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Volatile oil recovery through air injection is a promising method for highly heterogeneous low permeability reservoirs. Thermal effects due to oxidation reaction, vaporization/condensation and ﬂue gas drive
are the most important mechanisms for light oil recovery by medium pressure air injection. To gather
evidence for this claim, we performed ramped temperature experiments with consolidated cores ﬁlled
with hexadecane injecting either air or nitrogen at different injection rates at medium pressures. The
experiments show that oxygen is removed from the injected air through physical and chemical sorption
by the hydrocarbon at low temperatures. Most of the bonded oxygen is released later at higher temperatures and reacts to form carbon oxides. The amount of oil burned in the air injection process relative
to the amount of oil recovered increased from 2% at 10 bar to 18% at 30 bar, and again decreased to 5% at
45 bar and 3% at 70 bar. This trend was predicted theoretically in an earlier study of the medium temperature oxidation process.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Recovery percentages from oil reservoirs range from 5% for
difﬁcult oil to 50% for light oil in highly permeable sandstone reservoirs. Due to the current difﬁculties encountered in the production of oil, in situ combustion (ISC) and high pressure air injection (HPAI) are considered as effective ways to enhance the
recovery of oil. When high pressures are impractical, an air injection method can be proposed that is effective at medium
temperatures and pressures for light oil reservoirs (Mailybaev
et al., 2013). The experiments described in this work explain the
reasons for its effectiveness.
The air injection process is often referred to as HPAI when it is
applied to deep light oil reservoirs, where other recovery methods
are uneconomic or ineffective, whereas the term in situ combustion traditionally has been used for heavy oil reservoirs. The effectiveness of HPAI depends on many oil recovery mechanisms
(Clara et al., 2000) including sweeping by ﬂue gases, ﬁeld repressurization by the injected gas, oil swelling, oil viscosity reduction, stripping off light components from the oil by ﬂue gas,
and thermal effects generated by the oxidation reactions. The
maximum amount of oil recovery in combustion processes is the
n
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initial oil-in-place exclusive the amount of fuel consumed in the
combustion reactions (Mamora, 1995), i.e., even residual oil may
be produced.
The mechanism responsible for oil displacement by air injection varies with the type of oil. For light oil, vaporization and
condensation are just as important as the oxidation reaction
(Mailybaev et al., 2013). Air injection is very effective in heterogeneous permeability reservoirs as the oil evaporates away from
the lower permeability parts to be collected at the higher mobility
streaks. There is a large body of literature describing the use of
HPAI to recover oil (Abou-Kassem et al., 1986; Akin et al., 2000;
Castanier and Brigham, 1997, 2003; Kok and Karacan, 2000; Lin
et al., 1987, 1984; Mailybaev et al., 2011), which is appropriate at
high pressures (>100 bar ) in reservoirs at large depths. However,
at shallower depths (300–1000 m), an alternative is to inject at
medium pressures (10–90 bar) for light and medium oil in heterogenous low permeability reservoirs. High temperatures and
high heat generation are not necessary for the displacement of
light oil by air injection (Greaves et al., 2000a). However some
form of oxidation is required in order to remove the oxygen from
the injected air (Greaves et al., 2000a) to prevent it from reaching
the production wells, which is considered a safety hazard.
In most of the experiments and simulation studies in the literature considered, scission reactions improve oil recovery, in
which case oxygen is removed from the injected stream. However,
it is suggested (Yannimaras and Tifﬁn, 1995) that only about 20% of
the light oils are good candidates for undergoing full oxidation at
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temperatures greater than 400 °C, and that the other 80% only
incorporates the oxygen in the oil by low temperature oxidation
(LTO) at lower temperatures. The mechanism for combustion of
light or medium oils is fundamentally different from that for the
combustion of heavy oils (Abou-Kassem et al., 1986; Akin et al.,
2000; Bruining et al., 2009; Castanier and Brigham, 1997, 2003;
Kok and Karacan, 2000; Lin et al., 1987, 1984; Xu et al., 2004;
Khoshnevis Gargar et al., 2010), in which high temperatures are
achieved. In the high temperature oxidation (HTO), the heat conducted out of the reaction zone converts the oil to coke before it is
combusted. In the medium temperature oxidation (MTO) (Greaves
et al., 2000b; Gutierrez et al., 2009; Germain and Geyelin, 1997)
the oxidation reaction leads to scission of the molecules and formation of small reaction products such as water, CO or CO2. In LTO,
the oxygen is incorporated in the hydrocarbon molecules to form
alcohols, aldehydes, acids or other oxygenated hydrocarbons. LTO
is characterized by the production of little or no carbon oxides
(Greaves et al., 2000b, 2000a; Hardy et al., 1972). Dabbous and
Fulton (1974) also suggest that light crude oils appear to be more
susceptible to partial oxidation at low temperatures because of
their high hydrogen content. An increase in the viscosity of the oil
subjected to LTO reactions was observed (Alexander et al., 1962),
while a decrease in the API gravity of the oil was reported (Mamora, 1995). Freitag (2010) mentioned that the success of an ignition is strongly affected by LTO reactions.
Oxidation reaction mechanisms at reservoir conditions are
complex. A number of conceptual combustion models describing
ISC have been formulated in the past (Alexander et al., 1962;
Belgrave and Moore, 1992; Fassihi et al., 1984). Most of the models
assume liquid phase or coke combustion as the source of energy to
sustain ISC. Some references indicate that gas-phase reactions in
HPAI are relevant (Barzin et al., 2010). However, in view of the role
played in these reactions (Schott, 1960) by free radicals (Helfferich,
2004; Levenspiel, 1999), which are easily annihilated at pore walls,
it is still a matter of debate whether gas phase reactions are signiﬁcant. Alexander et al. (1962) found that LTO reactions have a
pronounced effect on fuel deposition and composition. In the experiment (Alexander et al., 1962) with crude oil 21.8° API and
temperatures between 121 °C and 345 °C, large values of apparent
atomic hydrogen-carbon ratio were indicative for oxygen consumption in LTO reactions, which do not produce carbon oxides.
Another important fact is that oxygen diffusion rate into the oil
phase is greater than the oxidation reaction rate, so that oxygen is
dissolved throughout the oil phase during LTO (Dabbous and
Fulton, 1974). In reactor experiments, oxidation inhibitors (Fodor
et al., 1988; Freitag, 2010, 2014) naturally existing in oil lead to an
induction period (a time delay between the initial exposure to
oxygen of an oil or oil fraction and the start of rapid oxidation) for
saturates component oxidation at low temperatures. These inhibitors are aromatic molecules with functional groups with easily
abstractable hydrogen atoms (Matsuura and Ohkatsu, 1999). LTO
reaction would occur, if all the inhibitors were consumed (Freitag,
2010). Normally the rapid oxidation of saturates is repressed and
decreased when they mix with other aromatic-based fractions
(Freitag and Verkoczy, 2005) in the heavy oil mixture. However,
volatile saturates can be vaporized, moved away downstream and
be separated from the aromatic compounds in a light oil mixture
containing light alkanes. As we used one-component oil (pure
hexadecane), the occurrence of free-radical intermediates scavengers cannot be investigated in this paper and will be studied in
the future.
In the case of experiments in a combustion tube, the latter
contains a mixture of oil and sand that is heated up, using nitrogen
as a carrier gas. At initiation of the experiment the nitrogen is
replaced by air and the combustion process starts (Abou-Kassem
et al., 1986; Akin et al., 2000; Bruining et al., 2009; Castanier and

