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Abstract: The ramped temperature oxidation (RTO) test is a screening method used to assess the
stability of a reservoir for air-injection Enhanced Oil Recovery (EOR) and to evaluate the oxidation
behavior of oil samples. It provides valuable kinetic data for specific cases. The RTO test allows for
the analysis of various characteristics, such as temperature evolution, peak temperatures, oxygen
uptake, carbon dioxide generation, oxidation and combustion front velocity, recovered and burned
hydrocarbons, and residual coke. The adaptation of RTO experiments to in situ combustion (ISC)
modeling involves validation and history matching based on numerical simulation of RTO tests,
using 3D digital models of experimental setup. The objective is to estimate the kinetic parameters for
a customized reaction model that accurately represents ISC. Within this research, the RTO test was
provided for bitumen samples related to the Samara oil region. A 3D digital model of the RTO test
is constructed using CMG STARS, a thermal hydrodynamic simulator. The model is designed with
multiple layers and appropriate heating regimes to account for uncertainties in the experimental setup
and to validate the numerical model. The insulation of the setup affects radial heat transfers and helps
to control the observed temperature levels. The modified traditional reaction model incorporates
thermal cracking of Asphaltenes, low-temperature oxidation (LTO) of Asphaltenes and Maltenes,
and high-temperature combustion of coke. Additionally, the model incorporates high-temperature
combustion of light oil in the vapor phase, which is generated through Asphaltenes cracking and
LTO reactions.

Keywords: enhanced oil recovery; ramped temperature oxidation; in situ combustion; kinetic model;
bitumen reservoir

1. Introduction

In Situ Combustion (ISC) is a promising and effective method for enhanced oil recovery
(EOR), particularly for heavy oil or bitumen reservoirs, which are challenging to recover
due to low mobility and extremely high viscosity [1–3]. This technique assumes an injection
of air into the reservoir, which ignites and sustains the combustion of oil within the reservoir.
As the oil burns it generates heat, which helps to reduce the viscosity of the heavy oil or
bitumen, facilitating its recovery [2,4–7]. ISC is considered to be an efficient thermal EOR
method, as it avoids the need for heat delivery to the reservoir, resulting in minimal energy
losses [8]. Additionally, ISC has a lower requirement for natural gas and water compared
to steam-based EOR methods [9].

This study investigates the ISC process for bitumen oil sand found in the South Tatar
oil and gas area in the Volga-Ural province. The reservoir characteristics of interest are as
follows: formation depth ranging from 145 to 195 m, average porosity of 28–30%, perme-
ability of 730–740 mD, oil-saturated part thickness of 10.2–10.6 m, reservoir thickness of
17.1–17.8 m, and an average oil saturation of 94%, which makes it economically promising.
The considered oil exhibits an average oil viscosity of 9000–9500 mPa·s and a gravity of
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15.8–16 ◦API. Currently, the reservoir pressure stands at 0.72 MPa, while the reservoir tem-
perature is relatively low at 9–10 ◦C. Preliminary calculations indicate elevated combustion
temperature predictions due to the high porosity and oil viscosity.

The prediction of field performance for ISC projects relies on the utilization of labora-
tory experiments and numerical modeling. However, this process is highly challenging and
encompasses various complexities. In numerical reservoir modeling, researchers encounter
several key difficulties, and the most challenging is the construction of an appropriate
kinetic model for a specific range of components [2,10–12]. Numerous studies have tack-
led this issue and proposed approaches to overcome these challenges [13–17]. There are
a number of proposed ISC kinetic models for crude oils, specifically for Maltenes and
Asphaltenes fractions [4,12,16,18] and Saturate, Aromatic, Resin, and Asphaltene (SARA)
fractions [19–22]. Nevertheless, the majority of the existing models are constructed based
on static oxidation experiments, which do not account for thermal and hydrodynamic
processes during ISC. Another significant challenge lies in accurately determining phase
equilibria within the system, while considering parallel chemical reactions and critical
conditions. Several research works have addressed this matter, investigating the impact
of phase behavior on the ISC process and proposing methodologies to account for these
complex phenomena [23,24]. Moreover, the changes in porosity resulting from chemical
reactions, the presence of anisotropy, and the discrepancy between laboratory-scale and
field-scale effects, present additional obstacles to be overcome in numerical modeling
studies [25–28]. A seminal work by [29] emphasized the fundamental role of a reliable
kinetic model in accurately representing the combustion process. The authors highlighted
that a robust kinetic model forms the foundation of a well-developed combustion model.
In their study, they specifically focused on the validation of appropriate kinetic models
that effectively capture the oxidation of the target oil. In the field of ISC, there are two
well-accepted mechanisms for the oxidation of oil compounds: low-temperature oxidation
(LTO) and high-temperature oxidation (HTO). LTO involves reactions where oxygen is
added to the oil species, while HTO is characterized by reactions that break bonds and
result in the formation of water and carbon oxides. These oxidation reactions are accompa-
nied by different rates of oxygen uptake and heat generation and take place within specific
temperature ranges [30–32].

