Journal of Petroleum Science and Engineering 133 (2015) 29-39

Journal of Petroleum Science and Engineering

journal homepage: www.elsevier.com/locate/petrol

Contents lists available at ScienceDirect i
SCIENCE &

Recovery of light oil by air injection at medium temperature:

Experiments

@ CrossMark

Negar Khoshnevis Gargar **, Alexei A. Mailybaev®, Dan Marchesin ”, Hans Bruining °

@ Delft University of Technology, Civil Engineering and Geosciences, Stevinweg 1, 2628 CE Delft, The Netherlands
b Instituto Nacional de Matemdtica Pura e Aplicada (IMPA), Estrada Dona Castorina 110, Rio de Janeiro 22460-320, Brazil

ARTICLE INFO

ABSTRACT

Article history:

Received 12 April 2014
Received in revised form

24 February 2015

Accepted 21 May 2015
Available online 23 May 2015

Keywords:

Air injection

Medium temperature oxidation
Light oil recovery

Combustion

Volatile oil recovery through air injection is a promising method for highly heterogeneous low perme-
ability 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 tem-
peratures 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 tem-
perature oxidation process.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Recovery percentages from oil reservoirs range from 5% for
difficult oil to 50% for light oil in highly permeable sandstone re-
servoirs. Due to the current difficulties encountered in the pro-
duction of oil, in situ combustion (ISC) and high pressure air in-
jection (HPAI) are considered as effective ways to enhance the
recovery of oil. When high pressures are impractical, an air in-
jection 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 combus-
tion traditionally has been used for heavy oil reservoirs. The ef-
fectiveness of HPAI depends on many oil recovery mechanisms
(Clara et al., 2000) including sweeping by flue gases, field re-
pressurization by the injected gas, oil swelling, oil viscosity re-
duction, 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
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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 injec-
tion 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 hetero-
geneous 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 het-
erogenous 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 lit-
erature 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 con-
ducted 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 for-
mation of small reaction products such as water, CO or CO,. 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 (Ma-
mora, 1995). Freitag (2010) mentioned that the success of an ig-
nition 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 sig-
nificant. Alexander et al. (1962) found that LTO reactions have a
pronounced effect on fuel deposition and composition. In the ex-
periment (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 con-
sumption 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 in-
hibitors 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 sca-
vengers 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
S,=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 ex-
periment 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 re-
actions. 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 in-
dicate 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 (Khosh-
nevis 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 in-
terpret 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 accel-
erating-rate calorimetry (Yannimaras and Tiffin, 1995) are much
higher than in the field except in the near wellbore region of air-
injection 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 es-
tablished in this work.

The paper is organized as follows. Section 2 describes the ex-
perimental 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 in-
ternal 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, med-
ium 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-re-
sistance 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

enclosing the tube. The heaters are controlled through an Euro-
therm temperature regulator based on the temperatures under-
neath 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 satu-
rated 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 ex-
periments 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
(GQ). Liquids from the reactor are collected and analyzed to de-
termine 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 por-
table 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, me-
thane, 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 pres-
surizing, 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 experi-
ments, because the heating rate has a direct effect on fuel avail-
ability (Alexander et al., 1962). Pressure transducers at the top and
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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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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 mon-
itoring the temperature at different locations in the tube, from TC-
1 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 pro-
vides a cumulative reading of volumetric flow of the effluent gas
stream. The data from the thermocouples, injection and produc-
tion 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 oxida-
tion range, i.e., less than 250 °C, but sufficiently high to capture the
vaporization and oxidation reactions. The pressure was main-
tained at 10, 30, 45 and 70 bar, which are sufficiently low to cap-
ture 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 com-
bustion front speed considered as representative of field condi-
tions. The core for the experiments is Bentheimer sandstone with
a porosity around 30%. The model oil used in this work is n-hex-
adecane with a purity of 99 mol%. The reason to choose hex-
adecane 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

Table 1
Operation conditions of the experiments.