Brigham, 1997, 2003; Kok and Karacan, 2000; Lin et al., 1987, 1984;
Xu et al., 2004). For ramp temperature oxidation tests, such as the
one we performed, the reactor is heated over the whole length of
the tube. One set of experiments was carried out at high pressures
(120 bar) and high injection rates with light oil (37° API) (Barzin
et al., 2010), in which combustion occurred at 220 °C. In another
set of tests, combustion tube experiments were also performed at
a low air ﬂux rate (Lin et al., 1984), so that oxygen consumption
was close to 100% (the oxygen contents in the produced gas phase
were only 1% or less). Under these conditions, the combustion rate
is controlled by oxygen mass transfer, and the kinetics of the
oxidation reactions are not important except during the ignition
period. Greaves et al. (2000b) carried out two tests on a light
Australian oil (38.8° API) starting at initial oil saturations of
So ¼ 0.41 and 0.45, at an operating pressure of 70 bar and an initial
bed temperature of 63 °C. The combustion temperature was about
250 °C in both tests. High combustion velocities were achieved in
all tests, varying from 0.15 to 0.31 m/h.
Medium pressure air injection is described directly or indirectly
in the literature. Gillham et al. (1998) show that air injection can
increase the light oil recovery to economical signiﬁcance in the
deep Hackberry reservoir. They distinguish between application of
high and low pressures in the ﬁeld trials. The low pressure experiment is conducted between 20 and 40 bar. Unfortunately,
supporting tube tests were only reported at high pressures
(230 bar) incidentally. The paper reports two incidents of ﬁre, one
in the high pressure test and one in the low pressure test, both
occurring in the injection well. Gutierrez et al. (2008) describe a
laboratory experiment at low pressure (14 bar) with light oil,
which gave rise to relatively high temperatures (478 °C). The
combustion is characterized initially by oxygen addition reaction
followed by scission reactions. The authors conclude that high
oxygen injection rates are required to stimulate the scission reactions. Germain and Geyelin (1997) describe combustion tube
tests with light oil in heterogenous low permeability (1–100 mD)
reservoirs using pressures of 40–45 bar and leading to combustion
temperatures between 260 °C and 370 °C. Low pressure thermal
gravity and differential scanning calorimetry test results (Li et al.,
2004) show that distillation is a dominant process for the recovery
of light and medium oils at elevated temperatures. This may indicate that pressure effects need to be taken into account. They
also found that pressure enhances exothermic reaction rates in a
pressurized differential scanning calorimeter test with a sample
weight of 10 mg.
In a previous theoretical study based on two-component oil
model, we found that the ratio between vaporization and reaction
determines the effectiveness of the air injection process (Khoshnevis Gargar et al., 2014). If a large amount of heavy components is
present in oil, the vaporization is weak and most oil is left behind
for combustion. On the contrary, for a large amount of light
component in the oil, most of the oil vaporizes and less oil is left
behind for combustion. As a result, recovery of light oil is more
efﬁcient and requires less oxygen per amount of oil recovered. It is
asserted that the oxidation mechanism also plays an important
role in the effectiveness of the oil production, as partial oxidation
of the light hydrocarbons forms oxygenated hydrocarbons with a
higher boiling point (Greaves et al., 2000b, 2000a; Hardy et al.,
1972) than the original hydrocarbons. In such a case vaporization
will be hampered and the process may become less effective.
One of the purposes of our research is to investigate whether
we can ﬁnd experimental evidence for the medium temperature
combustion mechanism described theoretically in Mailybaev et al.
(2013) and Khoshnevis Gargar et al. (2014). We perform and interpret experiments involving air injection in sandstone rock ﬁlled
with n-hexadecane (modeling light oil) at medium pressures and
conditions that are typically away from the injection well. The air
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ﬂuxes used in typical combustion-tube experiments and accelerating-rate calorimetry (Yannimaras and Tifﬁn, 1995) are much
higher than in the ﬁeld except in the near wellbore region of airinjection wells. At slower rates we expect to see details that are
not visible in experiments operating at high rates and pressures
(Barzin et al., 2010; Gutierrez et al., 2008; Germain and Geyelin,
1997; Lin et al., 1984; Greaves et al., 2000b). The low air injection
rate was chosen to mimic the processes in the main reaction zone
(away from the injection well) in an oil reservoir, in which there is
a long residence time for oxygen to be in contact with oil. The
experiments were done to investigate the mechanisms in the air
injection process at different pressures and injection rates. The
important aspect in this study was to determine the nature of low
temperature oxidation products prior to full combustion. The
mechanism of initial uptake of oxygen for later release was established in this work.
The paper is organized as follows. Section 2 describes the experimental set-up and procedure. Section 3 describes operating
conditions and modeling. Section 4 discusses the experimental
results and interpretation. We end with some conclusions.