There are several laboratory tests available to evaluate the oxidation process in ISC.
One can investigate oxidation behavior of crude oil fractions by separate or a combination of
static oxidation tests, including differential scanning calorimetry, accelerating rate calorime-
try, and thermogravimetric analysis [20,21,33–35]. Nonetheless, the results of these tests are
sensible to operational parameters and do not take into account influence of hydrodynamic
characteristics [16]. Nevertheless, the results after proper upscaling should be considered as
a starting point for the further ISC performance evaluation. Among dynamic tests, one can
provide a quantitative screening experiment, the combustion tube (CT) test, which holds
significant importance for assessing ISC performance in a specific oil field [4,36]. It provides
valuable data for full-field modeling and crucial combustion parameters. Nonetheless,
due to the features of experimental setup and complexity of physio-chemical processes
occurring in the reactor, it becomes challenging to distinguish different ranges of oxygen
uptake and match it to corresponding temperature ranges. Consequently, verification of
oxidation reaction model becomes obstructed. For these purposes, the ramped temperature
oxidation (RTO) test could be more appropriate to verify relevant kinetic data and evaluate
oxidation behavior, due to the hydrodynamic aspect of ISC. Researchers have found that
the integration of RTO experimental results with numerical simulations of ISC, under con-
trolled experimental conditions, can yield the required kinetic parameters for the adapted
oxidation reaction scheme [16]. This approach allows for a better understanding of the
oxidation process and enables accurate evaluation of ISC performance.

This study focused on conducting a ramped temperature oxidation (RTO) test using a
sample of oil sand bitumen obtained from the Samara oil region. The collected bitumen
sample was analyzed to investigate its oxidation behavior. Additionally, three-dimensional
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numerical modeling of the RTO experiment was performed by utilizing CMG STARS. The
main objective of these simulations was to validate reaction kinetic model for bitumen
oxidation and reproduce the temperature regions detected during the experimental process.
The reaction model, proposed and validated based on the various reaction kinetic models,
investigated for maltene and asphaltene fractions [4] and includes the principal modifica-
tion that allows for consideration of the effect of the vapor-phase combustion reaction of
volatile oil fractions [16]. By adjusting the corresponding kinetic parameters based on the
simulation results, a laboratory-scale numerical model of the ISC process was developed
specifically for the bitumen under investigation. Through this integrated approach of
experimental testing, analysis, and numerical modeling, a better understanding of the
oxidation behavior of the bitumen sample was achieved. The developed numerical model
provides valuable insights into the ISC process and aids in predicting and optimizing the
performance of the specific oil field in question.

2. Description of the RTO Test

The RTO test was conducted under reservoir conditions with a pressure of 0.7 MPa.
The experimental work involved the preparation of equipment and a laboratory-scale
reservoir model, the actual execution of the experiment, and the subsequent analysis of the
extracted samples. The RTO experiment was performed using a setup that incorporated a
cylindrical reactor filled with crushed rock, which was saturated with oil, water, and gas
in fixed proportions to replicate realistic oil saturation conditions. However, it is worth
noting that the porosity values of the setup were higher (48%) than those found in actual
reservoirs, primarily due to the use of a premixed strategy and the presence of initial gas in
the mixture. The oil sand bitumen that was utilized in the experiment consists of 16.96 wt%
of Asphaltenes. Its density at 20 ◦C is 965 kg/m3 and viscosity at 25 ◦C is 1387 cP. The
element composition includes 66.9 wt% of Carbon, 8.77 wt% of Hydrogen, 0.26 wt% of
Nitrogen and 3.85 wt% of Sulfur. During the RTO experiment, a mixture of oxygen and
nitrogen is injected into the reactor, which is heated linearly according to a predetermined
heating schedule. The reactor operates in a differential mode until the first exothermic
behavior is observed. A detailed description of the design of the RTO experimental setup
can be found in the references [7,37,38].

