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Abstract. The considerable decline of conventional oil and
gas reserves and respectively their production introduces new
challenges to the energy industry. It resulted in the involve-
ment of hard-to-recover reserves using advanced enhanced
oil recovery (EOR) techniques. Thermal methods of EOR
are recognized as most technically and commercially devel-
oped methods for the highly viscous crude oil. High-Pressure
Air Injection (HPAI) is one of the thermal production meth-
ods that reduce oil viscosity and increases recovery. HPAI
has already been effectively applied for different types of
reservoirs development and proven to be economically fea-
sible. The application performance of the HPAI technology
strongly depends on the quality of experimental and numer-
ical modeling conducted on the target object basis. Before
the field tests, physicochemical and thermodynamic charac-
teristics of the process were studied. Further consequent nu-
merical modeling of laboratory-scale oxidation experiments
and field-scale simulation was conducted to estimate HPAI
method feasibility based on the results of oxidation studies.
A medium pressure combustion tube (MPCT) oxidation ex-
periment was carried out to provide stoichiometry of the re-
actions and field design parameters. A 3D numerical model
of the MPCT experiment was constructed taking into account
the multilayer design, thermal properties, heating regimes,
and reaction model. The “history” matched parameters such
as fluid production masses and volumes, temperature profiles
along the tubes at different times and produced gas compo-
sition demonstrated good correspondence with experimental
results. The results obtained during the experiment and mod-
eling of MPCT (fluid properties, relative phase permeabil-
ity, kinetic model, technological parameters) were used in

field-scale modeling using various thermal EOR scenarios.
Air breakthrough into production wells was observed, thus
a 2 % oxygen concentration limit where implied. The overall
performance of four different scenarios was compared within
30 years timeframe. The development system was also exam-
ined to achieve the maximum economic indicators with the
identifications of risks and main uncertainties.

1 Introduction

High-Pressure Air Injection (HPAI) is one of the most ef-
fective and economically profitable enhanced oil recovery
(EOR) techniques in case of light oils at deep, thin, high-
pressure fields with low permeability (Gutiérrez et al., 2008;
Montes et al., 2018; Moore et al., 1996; Sutherland et al.,
2007). Compressed air is injected into a reservoir during the
HPALI process to mobilize the oil and increase the sweep ef-
ficiency. The process is governed by the combustion kinetics
initiated by the spontaneous ignition of injected air (Yosh-
ioka et al., 2017). The compressed air reacts with some frac-
tion of oil in place, acting as fuel at high-temperatures and
high-pressures. In case, when the oil is not reactive enough
for spontaneous ignition, it might be by use of a downhole
heater or other artificial ignition techniques (Moore et al.,
1996; Sutherland et al., 2007).

The growing interest in HPAI is dictated by the increase in
oil demand, as well as the economic success of HPAI projects
within the last decades. There is a list of successful projects
at various types of reservoirs, and companies started to inves-
tigate the applicability of this process both on their onshore
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and offshore fields (Gutiérrez et al., 2008; Ismail et al., 2016;
Moore et al., 2007; Sutherland et al., 2007). The combina-
tion of favorable aspects such as high recovery factor, less
energy, and water consumption, and availability of the injec-
tant together makes HPAI an emerging technology. However,
the risks coupled with the presence of oxygen in the injected
air and its further breakthrough to production wells are sig-
nificant issues that must be examined before its implementa-
tion at any reservoir (Batenburg et al., 2010). The first exam-
ple of an extended field test of HPAI in a deep, thin light-oil
reservoir in Nebraska demonstrated good prospects, but due
to low oil prices (~ USD 3 per bbl), this project was proved
to be uneconomical. Meanwhile, the second application with
similar conditions (West Heidelberg project) and at oil prices
~ USD 4 per bbl was both economically and technically suc-
cessful. At the early stage, the increase in oil production was
due to pressure maintenance, but thermal effects led to more
than half of the cumulative oil production (Gutiérrez et al.,
2008).

Few key factors are affecting the overall performance of
HPALI project design such as air compressors, screening of
the prospects, laboratory screening of candidate reservoirs,
numerical modeling, etc. At the project operation stage it is
crucial to monitor the process, oil displacement at elevated
temperatures, and revise the operating strategies. Neverthe-
less, the main two requirements are the ability of the oil to
sustain the combustion reactions, and a sufficient rate of air
to maintain these oxidation reactions in the bond scission
or combustion modes. These requirements can be examined
only through appropriate laboratory studies at the reservoir
conditions and their further numerical simulation (Moore et
al., 2007). The increase in the recovery coefficient can be
achieved only using good quality experimental data, numeri-
cal studies, and history matching on the samples of the target
field to avoid any uncertainties. Despite the wide availability
of the published literature, the behavior of oxidation kinet-
ics, the nature of the fuel for combustion kinetics and impor-
tance of thermal effects are still subject of numerous studies
(Barzin et al., 2010; Gutiérrez et al., 2008; Khakimova et al.,
2020; Montes et al., 2018).