2. Experimental set-up and procedure
The experimental apparatus shown in Fig. 1 is a high pressure
ramped-temperature oxidation reactor consisting of a combustion
tube (a stainless steel reactor with an internal diameter of 5 cm
and a length of 23 cm) equipped with heating devices, four internal thermocouples (see Fig. 2), and equipment for gas injection,
sampling and analysis. This setup can be operated at either a
predeﬁned heating rate schedule or at a ﬁxed temperature, medium pressure and low air injection rate. The reactor temperature is
determined by thermocouples inserted along axis of the sandstone
core. Two extra termocouples are added under the electrical-resistance band heater, wrapped around the outer wall of a pressure
jacket in order to monitor the temperature change induced by the
heating band. Heat is provided by a cylindrical electrical heater
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enclosing the tube. The heaters are controlled through an Eurotherm temperature regulator based on the temperatures underneath the heaters wrapped around the cell. The complete setup is
insulated by thermal ceramic super-wool to minimize heat losses.
A vertically-positioned sandstone core in the high pressure
stainless steel reactor is ﬁrst evacuated and then is entirely saturated with the model oil (n-hexadecane), which was preheated to
a desired temperature through a given heating schedule. One of
the main favorable features of this type of test is being able to
perform all experiments with Bentheimer consolidated sandstone
cores, which are rather homogenous. This is opposed to most experiments reported in the literature, generally performed with
crushed core or sand, which can alter the original permeability
and porosity. The air is injected from the top, controlled by a mass
ﬂow meter; oil and exhaust gases are produced at the reactor
bottom. The produced gas is analyzed by a gas chromatograph
(GC). Liquids from the reactor are collected and analyzed to determine the produced oil viscosity and density. In order to prevent
clogging of the GC column by heavier components as well as to
collect the produced liquid, a cooling trap and a separator are
placed in front of the inlet port to the GC. An Agilent Cerity portable 3000 Micro-gas chromatograph is used for the analysis of the
produced gas. To analyze the gas stream, a GC is prepared to
identify nitrogen, oxygen, carbon dioxide, carbon monoxide, methane, ethane, ethylene, and acetylene. Helium is used as a carrier
gas.
The tubular reactor is made of steel (A269 TP316) and is located
in a tubular pressure jacket. The annular space between reactor
and jacket is pressurized by nitrogen, while the ﬁlled reactor is
also pressurized by air. The pressure in the annulus is 10 bar
higher than the reactor pressure for safety reasons. After pressurizing, the heating schedule is deﬁned (10 °C/10 min), while the
injected gas starts to ﬂow through the reactor at a deﬁned rate. At
the top and bottom of the reactor two Swagelok safety valves are
installed. The same heating schedule is used for all the experiments, because the heating rate has a direct effect on fuel availability (Alexander et al., 1962). Pressure transducers at the top and