The experimental setup configuration is outlined in [39]. The RTO tube is a thin-walled
reactor with an outer diameter of 25.4 mm, a wall thickness of 1.65 mm, and a reactor length
of 483 mm made of steel grade Inconel. In this setup, a copper bar stock is affixed around the
reactor to facilitate heat transmission throughout the entire model. The RTO tube is divided
into seven zones of equal length, each equipped with thermocouples positioned at the inner
point to monitor the temperature in each zone. This experimental arrangement allows for
conducting field pressure experiments and enables real-time measurements of temperature
response, as well as the quantity and composition of the produced gases and fluids. The
reactor is capable of achieving and sustaining operating pressures up to 41 MPa. The gas
chromatographs are directly connected to the reactor outlet, enabling a comprehensive
analysis of all gases produced, including hydrocarbons. Unlike volumetric models, this
setup eliminates restrictions associated with the organic substance content. Many gas
analyzers face limitations due to their narrow detection range for carbon monoxide.

The liquid fluids produced during the experiment are collected in a sampling system
equipped with four traps, allowing for analysis of their composition and correlation to
the corresponding oxidation temperature range. The temperature and heating rate can
be precisely controlled within the range of 25–800 ◦C, facilitating experiments in both
isothermal and non-isothermal modes with the desired heating rate to replicate the specific
heating rate during ISC. Furthermore, the low heating rate enables the evaluation of
compositional data associated with oxygen-addition reactions in the low temperature
region (LTR), while a rapid heating rate would minimize its effect during the experiment.
Key operational events for the RTO test included the initiation of helium injection with a
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rate of 15.34 st.l/h, pressurization to 0.7 MPa, air injection with a rate of 15.34 st.l/h, preset
linear heating with a speed of 40 ◦C/h, and pressure drop.

3. Experimental Results

The internal thermocouples within the reactor detected the movement of two waves,
endothermic and exothermic, as they traversed through the saturated crushed rock during
the experiment. The resulting temperature profiles over time, recorded by thermocouples
placed in each of the seven sectors of the RTO tube, are presented in Figure 1. The observed
heat releases correspond to oxygen-addition and bond-scission reactions, followed with O2
uptake. The temperature elevation in zone 1 of the reactor commences at approximately
190 ◦C, signifying the onset of the exothermic oxidation process. Figure 1 highlights the
existence of NTGR, which is observed between the temperature range of 315 ◦C and 360 ◦C.
This region represents the transitional phase between two distinct oxidation regimes oc-
curring at different temperature levels: the low-temperature region (<315 ◦C) and the
high-temperature region (>360 ◦C). These regions display different shapes of temperature
peaks. The temperature profiles for the first three sectors exhibit two local maxima, indicat-
ing the presence of two distinct exothermic fronts moving through the core pack during
the experiment. The first temperature peaks in these three zones locate between 190 ◦C
and 315 ◦C, corresponding to the LTR. Plane-shaped patterns and magnitudes of these
peaks suggest a relatively slow rate of oxygen consumption. Therefore, it can be inferred
that these exothermic waves are primarily a result of predominance of oxygen-addition
reactions in between 190 ◦C and 315 ◦C. Additionally, alongside the exothermic waves,
endothermic wave should occur during the ISC. However, in this experiment, the low
initial water content leads to a relatively low impact of water evaporation. Consequently,
the endothermic episodes are not easily recorded.
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Figure 1. Temperature profiles measured with thermocouples during RTO test.

