table 12. Kinetic Zones Found in Test 5 

Kinetic 

zone 

Temperature 

(°C) 

Temperature 

(K) 

Temperature 

(1/K) 

dT/dt 

(°C/min) 

Activation 

energy 

(kJ/mol) 

Ea/R 

(K) 

AôCN-1 

(n=0)(min-1) 

1 
155.3 428.45 0.002334 0.029 

429.98 51655 2.594E+50 
158.2 431.35 0.002318 0.068 

        

2 
158.2 431.35 0.002318 0.068 

94.20 11324 4.383E+08 
201.2 474.35 0.002108 0.909 

        

3 
201.2 474.35 0.002108 0.909 

156.16 18733 8.922E+15 
215.5 488.65 0.002046 2.788 

        

4 
215.5 488.65 0.002046 2.788 

112.20 13492 1.083E+11 
242.3 515.45 0.001940 11.179 

        

5 
242.3 515.45 0.001940 11.179 

-21.72 -2611 2.223E-03 
276.8 549.95 0.001818 8.204 

        

6 
276.8 549.95 0.001818 8.204 

-100.06 
-

12029 
6.593E-11 

318.5 591.65 0.001690 1.919 

        

7 
318.5 591.65 0.001690 1.919 

1.29 155.3 1.014E-01 
342.3 615.45 0.001625 1.985 

        

8 
342.3 615.45 0.001625 1.985 

113.46 13612 1.753E+08 
385.1 658.25 0.001519 7.161 

        

9 
385.1 658.25 0.001519 7.161 

-72.43 -8687 8.283E-07 
402.6 675.75 0.001480 4.915 

        

10 
402.6 675.75 0.001480 4.915 

-665.70 
-

79975 
3.262E-52 

409.7 682.85 0.001464 1.022 
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Figure 42 compares the self-heat rate associated with the control thermocouple (liquid phase) to 

the vapour phase thermocouple. The separation between the traces of self-heating rates measured 

by the control and vapour thermocouples observed in each of the closed tests was not displayed in 

the flowing test. Unlike the results of the four closed ARC tests, where the amount of oil consumed 

during each test varied between 23.0 and 36.6 percent, the mass loss of oil in test 5 was 97.6 

percent. This meant nearly all the initial oil in place was consumed during the test, accounting for 

the vertical drop at approximately 410°C. This result suggests that, in the presence of a continually 

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

 

 

Figure 42. Self-Heat Rate comparison plot between the control thermocouple and the vapour 

phase thermocouple in Test 5. 

 

In flowing mode, some gases were produced during the testing. Figure 43 displays the produced 

gas compositional analysis. The plot contains the rate of the produced gases in cc/min at standard 

conditions, indicating the presence of nitrogen, carbon monoxide, oxygen, carbon dioxide and 

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

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

 

 

Figure 43. Produced gas analysis in test 5. 

 

5.10. Analysis and discussion of results  

The five ARC tests performed on the oil and core samples provided a qualitative evaluation of the 

oxidation characteristics of the oil samples. The maximum SHR that the ARC tests were capable 

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

The temperature points for the near-vertical appearance of the self-heat curve from each ARC tests 

are displayed in Table 13. This is an important parameter to mention as the temperature at which 

the major exotherm was exhibited corresponds to the normal range associated with bond-scission 

or combustion reactions for light oils. It is a reliable representation of the ignition phase of the 

combustion process. 
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Table 13. Temperatures When the Major Exotherm Was Presented at Each ARC Test 

ARC Test Major exotherm temperature (°C) 

Test 1 (HWS and closed) 239.3 

Test 2 (HWS and closed) 238.9 

Test 3 (Isoage/HWS and closed) 238.1 

Test 4 (Isoage/HWS and closed) 237.8 

Test 5 (HWS and flowing) 242.3 

 

Figures 44 and 45 provide a comparison of temperature and pressure. Figures 46 and 47 are a 

comparison in the rate of temperature and pressure increase versus time for the five tests. The 

traces for tests 2, 3 and 4 after the isoaging period are very similar. The effect of isoaging appeared 

to slightly reduce the maximum self-heat response during a closed ARC test using oil and core 

material. The flowing test was associated with the highest control thermocouple temperature 

during the period when the SHR was above the threshold value of 0.020 °C/min. This test allowed 

evolved vapour fuel to continually be in contact with a sustain supply of air and as a result the rate 

temperature increases for this test are not high. 