In the presented research HPAI method feasibility at the
target mid-deep, light-oil reservoir was examined based on
the results of oxidation studies on a laboratory scale and fur-
ther upscaled to the field. The studied field belongs to the
North Kinelsky oil and gas region, with an average depth of
1339 m and crude oil with a gravity of 33.2° API. Medium
pressure combustion tube (MPCT) test was carried out us-
ing rock and oil samples of the target field (Mallory et al.,
2018; Gutiérrez et al., 2012; Rodriguez et al., 2012). A 3D
numerical model of the MPCT experiment was constructed
with an appropriate agreement with the design of experimen-
tal equipment to reduce constructional uncertainties such as
multilayer design, thermal properties, and heating regimes.
More details about the field, technical characteristics of the
equipment, initial parameters of the system, the whole pro-
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cedure, and its further simulation are presented in the article
Khakimova et al. (2020). Adapted kinetic scheme (Belgrave
et al., 1997) was “history matched” against MPCT test re-
sults. The results obtained during the experiment and mod-
eling of MPCT (fluid properties, relative phase permeability,
kinetic model, technological parameters) were used further in
field-scale modeling. The performance of the four different
thermal EOR scenarios was assessed. The development sys-
tem was also examined to achieve the maximum economic
indicators with the identifications of risks and main uncer-
tainties.

2 Physical and numerical simulation on a laboratory
scale

Before the field tests, physicochemical and thermodynamic
characteristics of the process were studied to avoid any risks
and uncertainties. According to the methodology, the de-
velopment of a thermodynamic model starts form High-
Pressure Differential Scanning Calorimetry (HPDSC) and
High-Pressure Ramped Temperature Oxidation (HPRTO)
laboratory tests. They were carried out to obtain the temper-
ature dependence of the thermal effect and to estimate the
oxidation characteristics as a function of temperature. Then
a laboratory experiment is conducted to simulate the process
of HPAI itself on an MPCT. It allows validating the kinetic
model and technological parameters. This research focuses
on the results of the MPCT oxidation experiment, its further
consequent simulation to provide stoichiometry of the reac-
tions, and field design parameters.

2.1 Experimental part

The experiment was carried out on the MPCT laboratory
setup. The schematic representation of the MPCT installation
is presented in Fig. 1. Before air injection, Helium was in-
jected to pressurize the system, and the first zone was heated
up. The air injection started with a rate of 15.34stlth~! and
the start of temperature rise with a speed of 40°Ch~!. The
end of air injection occurred after 20.44 h that followed with
a helium injection at a rate of 15.34stlth™! and further the
pressure was dropped after 31.23 h. The maximum temper-
atures achieved as a result of combustion reactions at each
zone are presented in Fig. 2b. The maximum temperature
achieved in zone 1 was 526 °C. Temperature profiles demon-
strate that the combustion front did not reach the 11th and
12th zones as the air was switched to Helium after zone 10
peaked. The combustion front velocity with a temperature
of 350°C through zones 3-10 was 18.1cmh~!. Figure 2a
shows the mole concentration of Oy, N>, He, CO, and CO,.
According to the composition change in Fig. 2a in the inter-
val from 2.5 to 8 h, the stabilization of the component com-
position of gases leaving the MPCT is observed, which cor-
responds to the steady-state combustion mode.
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Figure 1. Schematic diagram of the MPCT installation (Khakimova et al., 2020).
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Figure 2. Temperature profiles on the centreline (a); Combustion gas mole concentrations (b).