Figure 2 illustrates correspondence between time evolution of molar fractions of N2,
O2, CO, CO2, He, and time evolution of temperature. Following the initiation of exothermic
reactions, there is a noticeable increase in the molar fraction of N2. The highest molar
fraction of nitrogen detected is achieved in the LTR. Figure 2 also depicts only partial
consumption of O2 within the LTR, suggesting the prevalence of oxygen-addition reactions
in the LTR. However, this consumption does not compensate for simultaneous formation
of CO2 and other combustion gases. Furthermore, the positioning of the initial local
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temperature maximum in the first three sections of the reactor indicates that the exothermic
processes in these areas of the reactor occur concurrently. This simultaneous reaction
pattern may be a result of incomplete O2 consumption in the first section, allowing it to
propagate through the core pack and react simultaneously in the first three sections. At
approximately 360 ◦C, a substantial generation of hydrocarbon gas is observed as a result
of bond-scission reactions in the high temperature region (HTR). Within this temperature
range, distinct and clearly defined temperature peaks are observed. Similarly, the highest
molar concentration of generated CO2 is also attained at this temperature level. Figure 2
visually portrays the reestablishment of the initial molar fraction of N2 taking place at
approximately the identical temperature, thereby denoting the commencement of the
high-temperature oxidation process at around 360 ◦C.
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hydrocarbon gasses during RTO experiment.

The temperature at which combustion is initiated is determined to be 190 ◦C. This
value is obtained by analyzing the highest gradient of the initial temperature peak observed
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during the RTO test. In Figure 3, the propagation of the combustion front along the
reactor in the HTR is depicted, starting from a temperature of 360 ◦C. The velocity of the
combustion front through zones 4 and 7 was measured to be 7.25 cm/h. The corresponding
data for zones 4 to 7 are represented by black solid dots in Figure 3. It is important to note
that the first three zones are not considered in this analysis since the velocity of the front
had not yet stabilized in those regions.
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4. Numerical Simulation of the RTO Test
4.1. Model Description

The simulation of the RTO reactor was conducted using the CMG STARS thermal
hydrodynamic simulator. For the numerical simulation of the RTO experiment, a radial
model was employed (Figure 4). The resolution of the model at each direction was based
on spatial convergence tests to ensure the stability of the model. In the simulation, the
radial blocks were designed to replicate the layers of the experimental setup, including the
reactor, steel wall, insulation, and heaters. By incorporating these layers into the model, a
comprehensive representation of the RTO reactor system was achieved. The detailed 3D
design of the RTO reactor, along with the specific characteristics of each layer, can be found
in [39]. This publication provides in-depth information and insights into the structure and
operational aspects of the RTO reactor.

Initial porosity of the model varied from 47 to 49% and initial thermal properties of the rock
were as follows: thermal conductivity—1.72 W/m/K and thermal capacity—2120 kJ/m3/K.
Table 1 provides a summary of the additional conditions required to initialize the model,
specifically focusing on the temperature-dependent variations of density and viscosity for
bitumen. These reference conditions were utilized as benchmarks in the test simulations.
Additionally, Table 1 displays the initial saturations and molar fractions of Maltenes and
Asphaltenes within the experimental model. These values were estimated according to
measured mass balance parameters and the molar masses of target bitumen, Maltenes,
and Asphaltenes.

The approach employed for determining the viscosities of the oil pseudo components
at different temperatures relied on a mixing rule [40], formulated as follows:

µoil =
Noil

∏
k=1

µ
xk
k (1)
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Table 1. Model initial conditions.

Porosity, % 48
Temperature, ◦C 25
Water saturation 0.013
Gas saturation 0.564
Oil saturation 0.423

Initial mole fraction of Asphaltenes, wt% 0.059
1386 at 25 ◦C

Bitumen viscosity, cP 342.2 at 40 ◦C
159.7 at 50 ◦C
956 at 20 ◦C

Bitumen density, kg/m3 941 at 40 ◦C
927 at 60 ◦C

Temperature dependence of used viscosity was interpolated by utilizing Walther’s
relation [41,42] not by using Andrade’s equation:

log10
(
log10(µoil + 0.7)

)
= A − Blog10 T (2)

The decision was made to avoid extrapolation to combustion temperatures due to the
resulting viscosities, which were found to be unrealistically low.