Convective heat transfer to the flowing gas stream is believed to be at least partially responsible 

for the lower self-heat rate for flowing Test 5. The very rapid heat responses observed during the 

closed ARC tests were not observed during the flowing Test 5. The rapid heating events during 

closed ARC Tests 1 to 4 appears to be associated with the ignition of a vapour phase burn under 

conditions where the air/fuel ratio is close to stoichiometric. The fact that this type of temperature 

response was not observed during flowing Test 5 suggests that the fuel concentration during the 

exotherm did not enter the flammable range, except for when the self-heat rate was at its maximum 

value (see Figure 40). 
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Figure 44. Comparison of the temperature profiles for the five ARC tests. 

 

 

Figure 45. Comparison of the pressure profiles for the five ARC tests. 
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Figure 46. Comparison of the temperature increases (Self-Heat Rates) for the five ARC tests. 

 

 

Figure 47. Comparison of the pressure rise rate for the five ARC tests. 
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Figure 48 presents the SHR plots for all five ARC tests. There was a strong overlap in the data 

from tests 2, 3, and 4 because of the characteristics in their design operation (oil, core and air in a 

closed mode). Test 1 was only oil and air and initiated with a completely different trace. At 240°C, 

the Test 1 trace follows the same path as the other closed tests. Test 5 presents an exotherm trace 

completely different from the closed tests. This trace converges at approximately 240°C, matching 

the traces from the other tests. The geometry of the closed ARC system contributes to the rapid 

self-heating rates above 240°C and it can be assumed that in this range of temperatures, the 

presence of the core does not have a significant influence on the reaction, hence mass transfer was 

not a controlling factor. Beyond 250°C all the SHR suffer a sudden decline. This is attributed to 

insufficient oxygen or mixture that was too fuel-rich. What is interesting was that in Test 5 the 

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

of oxygen unlike the other four the closed tests. This decline in SHR may be the result of a 

reduction in the available contact time between oxygen and hydrocarbon fractions. The 

hydrocarbons were increasingly converting from the liquid phase to the supercritical fluid phase 

as the temperature increased inside the reaction sphere. 

In Tables 9 through 12 that correspond to Tests 2 to 5 it is noticeable that negative activation 

energies were observed. They, over a temperature range, are believed to be indication of either 

mass transfer limitation, the vapour phase being too fuel rich or too fuel lean to support 

combustion, the presence of endothermic reaction (distillation or cracking) or a combination of the 

above situations.  

In Test 3 and 4 it was noticeable that the oil was unable to successfully generate enough energy to 

surpass the exotherm identification threshold during the tests initiated at the reservoir temperature 

(90.5°C). This does not mean that the reservoir will not self-ignite in the field as the field will act 

as a much superior insulator, when compared with the equipment in the laboratory. The major 

problem in the laboratory is the effective heat capacity of the apparatus, which essentially ósoaksô 

up the energy generated by the low temperature range that are responsible for spontaneous ignition. 

This heat load prolongs the time period over which the LTO reactions occur and results in a greater 

modification to the oil composition than would occur under the more adiabatic environment of a 

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

uptake rates and therefore, energy generation rates to decrease with time (Gutierrez et al., 2009). 

According to literature (Mallory et al., 2019), the shape of the SHR associated with a light oil 

subjected to a closed ARC test should take the shape of an inverted hook. The maximum SHR 

should exceed 10 °C/min for the oil to be considered a good candidate for field recovery using 

HPAI. Good prospect oils are those associated with continuous self-heating profiles, including a 

wide range of temperatures when they are subjected to flowing ARC tests. While the mass loss of 

fuel from closed ARC tests usually ranges between 25 and 60% it is usual to see fuel consumption 

values associated with the flowing ARC test that exceed 90%. The variance in mass loss of initial 

fuel between closed and flowing tests was attributed to the air/fuel stoichiometry within the bomb 

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

study is an ideal candidate for consideration for the application of HPAI in the field. 