2.2 Numerical modeling

A 3D radial model of the MPCT experiment (see Fig. 3)
was created in CMG commercial software to “history match”
the model of chemical reactions, sufficient air injection rate,
and relative permeability curves. Details about the impor-
tance of the full multilayer design, appropriate simulation of
heater regimes, and “history matching” of all stages preced-
ing the air injection process are described by Khakimova et
al. (2020). The combustion tube is 1.83 m with 12 heating
zones presented in temperature profiles (see Fig. 2a). The
centerline and wall thermocouples, as well as heating ele-
ments mounted in these zones, were reproduced in the nu-
merical model. The tube is displayed in 11, 1, and 45 grid
blocks in the radial, azimuthal, and vertical direction, respec-
tively (see Fig. 3). The three central cells represent the rock
sample with 40 % porosity and permeability of 15.6darcy.
This rock layer is then followed by a steel tube wall, insu-
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lation, steel wall, annular space, and pressure casing. The
values of porosity and permeability of each layer and their
sizes are given in the article Khakimova et al. (2020). The
initial oil, water, and gas saturations were calculated based
on the experimental data of initial masses of oil and water
contained in the core and accounted for 0.739, 0.111, and
0.150 respectively. The amount of Maltenes mole fraction
was 0.995. The numerical model accounted for the gradual
increase of the pressure in the system, initiation of the com-
bustion, maintenance of the necessary temperatures accord-
ing to the work of heaters during the experiment, switching
to Helium, and the gradual release of pressure in the sys-
tem. The reproduction of the angle of inclination of the tem-
perature profile during cooling of the zone was achieved by
introducing heat loss coefficients to surroundings. Pseudo-
components used in the model are Water, Methane, Maltenes,
Asphaltenes, CO;, HS, Ny, O and Coke. The reaction
scheme includes thermal cracking, low-temperature oxida-
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Figure 3. MPCT Installation (a) and the numerical model of the MPCT in CMG STARS: initial porosity (b), temperature distribution over

time (c¢), oil saturation distribution over time (d).

tion, and high-temperature oxidation reactions as described
in Khakimova et al. (2020).

The numerical modeling of the MPCT experiment was
performed in the thermal hydrodynamic simulator. The “his-
tory matching” was carried out by varying the kinetic pa-
rameter and the operation regimes of the heaters. Results re-
vealed a significant impact of relative permeability curves on
the combustion tube simulation and they further were used
in field-scale modeling. Figure 4 represents the temperature
profiles for particular zones and demonstrates considerably
good reproducibility. Figure 5a and b demonstrates the cu-
mulative O, and CO; production during the experiment and
simulation. Figure 5c shows the dynamics of water produc-
tion and a comparison of the accumulated water produc-
tion for the experiment and numerical simulation. Figure 5d
shows the comparison of cumulative oil production for the
experiment and numerical simulation. There is a mismatch
in the cumulative production of O, and CO», indicating the
requirement of expanded investigation of phase transition be-
havior of studied oil. Nevertheless, the obtained numerical
model demonstrates excellent reproduction of general fea-
tures of the MPCT experiment (temperature peaks, front ve-
locity, cumulative oil, and water). Thus, the validated numer-
ical model can be further tested during upscaling.

3 Field-scale modeling

Results from numerical modeling of laboratory-scale oxida-
tion experiments were further applied for field-scale simu-
lation to estimate HPAI method feasibility. The geological
model of the target field was compiled based on the results
of the reinterpretation of 2D, 3D seismic surveys, and deep
hole drilling data. The field is a single-layer with seven oil
deposits discovered in the formation of the Tournaisian stage
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of the Lower Carboniferous. The average depth of the field
is 1340 m, with a thickness of the oil-saturated part in the
range of 1.2-13.8 m. The gravity of the crude oil is 33.2°
APIL. An average oil saturation is 75 %. Other main char-
acteristics of the individual subsectors are presented in Ta-
ble 1. The construction of the HPAI model was conducted in
CMG commercial software (CMG, 2016). Figure 6 presents
the distribution of oil saturation of the model with four sub-
sections of interest. Generally, objective functions are se-
lected that can allow the estimation of the degree of discrep-
ancy between the calculations by large-block and small-cell
models. Based on the stability analysis of the large-block
model, further thermophysical, chemical, and filtration pa-
rameters can be selected. Based on the results of the “his-
tory matching” of the MPCT experiment, the pre-exponential
Arrhenius parameters and relative permeability curves were
obtained. These kinetic reactions and pseudo-compositional
model (see Sect. 2.2) were transferred to the sector model.
The pre-exponential factors for three oxidation reactions and
order with respect to oxygen partial pressure for Asphaltenes
low-temperature oxidation were reduced as a part of the
upscaling process. It improved the numerical performance
caused by the degree of reservoir heterogeneity and relative
permeability curves.

Four scenarios of field development were examined to
evaluate the efficiency of air injection on individual sub-
sections. The scenarios considered: (1) Primary recovery
method (without injecting water or air); (2) Air injection; (3)
Waterflooding; (4) Simultaneous injection of air and water
(wet combustion).

The performance of each subsection is presented in Fig. 7.
Subsection 1 demonstrates promising predictions for sce-
nario 2 and scenario 4, with 9 % and 10 % additional cumula-
tive oil production, respectively, in comparison with scenario
3. It was achieved by improved perforations in the pay area.
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Figure 5. Cumulative Oy (a), CO; (b), water (¢) and oil (d) production production for experiment and simulation.