The traditional reaction kinetic model [4] is utilized as a foundation to represent
oxygen consumption, carbon dioxide, water, and heat generation resulting from bitumen
oxidation and compositional changes during the RTO test. This model, originally developed
for Athabasca Bitumen, incorporates thermal cracking of Asphaltenes, polymerization
of Maltenes and Asphaltenes, or LTO, and combustion of coke, or HTO. However, in
this study, the model has been modified to account for the influence of combustion of
volatile hydrocarbons in vapor phase. This modification has proven to be crucial in
correct description of ISC [16,43]. The modified model includes Light oil vapor phase
combustion in HTR. The highly volatile Light oil arises from series of LTO reactions and
thermal cracking. The flammable limits for vapor-phase combustion, crucial for controlling
component migration to vapor phase, are adopted from [43].

Here is a summary of the reaction model employed in this research:
LTO:
(1) 1.0 Asph + 7.5075 O2 = 0.01327 LO + 106.37116 Coke,
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(2) 1.0 Malt + 2.77594 O2 = 0.004009 LO + 0.38185 Asph,
HTO:
(3) 1.0 Coke + 1.1245 O2 = 0.249 H2O +1.0 CO2,
(4) 1.0 LO + 20.347 O2 = 15.51 H2O +13.269 CO2,
Thermal Cracking:
(5) 1.0 Asp = 0.66383 Malt + 0.515094 LO + 12.40909 CO2 + 17.264822 Coke.
To integrate this reaction model into hydrodynamic one the bitumen was characterized

by four pseudo-components including LO (light oil) to reproduce HTO of evaporated
hydrocarbons. Table 2 provides the gas–liquid k-value correlation and PVT properties of
the modeled pseudo-components.

Table 2. Pseudo-components and K-value correlation coefficients.

Component Molar Mass,
g/mol

Critical
Temperature, ◦C

Critical
Pressure, kPa KV1 KV4 KV5

LO (Light Oil) 212 433.9 1520 2.4 × 106 −1610.0 −283.6
Malt (Maltenes) 329 612 1480 1.3 × 108 −8635.0 −273.2

Asph (Asphaltenes) 1092 1399.2 162.5 0 −11,987.7 −273.12
CO2 44 31.05 7376.5 8.6 × 108 −3102.2 −248.1
Coke 12.498 - - - - -

4.2. History Matching and Numerical Results

Figure 5 presents the simulated molar concentrations of produced O2, N2, and CO2
over time, along with the associated temperature profiles for each zone of the reactor. Let
us focus on the set of events conducted in the first sector of the RTO tube during numer-
ical modeling of the RTO experiment to illustrate the mechanism of bitumen oxidation
underlying the model. Figure 6 illustrates time evolution of mole concentration of modeled
pseudo-components and associated temperature evolution. In this zone, LTO of Maltenes
takes place at the first exothermic peak release depicted in Figure 6. This local temperature
maximum represents the first exothermic wave moving through the reactor during experi-
ment. Additionally, the presence of the Light oil component arises due to thermal cracking
and polymerization of Maltenes and Asphaltenes in LTR. The second local temperature
maximum observed in the HTR associated with the next exothermic front propagating
through the coke pack occurs due to the vapor Light Oil and Coke combustion in HTR.

After performing a history matching procedure, the numerically calculated masses of
produced water, oil, nitrogen, oxygen, combustion gases, the location of NTGR, and the
temperature at which oxidation processes initiate can be matched with the corresponding
experimentally measured values. These functions serve as the objective functions in
the history matching procedure. Meanwhile, kinetic parameters such as the frequency
factor, heat of reactions, and activation energies are manually adjusted during the process.
The resulting kinetic model, which is associated with the utilized reaction scheme, is
summarized in Table 3.

Table 3. Kinetic parameters for the modified reaction model for bitumen.

Reaction Frequency Factor Activation Energy, kJ/mol Enthalpy of the Reaction, kJ/mol

1 1.05 × 108 h−1 kPa−0.4246 86.73 5474.2
2 1.03 × 102 h−1 kPa−1 34.86 553.7
3 1.31 × 108 h−1 kPa−4.7627 185.62 5564.0
4 1.02 × 102 h−1 kPa−1 100.00 523.0
5 2.11 × 1012 h−1 181.04 0
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Figure 6. Numerical simulation results for the first zone of RTO rector: time evolution of the
temperature in correspondence with evolution of pseudo-components concentration considered in
the numerical model.