 

 

Figure 48. Comparison of the Self-Heat Rate plots for the five ARC tests. 
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5.11. Summary of the observations from ARC tests 

1. The exotherms found in the ARC tests were in the ranges of 155 ï 247°C, depending on 

the kind of test the sample was exposed to. Only ARC Test 1 presented more than one 

exotherm. Increasing rates of reactivity between 155.0 ï 247.5°C and continuous activity 

to 285.2°C with a maximum self-heating rate of 138.8°C/min were observed. 

2. ARC closed tests that involved an oil/air/reservoir system displayed increasing rates of 

reactivity between 155.4 ï 212.5°C and between 225.6 ï 247.0°C, with continuous activity 

to 277°C. The maximum self-heating rates varied and were dependent on the type of test 

(isoaging or HWS). The derived values were 135.8°C/min for Test 2, 108.8°C/min for Test 

3 and 101.9°C/min for Test 4. 

3. ARC flowing test involved an oil/air/reservoir system. It displayed rates of reactivity 

between 155.3 ï 242.3°C and between 318.5 ï 385.1°C, continuous activity to 411.0°C 

and a maximum self-heating rate of 11.66°C/min. 

4. In Tests 3 and 4, the reservoir oil was unable to successfully generate enough energy to 

surpass the exotherm identification threshold during the isoage period which initiated at 

the reservoir temperature.  

5. Self-heat rates for all ARC tests converge at approximately 240°C. The geometry of the 

closed ARC system contributes to rapid self-heating rates above this temperature. It can be 

assumed that in this range of temperatures (240°C), the presence of the core did not have 

a significant influence on the reaction, hence mass transfer was not a controlling factor. 

6. Beyond 250°C approximately, all the SHR suffered a sudden decline. This decline in the 

closed ARC tests could be the result of insufficient oxygen or that the mixture was too fuel-

rich. In the flowing ARC test, the decline in SHR may be the result of the hydrocarbon 

concentration in the vapour phase, moving out of the flammable range (fuel lean) pending 

the onset of thermal cracking reactions.  

7. The gases produced in ARC Test 5, correspond to the expected gases from bond-scission 

reactions. 
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CHAPTER 6 ï HIGH -PRESSURE RAMPED TEMPERATURE 

OXIDATION TESTS  

Three ramped temperature tests were performed on recombined reservoir core matrices containing 

the reservoir oil and clean, sieved sand from the studied reservoir, by the ISCRG at the University 

of Calgary. The samples had two oxidation tests and one thermal cracking test conducted on them. 

 

6.1. Equipment and procedure 

The tests were accomplished using a high-pressure ramped temperature oxidation system 

(HPRTO) first described by Barzin et al. (Barzin et al., 2013), and used controlled heating of a re-

combined oil-saturated core packed into a one-dimensional plug flow reactor and mounted into a 

high-pressure annular jacket. This reactor captured the overall oxidation behaviour of the oil by 

physically simulating the high-pressure air injection process under a pre-defined heating rate 

schedule (typically subjected to 40 ï 60 °C/h) or at a fixed temperature at reservoir pressure 

conditions.  

For these tests, mixtures of reservoir core, oil and brine were packed into the reactor and 

pressurized with air while the annular space in the enclosing pressure jacket was simultaneously 

pressurized with helium to bring the whole system up to reservoir conditions. Once the heating 

schedule for the system was defined, air or ultra-high purity (UHP) nitrogen was fed into the 

reactor at a pre-determined injection flux. The typical slow heating rate used for RTO reactors 

supported the collection of the produced gasôs compositional data allowing a detailed analysis 

following each test. The comparisons of the temperatures in the seven reactor zones provided the 

ability to identify the temperature where significant changes in the energy generation or 

consumption rates occurred.  

Following the test, analyses of the produced gas profiles and the reactor temperature profiles were 

conducted.  Depending on the feed gas, the oxygen uptake and fuel consumption rates, the 

appearance of distillation/cracking reactions and the subsequent generation of light hydrocarbon 

components were all calculated. The produced liquid analysis exposed the changes in the oil 
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(upgrading/downgrading). After completion of the tests, gas injection into the reaction was stopped 

and the system was depressurized. The contents of the liquid production traps were transferred to 

storage bottles to be analyzed. The reactor was unpacked and post-test core analysis was 

conducted.  

Post-test analysis of the oxidized core provided information about the composition and 

concentration of the residual hydrocarbon in the post-test core. The information provided made it 

possible to establish a complete set of data for the study of the reaction kinetics of oil oxidation. 