Fig. 1. Schematic drawing of the experimental set-up. The numbers indicate the following parts: (1, 5) 3-way valves, (2) vacuum pump, (3, 36) ball valves, (4) mass ﬂow
controller, (6, 11, 23, 32) pressure transmitters, (7) pressure indicator (annulus), (8, 18, 19) back-pressure regulators, (9, 21) thermocouples, (10, 24, 30) metering valves, (12)
Pneumatic valve NO, (13) electric heating jacket, (14, 15, 16, 17, 19, 22, 28) Pneumatic valves NC, (20) gas chromotograph (GC), (27) electronic valves, (29) reactor, (31) storage
vessel, (33) safety valve, (34) gas booster, (35) pressure regulator.
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Table 1
Operation conditions of the experiments.
Run

Injected gas

Injection rate

Pressure

Exp.1
Exp.2
Exp.3
Exp.4
Exp.5
Exp.6

Air
Nitrogen
Air
Air
Air
Air

20 ml/min
20 ml/min
50 ml/min
20 ml/min
20 ml/min
20 ml/min

30 bar
30 bar
30 bar
10 bar
45 bar
70 bar

composition. The injected gases were nitrogen and air. Nitrogen
had a purity of 99.995 vol%. Compressed air was injected as an
oxygen source. Table 1 lists the operating conditions for each run
in terms of injected gas, injection rate and pressure.
In the combustion process, oxygen in the injected air reacts
with the hydrocarbon fuel to generate heat. Refering to the LTO
reaction path proposed in Chen et al. (2013), the hydrocarbon
molecules are primarily oxidized to intermediate products, such as
carboxylic acid, aldehyde, ketone, alcohol, ether and other products (exothermic); at the same time oxygen can also be dissolved
in the oil or absorbed by the oil. Carbon dioxide is the main ﬁnal
gaseous product of LTO reactions. In our experiments, the composition of the produced gas is analyzed, where the molar concentrations of CO2, CO, O2 and N2 are measured by GC and denoted
as [CO2], [CO], [O2] and [N2].
We propose the following overall oxidation reaction of hexadecane:

zCn H2n + 2 + qCn H2n + 2 O2 +

1
O2 + N2
9

^ n H2n + 2 + qC
^ n H2n + 2 O2 + sH2 O + pCO + vCO + fO + N2,
→ zC
2
2
Fig. 2. Schematic drawing of the tube including thermocouples and their distances.

bottom of the reactor monitor pressure. Four thermocouples (TC)
(ThermoCoax Type K) are installed in the reactor to allow monitoring the temperature at different locations in the tube, from TC1 at the top to TC-4 at the bottom (see Fig. 2). A mass ﬂow meter is
used to control the rate of gas injection into the reactor. The back
pressure valve is set to a desired pressure. A wet gas meter provides a cumulative reading of volumetric ﬂow of the efﬂuent gas
stream. The data from the thermocouples, injection and production pressure, and the gas ﬂow rate are collected every second on a
computer using an in-house data acquisition system.

3. Description of the experiments
Six experiments were carried out. Some parameters varied
from run to run, such as the system pressure, the injection ﬂow
rate and the injected gas type. The temperature ranged from 25 °C
to 450 °C, which is representative of medium temperature oxidation range, i.e., less than 250 °C, but sufﬁciently high to capture the
vaporization and oxidation reactions. The pressure was maintained at 10, 30, 45 and 70 bar, which are sufﬁciently low to capture the vaporization at the chosen temperatures. The injection
ﬂow rates were 20 and 50 ml/min (measured at room temperature
and atmospheric pressure). These injection rates lead to a combustion front speed considered as representative of ﬁeld conditions. The core for the experiments is Bentheimer sandstone with
a porosity around 30%. The model oil used in this work is n-hexadecane with a purity of 99 mol%. The reason to choose hexadecane is that it represents the largest boiling point alkane that
can be easily handled without the possibility to solidify and it is a
pure component, which makes it easier to measure the

(3.1)

where the nitrogen/oxygen molar ratio in the injected air is denoted by 9 , which is equal to 3.7. This model reaction describes
sorption of oxygen or formation of oxygenated hydrocarbon when
q^ > q and desorption or release of oxygen when q^ < q . When
z + q > q^ + z^ , it also describes full oxidation for a part of hydrocarbon molecules. Hydrogen concentration was not measured in
the produced gas, which is a restriction for our GC setup. We
disregard the hydrogen on the right-hand side of Eq. (3.1), which
will lead to an underestimate of oxygen in the reaction products,
but will not alter our main conclusions.
Initial hydrocarbon (Cn H2n + 2) with n ¼16, oxygenated hydrocarbon (modeled effectively as Cn H2n + 2 O2) and water are produced
in liquid phase, while other components are produced in gas
phase.
Three balance equations for components C, H and O given by
Eq. (3.1) are solved as

1
p+v
3
z − z^ =
+
− p − v − f,
9
2n
2

(3.2)

1
p+v
3
q^ − q =
−
− p − v − f,
9
2n
2

(3.3)

s=

(n + 1)
(p + v).
n

(3.4)