In Figure 7, the temperature profiles in several sectors of the RTO reactor are shown
based on history matching, with a comparison to the experimentally observed temperature
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changes reported by thermocouples in specific sectors of the RTO tube. The numerical
modeling demonstrates an agreement with the experimental results, successfully capturing
the exothermic peaks registered in the low and high-temperature regions. A key objec-
tive of the history matching is to determine the initiation of the first exothermic episode.
The simulation effectively reproduces two distinct in time exothermic fronts propagating
through the core pack, as indicated by the presence of two temperature peaks in the first
sector of the reactor (Figure 7a). Figure 8 depicts molar concentrations of produced O2,
N2, and CO2 for the experiment and numerical simulation. The model accurately repro-
duces changes in generation of N2 during the experiment depending on corresponding
temperature region (for example, higher value of produced N2 in LTR). The model also
captures partial utilization of reactants at the first half-part of oxidation, although it does
not fully replicate this behavior across the entire temperature range encompassing the LTR
and NTGR, as observed in the experiment. Efforts have been made to address discrepancies
in the numerically predicted NTGR, and the model reflects significant slowing down of
oxidation between the LTR and HTR, as shown in Figure 5. Nonetheless, the anticipated
exothermic pattern does not exhibit strong concurrence with the empirical findings in the
vicinity of the upper temperature threshold of NTGR. The presence of NTGR is presumed to
be correlated with the evaporation of volatile hydrocarbons, which subsequently undergo
HTO [16]. This underscores the necessity for additional investigation of the fundamental
oxidation process in conjunction with a description of hydrocarbon phase behavior.
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Figure 8. Produced mole fraction of N2, O2 and CO2 during the experiment (dashed lines) and
calculated during numerical simulation of RTO test (solid line).

Table 4 provides the mass of produced water, oil, and carbon dioxide during the RTO
test, as well as the corresponding values from the numerical modeling. The discrepancy
between the experimental and numerical results is less than 15%. The numerically predicted
recovery factor is 0.345, while the experimentally observed one is 0.33, demonstrating a
close agreement between the simulation and experimental results.

Table 4. Mass of produced oil, water, and carbon dioxide during experiment and numerical simulation.

Mass of Cumulative
Water, g

Mass of Cumulative
Oil, g

Mass of Cumulative
Carbon Dioxide, g

Experiment 12.38 11.26 18.7
Simulation 11.97 11.71 21.83

5. Conclusions

A laboratory-scale numerical model was developed and validated to assess RTO test-
ing using bitumen from the Samara region. The model utilized a 3D digital representation
of the RTO test, constructed with the CMG STARS thermal hydrodynamic simulator. By
incorporating a multilayer design and appropriate heater regimes, the numerical model
accounted for potential uncertainties in the experimental results and facilitated their adap-
tation and validation. The numerical simulations exhibited a strong correlation with
experimental data, including factors such as produced mass of carbon dioxide, water and
oil, oxygen uptake, recovery factor (0.33), rate of combustion front propagation (6.79 cm/h),
and temperature profiles.

By adapting the RTO test results, valuable kinetic parameters for bitumen ISC pro-
cesses were obtained. The traditional reaction model was modified to include thermal
cracking and LTO of Asphaltenes, LTO of Maltenes, and HTO of coke. Additionally,
the model accounted for vapor-phase combustion of light oil in HTR, resulting from As-
phaltenes cracking and polymerization reactions in LTR. This modification expanded the
energy generation in HTR to include both coke burning and vapor-phase combustion.
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The proposed model successfully replicated temperature peaks observed in LTR
(ranging from 190 to 315 ◦C), HTR (ranging from 360 to 480 ◦C), and NGTR (ranging
from 315 to 360 ◦C). The model also accurately reproduces temperature regions for each
oxidation mode. However, it was noted that the numerical temperature peaks near NTGR
did not precisely replicate the experimental data. This discrepancy stemmed from the
mechanism in NTGR involving the vaporization of oil fractions for subsequent combustion.
Hence, it became crucial to accurately calculate phase transitions in hydrocarbon mixtures
containing multiple components. Further research is needed to address this issue, as the
current approach utilizing k-values correlations does not consider the compositional effects
of oxidation and combustion processes on phase equilibria structures.
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