Separation of oil-saturated layers was ensured, and air injec-
tivity was improved due to low rock permeability and rela-
tive permeability to gas. Meanwhile, the high-temperatures
in air-injection well cross-sections indicate combustion ex-
istence in subsections 2 and 3 (see Fig. 7c and d). How-
ever, the amount of oxygen is insufficient to maintain the
required pressure at a distance of more than 50 m from the
well in subsections 2, 3 and 4 due to insufficient injectivity
of the injector. Combustion stops and air breakthrough into
the production wells. In the calculations for scenarios 2 and
4, restrictions were placed on the production wells (shutting
down the wells when the concentration of O, was reached
2 %). In the long run, the water injection and primary pro-
duction demonstrate a better efficiency and more profitable
with the given development system of subsections 2, 3, 4. It
should be noted, the efficiency of water injection is overesti-
mated, since in practice, it does not show such effectiveness.
The limited availability of water and the need for water treat-
ment are other drawbacks of scenario 3.

Further subsections 2 and 3 were considered as a subject of
optimization. They were analyzed in detail to find the optimal
injection scenario and to achieve maximum oil production.

https://doi.org/10.5194/adgeo-54-7-2020

The rearrangement of subsection 3 (see Fig. 8) only demon-
strated the effectiveness of air-injection based methods in
comparison with water injection. The development system
of this uplift was changed as follows: one well (yellow) was
converted from injection mode to production, another well
(blue) from production to injection mode, and an additional
well was drilled. (see Fig. 8a). In this case, an option with
water + air injection is more effective than the option with
water injection until November 2021 (see Fig. 8b). The re-
sults showed that by optimizing the development system, it
is possible to increase the efficiency of field development. An
economic factor should play a key role in the identification
of the best solution. The effectiveness of the scenarios 1, 3
in these models is due to the high ratio of gas and oil mo-
bility provided by relative permeability tables in the oil-gas
system.

Adv. Geosci., 54, 7-14, 2020
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Table 1. Model characteristics.

Model characteristics

Subsection 1

Subsection 2 Subsection 3 Subsection 4

Number of active grids 20486 40434 14447 13327
Average porosity, % 11.2 12 12.1 12.1
Average permeability, mD 84 94 82
Pore volume, m? 8342974 16288 440 6446 607 5581886
Initial geological oil reserves, m> 781532 2405516 1365192 1087928
Subsection 1 Subsection 3 Subsection 4

Subsection 2
-

Figure 6. Oil saturation distribution of different subsections.

4 Conclusions

This research focuses on the estimation of the HPAI re-
covery technique feasibility for the target field. Consequent
laboratory-scale HPRTO and MPCT experiments, and their
further 3D numerical modeling were performed. A kinetic
model of reactions occurring during combustion was vali-
dated against experimental results. Adapted fluid model, rel-
ative permeability, kinetic model, and operational parameters
obtained during the numerical simulation were used for the
field upscaling.

Four different field-wide development scenarios were con-
sidered to maximize oil production. The methods were tested
on existing wells during the 30 years period and compared
to assess the performance of air injection: primary recovery,
air injection, water injection, and simultaneous injection of
water and air. The simulation was performed for four indi-
vidual subsections to evaluate the efficiency of each method.
High temperatures in air-injection well cross-sections indi-
cate combustion existence. In subsection one due to im-
proved perforation strategy scenario two adds 4 %, and sce-
nario 4, in its turn, adds 10 % to cumulative oil production
in comparison with scenario three. Injection of air into the
reservoir does not lead to an increase in oil recovery in the
long run for subsections 2, 3 and 4 due to rapid breakthroughs
of air into producing wells within 3—4 years (oxygen concen-
tration limit is 2 %). A lack of sufficient air injectivity in parts
of the reservoir resulted in an inability to sustain combustion
at these locations. The relatively low porosity requires a high
amount of fuel to heat the rock matrix. Low air-injectivity at
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subsections 2, 3 and 4 the geological features (permeability,
porosity, pay zone thickness) and current well pattern led to
insufficient oil displacement. For the subsection 2, the opti-
mization with converting injector to the producer, production
well into injection mode, as well as drilling an additional
well, can lead to higher oil production (+16 %) until 2021
(after which production wells were shut off due to air break-
through).

Currently, the main uncertainties that significantly affect
the results are relative permeability curves in the oil-gas sys-
tem, possible air breakthroughs into production wells, injec-
tants (water and air) availability, and their costs.
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