The interpretation of the experiments is partly based on the
effective model in Eq. (3.1) and on analytical results for air injection in a reservoir with light oil, which will be summarized here
for reasons of easy reference (Mailybaev et al., 2013).
The mathematical analysis shows that the MTO reaction forms
a wave traveling with constant speed, occupying a vaporization
region and a reaction region, see Fig. 3(a). The vaporization region
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Fig. 3. (a) Schematic graphs of the MTO wave proﬁle. Indicated are changes in temperature T, oil saturation so, oxygen fraction Yo and hydrocarbon fraction Yh in the gas.
(b) Burned to recovered oil ratio for heptane depending on the reservoir pressure (Mailybaev et al., 2013).

is very thin because vaporization is faster than reaction. The reaction region is much wider. The thin vaporization region (VR) is
dominated by vaporization and the much wider reaction region
(RR) is dominated by the MTO reaction (with slow condensation)
(Mailybaev et al., 2013; Khoshnevis Gargar et al., 2014a). The
surprising feature is that the vaporization region is located upstream of the reaction region. In the vaporization region the
fraction of hydrocarbon in gas phase rises to the equilibrium value.
In the reaction region most of the MTO reactions occur at medium
temperatures. Moreover gaseous hydrocarbon condenses here due
to temperature decrease in the direction of gas ﬂow. The amount
of oil burned in the MTO wave relative to the amount of oil recovered in front of the MTO wave was computed in Mailybaev
et al. (2013). This ratio is the relative amount of burnt oil (depending on the amount of injected oxygen) and the amount of
produced oil including the vaporized hydrocarbon subsequently
condensed downstream and the hydrocarbon driven by the MTO
wave. Computations of this ratio for heptane depending on the
reservoir pressure are reproduced in Fig. 3(b). The amount of
burned oil varies in the range of 5–12%, decreasing at higher
pressures.

4. Experimental results and interpretation
Figs. 4–13 present the results of all experiments. These ﬁgures
show the temperature history at four locations in the reactor,
produced gas composition history, reaction rate of hexadecane,

production rate of oxygenated hydrocarbon, full oxidation rate and
oil recovery curves. The results are interpreted right away.
4.1. Air injection experiment (Exp. 1)
In the ﬁrst experiment (Exp. 1), air was injected into the reactor, which was previously saturated completely with hexadecane as the model oil. The reactor was heated from room
temperature to 400 °C at a heating rate of 10 °C/10 min. Fig. 4
shows the temperature and the produced gas composition histories. The gentle increase up to 150 °C is due to heating interruption in the experiment because of problems with the back
pressure valve, which were resolved after 150 min, recovering the
initial heating rate.
Deviations of the temperatures along the tube (i.e., in different
thermocouples) occur at temperatures above 200 °C, which is an
indication of heat release due to possible sorption of oxygen in the
hydrocarbon or possible low temperature oxidation reactions.
Sorption of oxygen in the hydrocarbons within the porous medium (Battino et al., 1983; Battino, 1981; Ju and Ho, 1989; Markham
and Benton, 1931) can be either physical (physisorption) or chemical (chemisorption); physical adsorption is caused by physical
forces, i.e., van der Waals interaction between adsorbent and the
adsorbate. The adsorption process is exothermic. The physisorption energy is below 40 kJ/mol. The chemical adsorption is due to
chemical reaction between the adsorbent and the adsorbate,
which changes the structure of the adsorbent. The chemisorption
energy is comparable to the energy of chemical bonds in reactions

Fig. 4. Measurement history for air injection (Exp. 1): (a) temperature and (b) produced gas composition. Nitrogen, oxygen and carbon dioxide fractions are evaluated
through the right vertical axis. (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this paper.)

34

N. Khoshnevis Gargar et al. / Journal of Petroleum Science and Engineering 133 (2015) 29–39

Fig. 5. Air injection experiment (Exp. 1): (a) History of the ratio of oxygen and nitrogen concentration in the produced gas. The dashed line indicates the ratio 1/9 in the
injected air. (b) Reaction rates based on the reaction model (3.1). (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version
of this paper.)

Fig. 6. Produced gas composition and temperature history for nitrogen injection
experiment (Exp. 2).

and it is 80 kJ/mol or even more (Keller and Staudt, 2005). The
uptake of gas by a liquid decreases as temperature increases
(Battino et al., 1983; Ju and Ho, 1989; Markham and Benton, 1931).
The temperature peaks in Fig. 4(a) indicate that an exothermic
reaction zone is formed at temperatures above 330 °C, which
moves along the reactor passing through TC-1 (red curve) at the
top to TC-4 (green) at the bottom in Fig. 2. The exothermic reactions resulted in an average temperature increase of 100 °C. It is
shown that the temperature increase is small and smooth at the
top of the reactor (TC-1, TC-2), but less smooth at higher temperatures (TC-3, TC-4). A steep increase in temperature is an indication of a higher reaction rate at higher temperatures. The ultimate oil recovery for this experiment is 74%.
The efﬂuent gas composition history is shown in Fig. 4(b). The
oxygen fraction starts to decrease while the CO and CO2 fractions