Figure 49 is from Mallory et al. (Mallory et al., 2019); a schematic of the HPRTO system used in 

the three tests is presented. The tubular reactor was constructed from nominal 25.4 mm Inconel 

tubing with 477 mm of inside length. The reactor was equipped with seven internal thermocouples, 

equally spaced across the length of the reactor. A proprietary heater design was used to supply 

energy to the tubular reactor and a custom-designed data acquisition system was used to record 

reactor and heater temperatures and pressure data. 

A mass flow controller controlled the flow rate of the gas into the reactor.  A back pressure 

regulator maintained the desired test pressure. The composition of the produced gas was analyzed 

using a gas chromatograph and stored on a computer for subsequent analysis. A wet test meter 

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

 

6.2. Operating parameters 

The general operating parameters are reported in Table 14. The heater ramp design had a rate of 

40°C/h, starting at room temperature to maximum set point temperatures between 260°C and 

450°C. The lower of the two maximum set point temperatures (260°C) was included because it is 

the temperature range where light oils operate within the bond scission reaction mode. This 

temperature range is not applied for heavy oil mobilization. The higher maximum set point 

temperature (450°C) was the default temperature used to examine produced gases, produced oil 

and water, and hydrocarbon residue on the post test core, when the oil thermally cracks (may be 

lower than 450°C). 

For each test, a nominal injection flux of 30 m3(ST)/m2h was applied. This is the typical value 

used for combustion tube tests. For the combustion tube test for the reservoir under study the same 

injection flux value was applied. 
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Tests 1 and 3 were oxidation tests. The air was injected until the concentration of the oxygen in 

the produced gas returned to within 0.5% of the initial bottle concentration. Afterward, helium was 

injected to a produced gas concentration of 99.5%.  

Test 2 was designed as a thermal cracking experiment. The purpose was to investigate the rates of 

thermally cracked compound production from the pre-mixed core material as the temperature of 

the HPRTO reactor increased at 40°C/h up to 450°C. UHP nitrogen was injected until the nitrogen 

concentration in the produced gas returned to 99.5% of its original bottle concentration, after 

purging the system with helium in a similar way to the oxidation tests. The test was designed to 

establish the composition and production rate of light hydrocarbon fractions in the produced gas, 

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

comparison with the residual hydrocarbon during oxidation tests. 

 

Table 14. General operating parameters for HPRTO tests 

Test condition Test 1 Test 2 Test 3 

Injected gas 

(The reactor was purged with helium 

following air or UHP nitrogen 

injection) 

Air  UHP N2 Air  

Injection flux (m3(ST)/m2h 30.0 30.0 30.0 

Injection rate (slph) 11.51 11.51 11.51 

Oxygen concentration (mol %) 21.44 0.00 21.44 

System back pressure (psia) 1706 1720 1717 

Heating rate (°C/h) 40 40 40 

Maximum set point temperature (°C) 450 450 260 

Duration of heating ramp (h) 10.65 10.65 5.85 

Duration at set point temperature (h) 
14.1 (air), 

22.1 (helium) 

14.0 (air), 

20.9 (helium) 

23.0 (air), 

23.1 (helium) 

 

At approximately 8.7 hours into Test 1, the ıò OD (outside diameter) tube running from the exit 

of the reactor to the outlet process connection on the annular jacket suddenly became compromised 

and helium began to flow from the annulus to the production system. To minimize the amount of 

helium traveling to the production system, the pressure in the annulus was reduced. This event was 
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not thought to have adversely affected the computation of the kinetic parameters associated with 

this test. The behaviour of the hydrocarbon components and the changes in temperature, for the 

reactor and gas chromatograph are displayed for this test. 

 

6.3. Core  

The sand utilized for these experiments was sampled from the same outcrop as the material used 

in the ARC tests to provide consistency between the studies. The extracted core was placed in an 

oven and fired at 350°C for 24 hours to oxidize any residual hydrocarbons. The mineralogy of the 

core sample was semi-quantitatively determined by testing. Based on the analysis, the sand was 

comprised of the mineral composition on a mass basis of 44.6% of quartz, 15.5% of k-feldspar, 

34.2% of plagioclase and 5.7% of illite. 

 

6.4. Brine 

For this set of experiments, a synthetic brine was prepared in the laboratory, based upon a 

compositional analysis of the native brine from one specific well in the reservoir under study. The 

required amount of salts was dissolved in de-ionized water to produce a brine with a composition 

of 55780 mg/L of sodium, 30400 mg/L of calcium, 3360 mg/L of magnesium, 427 mg/L of 

bicarbonate, 149450 mg/L of chloride and 53 mg/L of iron. The brine density was 1.1649 g/cm3
 at 

22°C. 

 

6.5. Oil  

The oil sample used in the performed ARC experiments was used for the HPRTO studies as well; 

for this reason, the properties are the same for both sets of experiments, and they are found in 

Table 15. 
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Table 15. Oil properties for HPRTO Tests (Analyses by U of C, 2019) 

Oil properties 

Density (g/cc) Temperature (°C) 

Density 1 0.8599 @ 15 

Density 2 0.8528 @ 25 

Density 3 0.8420 @ 40 

Density 4 0.8317 @ 55 

°API 33.1 @ 15 

 

Viscosity (cP) 

 

Temperature (°C) 

Viscosity 1 15.1 @ 15 

Viscosity 2 11.3 @ 25 

Viscosity 3 7.62 @ 40 

 

Composition (wt %) 

Carbon 84.7 

Hydrogen 13.23 

Nitrogen 0.07 

Sulphur 1.3 

Asphaltenes 0.44 

 

Molecular weight (g/gmol) 

219 

 

 

6.6. Sample preparation 

For each test, the reactor was packed with prepared mixtures (see Table 16) of the crushed reservoir 

core, the synthesized brine and the reservoir oil.  

 

6.7. Packing 

To introduce the prepared sample into the reactor for each experiment, a proprietary methodology 

developed by the ISCRG from the University of Calgary was used. Two layers of 16-mesh silica 



97 

 

 

 

sand were placed upstream and downstream of the core pack; they were not saturated with oil or 

brine. This silica sand was used to ensure that no reservoir material would be pushed into the 

injection lines via the injection-face slotted plate, and to prevent plugging of the production-end 

slotted plate due to fines migration, respectively.  

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

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

After a second leak check, the reactor assembly was lowered into the annular jacket and the head 

was sealed. The entire jacket assembly was then rotated 180° and the connections to injection, 

production and annular feed lines were ensured. The reactor inlet was located at the top of the 

assembly with the gas flow in the downward direction. Table 16 reports the summarizing 

information for the packing of the reactor for the HPRTO tests.  
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Table 16. Core Pack Details for HPRTO Tests 

Reactor mix design Test 1 Test 2 Test 3 

Sample component 

Core material (g) 316.3 316.3 316.3 

Brine (g) 21.4 21.4 21.4 

Oil (g) 62.4 62.4 62.5 

 

Pack details 

Injection silica frac sand (16 mesh) (g) 12.67 11.69 12.61 

Pre-mixed core matrix (g) 287.74 288.92 291.42 

Production silica frac sand (16 mesh) (g) 31.69 32.32 31.87 

 

Actual pack contents (estimated) 

Core material (g) 227.8 228.6 230.3 

Brine (g) 15.2 15.7 15.6 

Oil (g) 44.8 44.6 45.5 

 

Initial concentrations (core) 

Core (dry sand) (mass-%) 79.2 79.1 79.0 

Oil (mass-%) 15.6 15.4 15.6 

Brine (mass-%) 5.29 5.43 5.35 

 

Porosity and fluid saturations 

 

Reactor/Pack 

 

Reactor/Pack 

 

Reactor/Pack 

Porosity (%) 44.2/44.3 44.1/44.1 43.7/43.6 

Oil saturation (vol-%) 64.7/77.3 64.6/77.4 66.6/79.7 

Brine saturation (vol-%) 16.1/19.3 16.7/20.0 16.8/20.1 

Gas saturation (vol-%) 19.2/3.4 18.7/2.6 16.6/0.22 

Permeability (Darcy) 12/12 12/12 12/12 

 

The porosity calculated was based on the sand density = 2.67g/cc and the frac sand density = 2.65 

g/cc. The fluid saturations were based on the oil density of 0.855 g/mL at 22°C and brine density 

of 1.1649 g/mL at 22°C. Porosity and saturations are indicated for both entire reactor and the pre-

mixed core pack but not for the 16-mesh silica sand. The gas saturation is by difference. 
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6.8. Test 1 