start to increase, when the temperature reaches 200 °C, around
270 min in Fig. 4(a) and (b). Very small amounts of hydrocarbon
gases are produced starting at 230 °C; as the temperature rises, the
produced amount of small molecule hydrocarbons increases,
however their amounts are small in comparison to those of other
produced gases. The nitrogen concentration increases in response
to the consumption of oxygen, then starts to decrease to a constant
value over the duration of the test, while more carbon oxides are
produced. High nitrogen concentration is an indication of oxygen
removal from the gas phase either by dissolution in the oil phase
or by formation of oxygen containing compounds. These hydrocarbons (either with adsorbed oxygen or chemically oxygenated)
can partially provide fuel for combustion and oxidation reactions
at later times. Moreover, adsorbed oxygen may also be released as
the temperature increases (see Fig. 5).
Fig. 5(a) shows the produced atomic oxygen/nitrogen ratio in
ﬂue gas phase, which indicates that the consumption of oxygen
from the injected gas does not correspond to the release of an
equal amount of oxygen in gaseous reaction products (carbon
oxides). Before oxygen uptake by the hydrocarbon, the molar ratio
of ([CO] /2 + [CO2 ] + [O2 ]) /[N2 ] stays constant and equal to its value
in injected air. When the oxygen concentration begins to drop, the
ratio decreases strongly and reaches the minimum, which means
that part of oxygen is consumed while the production of carbon
oxides is low. The diffusion of oxygen in hexadecane increases (the
diffusion coefﬁcient increases 20-times) as the temperature increases (Ju and Ho, 1989; Poling et al., 2001), then the oxygen is
more in contact with oil and can be either chemically involved in
formation of partially oxygenated compounds or in sorption by
hexadecane. Later the ratio increases to a plateau value and the
exothermic reaction zone is established as an indication of bond
scission combustion reactions. In this ﬁnal stage, the value of
([CO] /2 + [CO2 ] + [O2 ]) /[N2 ] is higher than the oxygen/nitrogen

Fig. 7. Measurement history for air injection experiment with higher injection rate (50 ml/min) (Exp. 3): (a) temperature and (b) produced gas composition. Nitrogen,
oxygen and carbon dioxide fractions are evaluated through the right vertical axis.
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Fig. 8. Reaction rates for air injection experiments based on the reaction model (3.1). (a) High injection rate (50 ml/min) (Exp. 3), (b) pressure of 10 bar (Exp. 4), (c) pressure
of 45 bar (Exp. 5), (d) pressure of 70 bar (Exp. 6). (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this paper.)

ratio in the injected air. This indicates the release of oxygen from
the oxygen containing hydrocarbon compounds. Subsequently the
oxygen reacts with the hydrocarbon locally to form mainly CO2
and CO. Some part of the oxygen is involved in formation of intermediate products such as hydroperoxides at lower temperatures (Freitag, 2010, 2014), which can be consumed further at
higher temperatures or concentrations leading to the formation of
carbon oxides, while the remainder of the hydroperoxide molecules would become hydrocarbons with fewer carbons. It is generally proved that the hydroperoxide formation is the ﬁrst stage in
partial oxidation, and that subsequent partially oxidized hydrocarbons are formed by the reaction of hydroperoxides (Freitag,
2010, 2014, 2014). We mentioned that hexadecane was selected as
a model oil excluding any oxidizing inhibition effect, however the
carbon oxides appeared at temperatures around 180 °C to 200 °C,
which is only bit higher than the temperatures at which hydrocarbon-based anti-oxidants become ineffective (Freitag, 2010).
This issue is important for MTO in light oil reservoirs and requires
more detailed study in the future.
The viscosity and density of produced hydrocarbons are measured. These values turn out to be the same as the viscosity

(2.9 cP) and density (761 kg/m3) of hexadecane. This is intriguing
evidence that the oxygen dissolution in hydrocarbon plays an
important role together with the formation of oxygenated
hydrocarbon.
Using the model reaction in Eq. (3.1), we can estimate the
stoichiometric coefﬁcient q^ − q, which is proportional to the
conversion rate of hexadecane to oxygen containing hexadecane,
see Fig. 5(b). In this ﬁgure, the blue curve shows the stoichiometric
coefﬁcient history z − z^ describing the reaction rate of hexadecane. The red curve corresponds to q^ − q describing the production rate of oxygenated hydrocarbon. The green stoichiometric
coefﬁcient z + q − z^ − q^ describes the rate of full oxidation reaction. Negative values of q^ − q (red curve) imply that the oxygencontaining hydrocarbon is converted back to hexadecane. Similarly, we estimate and plot in Fig. 5(b) the stoichiometric coefﬁcient z + q − z^ − q^ , which describes the rate of complete scission
of hydrocarbons. Initially, no hexadecane reacts with air. Then
(after 100 min) oxygen starts to react with hexadecane. As shown
in Fig. 5(b), part of the hexadecane is converted to oxygen-containing hexadecane, because no carbon oxides are produced (Fig. 4

Fig. 9. Measurement history for air injection experiment at pressure of 10 bar (Exp. 4): (a) temperature and (b) produced gas composition. Nitrogen, oxygen and carbon
dioxide fractions are evaluated through the right vertical axis.
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Fig. 10. Measurement history for air injection experiment at pressure of 45 bar (Exp. 5): (a) temperature and (b) produced gas composition. Nitrogen, oxygen and carbon
dioxide fractions are evaluated through the right vertical axis.