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

the formation of a definite oxidation zone was observed. Once formed, the oxidation zone 

advanced through the core, with the rate of advance being determined by changes in the 

temperature readings from each thermocouple located along the core centerline. The associated 

temperature profiles are presented in Figure 50 with a combination of the gas composition profiles 

recorded by the gas chromatograph. A helium leak became evident as Test 1 was running, Figure 

49 presents the gas composition corrected by removing the helium. This correction was possible 

as the produced gas was analyzed by two separate gas chromatographs (GC). The first GC analyzed 

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

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

There were two other technical issues encountered during Test 1. As the test progressed two of 

zone 7 thermocouple wires were observed to be crossed. The impact was noticeable in the 

temperature plot of zone 7 before the two-hour point, see Figure 50. This two-hour portion of zone 

7 traces were removed from all the other plots for Test 1. The second problem was found in zone 

1. The thermocouple failed just before 11 hours. 

The molar flow rate of the nitrogen (inert) into the reactor remained essentially constant during 

oxidation Tests 1 and 3. There was an increase in the nitrogen composition during the period of 

increased oxygen consumption by oxygen addition reactions. The elevated nitrogen levels dropped 

when carbon dioxide and carbon monoxide generation was observed (Figures 50 and 51). 

Eventually, as the individual zone temperatures became stabilized, the nitrogen concentration 

dropped back to its initial value, indicating a near-equimolar replacement of the reacting oxygen 

in the gas phase. At this stage, the oxidation was driven primarily by bond-scission reactions 

(carbon oxides and water-forming). The influence of the different oxidation reactions on the 

nitrogen composition in the produced gases is presented in Table 17. 
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Table 17. Oxidation Reactions Presented in Tests 1 and 3 

Oxidation reactions 
Influence of the reaction on the nitrogen 

composition in the produced gases 

ὅ   ὕ ᴼ ὅὕ  No net effect 

ὅ   

ρ

ς
ὕ ᴼ ὅὕ  Tends to decrease ὔ  concentration 

ςὌ   

ρ

ς
ὕ ᴼ Ὄὕ    Tends to increase ὔ  concentration 

ὅὌ
  

ὲ

ς
ὕ ᴼ ὅὌὕ

  
 Tends to increase ὔ  concentration 

 

The locations of data points in all figures were derived using gas compositional data that was 

adjusted to reflect the delay associated with the passage of produced gas from the reactor outlet to 

the gas chromatograph. The adjustment was based upon the computed volume of the dead space 

within the tubing running between the exit of the reactor and the gas chromatograph. It does not 

reflect the time taken for the gas to travel from the reaction front to the exit of the reactor, as this 

quantity is constantly changing. For Test 1, the GC delay time applied is between 0.13 and 1.66 h. 
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Figure 50. Gas composition and temperature profiles in the GC for Test 1. 

 

 

Figure 51. Gas composition and temperature profiles in the reactor for Test 1. 
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Figure 52 displays the measured composition of the hydrogen and the light hydrocarbons contained 

in the produced gas of Test 1. The oxidation test produced hydrogen but did not produce significant 

amounts of light hydrocarbons. Hydrogen production appears before the passage of the thermal 

front across the first zone of the reactor. This suggests that hydrogen and light hydrocarbons 

(methane, ethylene, ethane, propylene, propane, iso-butane, n-butane, and iso-pentane) were 

consumed during this oxidation test. The peak of maximum hydrogen concentration prior to the 

leak registered during Test 1, may be attributed to the line rupture or perhaps because of an ignition 

event. The line connecting the production end of the reactor to the outlet of the annular vessel was 

constructed of SS316L stainless steel. In the tests that followed, an Inconel line was used instead. 

The temperature associated with the appearance of the exothermic activity in downstream zones 

was controlled by the supply of oxygen to these locations. When the peaks from different zones 

displayed a superposition (Zones 1 through 4), the LTO reactions are thought to be playing a 

significant role in the oxygen uptake. However, at higher temperatures, when the displayed peaks 

were successive, sharp and more uniform displaying limited overlapping (Zones 5 trough 7), the 

bond-scission (HTO) reactions appeared to dominate. Once formed, the thermal front was 

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

 

The rates of the temperature change for the individual thermocouples as a function of the run time 

for the first 12 hours of this test, are presented in Figure 53.  

It was observed that certain zones displayed more than one peak. In each case when the ópositiveô 

peak arrived before the dip (or ónegativeô peak) an exothermic event occurred, as it is observed in 

the oxidation tests behaviour. On the contrary, when the dip arrived before the ópositiveô peak, an 

endothermic event was indicated, as it is observed in the thermal cracking tests behaviour. For the 

oxidation tests, the endothermic events were associated with the distillation/evapouration of water 

and light hydrocarbon fractions from the core. In some cases, their appearance conflicted with the 

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

 

The oxygen requirements and the combustion parameters derived from the test data, were less 

favourable than one would expect to observe during a combustion tube test or field combustion. 

This was because of the extensive LTO that occurred during the ramp period at the beginning of 

the RTO tests. 

During periods of LTO, oxygen was actively combined into the hydrocarbon molecules within the 

core. To maintain constant pressure inside the reactor, the nitrogen accumulated within the core. 

As a result, the instantaneous rate of production of nitrogen was lower than the indicated injection 

rate during periods of LTO. It was expected that the nitrogen/oxygen ratio in the feed gas, Ὑ, would 

remain constant throughout the experiment., However, the assumption that the rates of nitrogen 

injection and production would always be equal may not be correct. The parameters computed 

using instantaneous values taken from this experiment data are subjected to the uncertainty. 

Among the combustion parameters obtained in the post-test core analysis, the front velocity, the 

oxygen/fuel ratio, the apparent atomic hydrogen to carbon ratio, the oxygen utilization, the reacted 



105 

 

 

 

oxygen/fuel ratio and the fraction of the reacted oxygen converted to carbon oxides that were 

identified for Test 1, are presented in Table 18.  

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

assuming that all ὕ was not going to ὅὕ went to form Ὄὕ. The symbol ** implies information 

based on proprietary calculations from matching produced water and to estimate the split between 

ὕ uptake by oxygen addition (LTO) reactions and water of combustion. The procedure used to 

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

water relied highly upon the accuracy of the water mass balance. 

 

Table 18. Air Requirements and Product Gas Parameters Derived from Test 1 

Parameter Oxidation test 1 

Velocity of elevated temperature front (ETF), ub (mm/h) 93.1 

Zones included in the computation of ETF 5 ï 7 

Selected temperature for ETF velocity (°C) 340 

Gas injected (L (ST)) 321.5 

Oxygen injected (g) 93.26 

Oxygen produced (g) 72.34 

Oxygen consumed in LTO reactions and water formation (g) 7.36 

Net oxygen consumed in LTO reactions (g) 3.13 

Oxygen consumed in water formation (g) 4.31 

Oxygen consumed in carbon oxide formation (g) 13.56 

Oxygen liberated from LTO reactions (g) 0.08 

Mass of carbon consumed (g) 5.45 

Mass of hydrogen consumed (g) 0.93*/0.54** 

Mass of fuel consumed (g) 6.38*/5.99** 

Injected oxygen flux (m3(ST)/m2h) 6.43 

Oxygen requirement (m3(ST)/m3) 60.3 

H/C ratio 2.03*/0.59** 

Injected oxygen/fuel ratio (m3(ST)/kg) 5.40*/6.02** 

Reacted oxygen/fuel ratio (m3(ST)/kg) 1.21*/1.35** 

Overall oxygen utilization (fraction) 0.22 

Reacted oxygen converted to carbon oxides (fraction) 0.65 
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The total oxygen uptake was based on the amount of oxygen fed to the reactor. Figure 54 displays 

the total oxygen uptake and carbon consumption rates versus time for Test 1. It includes the 

computed oxygen uptake rates associated with the production of carbon oxides, LTO products and 

water. Oxygen uptake occurred over the time period of 3 to 16 hours as the heater ramped the 

temperature to 450°C. It is noted that the spike in the oxygen uptake rates starting just after 8 hours 

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

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

 

 

Figure 54. Oxygen uptake and carbon consumption rates for Test 1. 

 

Figure 55 displays the same oxygen uptake and carbon consumption information as a function of 

a weighted mean temperature (WMT). The WMT in K, Ὕ , is defined by Equation 32, where Ὕ 

is the measured temperature of zone i, in K. 

В           (32) 




















































