(b)). As temperature increases due to the external heater, more
hexadecane is involved in chemical or physical adsorption of
oxygen. After 300 min, a large part of oxygen-containing hexadecane is converted back to hexadecane, while the rest produces
carbon oxides (note the increase of full oxidation rate, green curve
in Fig. 5(b)). This agrees with the exothermic temperature history
in Fig. 4(a).
In summary, in the low temperature range (below 250 °C),
oxygen bonds physically or chemically in the low temperature
oxidation zone with hydrocarbon. At a later stage, the oxygen
containing compound desorbs the oxygen or further undergoes
oxidation reactions.
4.2. Nitrogen injection experiment (Exp. 2)
The purpose of Exp. 2 is to determine the vaporization and the
formation of cracking products in the absence of oxygen. In Exp.
2 nitrogen is injected from the top of the reactor while the reactor
is heated according to a given heating schedule (10 °C/10 min)
starting at room temperature. Fig. 6 shows the temperature along
the reactor and produced gas composition history. In the temperature proﬁle, no endothermic front is visible due to vaporization or cracking, however small amounts of cracking products
begin to be formed around 250 °C (at 300 min). The amounts of
cracking products during nitrogen injection are smaller than the
amounts generated during air injection. This fact can be expected
as air injection is accompanied by some heat releasing oxidation
reactions, which lead to larger amounts of cracking products.
However, even during air injection, the amount of cracking products would be too small to be a signiﬁcant source of fuel for
oxidation. The oil recovery for combined heating and nitrogen
injection is 78%, which is larger than the recovery for combined
heating and air injection (74%), a process in which part of the oil is
consumed by combustion.

4.3. Effect of air injection rate (Exp. 3)
Fig. 7 shows the temperature proﬁles and the produced gas
composition for Exp. 3, which is similar to Exp. 1 but has a higher
injection rate (50 ml/min). An exothermic reaction zone is visible
in Fig. 7(a), which moves from TC-1 at the top of the reactor to TC4 at the bottom. The ﬁrst exothermic peak starts around 340 °C as
in the experiment with low injection rate (Fig. 4(a)). The exothermic reactions result in an average temperature increase of
40 °C. The ultimate oil recovery for this experiment is 70%. The
efﬂuent gas composition is shown in Fig. 7(b). The oxygen starts to
drop around 180 °C while CO and CO2 fractions begin to rise. The
oxygen fraction history in Fig. 7(b) shows that the oxygen uptake
is not complete in the low temperature range as opposed to the
results shown in Exp. 1. There are more cracking products. The
nitrogen concentration increases in response to consumption of
oxygen before it reaches a plateau. As shown in Figs. 8(a) and 5(b),
the oxygen addition processes in hydrocarbon are favored when
the air injection rate is low (Exp. 1). In Fig. 8, the blue curve shows
the stoichiometric coefﬁcient history z − z^ describing the reaction
rate of hexadecane. The red curve corresponds to q^ − q describing
the production rate of oxygenated hydrocarbon. The green stoichiometric coefﬁcient z + q − z^ − q^ describes the rate of full oxidation reaction. Negative values of q^ − q (red curve) imply that the
oxygen-containing hydrocarbon is converted back to hexadecane.
The smaller conversion is caused by the higher air speed,
leading to smaller residence time; oxygen passes the hot region
faster and has insufﬁcient time to react with hexadecane. This
reaction may be inﬂuenced by the ratio between the residence
time of oxygen and the time available for diffusion, since higher
injection air ﬂux provides less time for the oxygen to sorb in the
hydrocarbon. This leads to incomplete uptake of oxygen in the low
temperature zone, see oxygen fraction history in Fig. 7(b).

Fig. 11. Measurement history for air injection experiment at pressure of 70 bar (Exp. 6): (a) temperature and (b) produced gas composition. Nitrogen, oxygen and carbon
dioxide fractions are evaluated through the right vertical axis.
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Fig. 12. Ratio of burned to recovered hydrocarbon at the end of the experiments
depending on pressure. The curve shows a spline approximation through the four
experimental points.
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conducive to both an enhanced chemical reaction rate and
improved oxygen transport and would therefore increase the
conversion rate of oxygen. This would lead to an increased
visibility of the peaks in the temperature distribution, contrary
to our observations. This leaves us with the effect of pressure on
heat transfer. Increased pressure has only a small effect on thermal
conductivity. However, it can increase the natural convection
induced heat transfer, as the Grashof number is proportional to
the square of the pressure (Bird et al., 2002). Therefore one
possible mechanism is that increased heat transfer spreads out
the temperature and masks the temperature peaks.
The produced gas analysis in Figs. 10(b), 11(b) and 8(c, d)
showed the same mechanism as in the base case (30 bar), while
cracking does not seem to be pressure dependent and remain
small in all cases.
4.5. Efﬁciency of the air injection process

Fig. 13. Oil recovery versus time under different pressures.

4.4. Effect of reactor pressure (Exps. 4, 5 and 6)
We carried out several experiments on a core saturated with
hexadecane at various pressures to study the effect of pressure on
the air injection process. Fig. 9 shows the temperature and the
produced gas composition history for Exp. 4, which is an air injection experiment at a reactor pressure (10 bar) lower than the
ones used in the previous experiments. No exothermic reaction
zone is visible in the temperature proﬁle as the released heat is
spread out, while oxygen in produced gas starts to decrease at
much lower temperature around 170 °C as opposed to the experiment at the higher pressure of 30 bar (Fig. 4(b)). Oxygen is not
completely removed from the air stream (Fig. 9(b)) before the
temperature reaches higher values around 250 °C. As shown in
Fig. 8(b), hexadecane starts to release oxygen earlier than in the
case of Exp. 1 (at 30 bar). The amount of cracking products (small
molecule hydrocarbons) is negligible in air injection experiment at
this lower pressure.
Two other experiments were carried out at higher pressures, 45
and 70 bar. As observed in Figs. 10(a) and 11(a), no exothermic
temperature effect (peaks) is visible. Two mechanisms may be
responsible, viz., the effect of pressure on the reaction rate and the
effect on the heat transfer. Increased pressure increases the chemical reaction rate,

⎛ ac ⎞
⎛ Pg Yo ⎞n
E ⎟
⎟ exp ⎜⎜−
Wr = Ar φρo so ⎜
⎟,
⎝ Patm ⎠
⎝ RT ⎠

(4.1)

where Ar, ρo, so, Pg, Yo, E and R are oxidation reaction pre-exponential factor, oil molar density, oil saturation, gas pressure,
oxygen mole fraction, activation energy and ideal gas constant
respectively (Mailybaev et al., 2013). A higher pressure increases
the concentration of oxygen in liquid oil. Increased pressure is
ac

In the air injection process the amount of burned oil divided by
the amount of recovered oil at the end of the experiment is shown
in Fig. 12. The maximum ratio is attained at 30 bar (Exp. 1), while it
gets smaller both for lower (10 bar) and higher (45 and 70 bar)
pressures. This trend agrees qualitatively with the analytical results on medium temperature oxidation process (Mailybaev et al.,
2013), see Fig. 3(b). The amount of fuel burned is proportional to
the injected oxygen ﬂux. The recovered oil includes liquid and
gaseous hydrocarbons. The mechanisms of liquid hydrocarbon
recovery is ﬂue gas displacement (i.e., by nitrogen and combustion
gases), while hydrocarbon recovery in gaseous phase is due to
vaporization and distillation. The amount of burned oil varies in
the range of 2–18%. As shown in Fig. 12, the maximum amount of
oil is burned in the experiment at pressure of 30 bar. This mechanism is also conﬁrmed by the exothermic temperature proﬁle
in Fig. 4(a).
Fig. 13 shows the oil recovery versus time for four different
pressures. The three stages in production proﬁle include the
steepest initial part, the intermediate part with lower recovery
rate and the ﬁnal part with a higher recovery rate. We observe a
rapid increase at early times. This early production is caused
mostly by depressurization and gas ﬂood effects. The almost
constant recovery rate in the ﬁnal part is attributed to formation of
the MTO wave with constant speed, see Fig. 3 (a). The MTO injection is more effective at higher pressures, as shown in Fig. 13,
and conﬁrmed theoretically in Mailybaev et al. (2013). However,
oil recovery at 30 bar is lower than oil recovery at 10 bar, but this
may be attributed to some problems with the back pressure valve
during initial part of the ﬁrst experiment (Exp. 1).
The described recovery trend agrees qualitatively with the results of medium temperature oxidation model (air injection in
heptane and dodecane at medium pressure (10 bar) with no water
present in one case and initial water present in other cases), see
Khoshnevis Gargar et al. (2014b) for more details. Fig. 14 shows the
amount of oil recovered relative to the amount of initial oil in place
versus time for heptane, dodecane and pentane. The curves from
numerical simulations show the same three stages of the recovery
with constant slopes, in the same way as observed in the experimental results (Fig. 13). We observe a rapid increase at early times.
This early production is caused mostly by gas displacement. Then
the temperature increases, leading to the formation of the MTO
wave. The last stage of MTO recovery is very pronounced in Fig. 14,
and it starts with the ignition and combustion in the MTO wave.
Note that the last two stages of the recovery are based essentially
on the MTO process leading to elevated temperatures.
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Fig. 14. The recovery fraction of oil versus time for (a) heptane and (b) dodecane (solid lines) and pentane (dashed line) for numerical simulations (Khoshnevis Gargar et al.,
2014b).

5. Conclusions
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