Run Injected gas Injection rate Pressure
Exp.1 Air 20 ml/min 30 bar
Exp.2 Nitrogen 20 ml/min 30 bar
Exp.3 Air 50 ml/min 30 bar
Exp.4 Air 20 ml/min 10 bar
Exp.5 Air 20 ml/min 45 bar
Exp.6 Air 20 ml/min 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 pro-
ducts (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 com-
position of the produced gas is analyzed, where the molar con-
centrations of CO,, CO, O, and N, are measured by GC and denoted
as [CO,], [CO], [O2] and [N-].

We propose the following overall oxidation reaction of hex-
adecane:

1
2Gy Hons2 + qG, Hny202 + §02 + N
— 2Gy Honva + 4G Hans202 + SH20 + pCO, + vCO + fO, + No,  (3.1)

where the nitrogen/oxygen molar ratio in the injected air is de-
noted by R, which is equal to 3.7. This model reaction describes
sorption of oxygen or formation of oxygenated hydrocarbon when
d > q and desorption or release of oxygen when § < q. When
Z+q> {4+ 2, it also describes full oxidation for a part of hydro-
carbon 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 (G, Hzp2) with n=16, oxygenated hydro-
carbon (modeled effectively as G, Hy;,1202) 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
Zoi=pton TPVl 3.2)
b gl _p+v 3
=% ~"2n ~2F : 33)
m+1
s = . ®+V) 3.4)

The interpretation of the experiments is partly based on the
effective model in Eq. (3.1) and on analytical results for air injec-
tion 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 s,, oxygen fraction Y, and hydrocarbon fraction Y}, 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 re-
action 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 up-
stream 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 re-
covered in front of the MTO wave was computed in Mailybaev
et al. (2013). This ratio is the relative amount of burnt oil (de-
pending 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,

a
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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 re-
actor, which was previously saturated completely with hex-
adecane 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 his-
tories. The gentle increase up to 150 °C is due to heating inter-
ruption 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 med-
ium (Battino et al., 1983; Battino, 1981; Ju and Ho, 1989; Markham
and Benton, 1931) can be either physical (physisorption) or che-
mical (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 physisorp-
tion 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
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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.)
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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 reac-
tions 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 tem-
peratures (TC-3, TC-4). A steep increase in temperature is an in-
dication of a higher reaction rate at higher temperatures. The ul-
timate 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 CO, fractions
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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 hydro-
carbons (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 ([CO1/2 + [CO32] + [02]1)/[N] 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 in-
creases (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
([CO1/2 + [CO3]1 + [02]1)/IN2] is higher than the oxygen/nitrogen
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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 CO,
and CO. Some part of the oxygen is involved in formation of in-
termediate products such as hydroperoxides at lower tempera-
tures (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 mole-
cules would become hydrocarbons with fewer carbons. It is gen-
erally proved that the hydroperoxide formation is the first stage in
partial oxidation, and that subsequent partially oxidized hydro-
carbons 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 hydro-
carbon-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 mea-
sured. These values turn out to be the same as the viscosity
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(2.9 cP) and density (761 kg/m>) 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 ¢ — g, 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 -2 describing the reaction rate of hex-
adecane. The red curve corresponds to § — q describing the pro-
duction rate of oxygenated hydrocarbon. The green stoichiometric
coefficient z + q — 2 — § describes the rate of full oxidation reac-
tion. Negative values of § — q (red curve) imply that the oxygen-
containing hydrocarbon is converted back to hexadecane. Simi-
larly, we estimate and plot in Fig. 5(b) the stoichiometric coeffi-
cient z + q — 2 — , 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-con-
taining hexadecane, because no carbon oxides are produced (Fig. 4
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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 hex-
adecane 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 tem-
perature profile, no endothermic front is visible due to vaporiza-
tion 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 pro-
ducts 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.
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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 TC-
4 at the bottom. The first exothermic peak starts around 340 °C as
in the experiment with low injection rate (Fig. 4(a)). The exo-
thermic 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 CO, 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 — 7 describing the reaction
rate of hexadecane. The red curve corresponds to § — q describing
the production rate of oxygenated hydrocarbon. The green stoi-
chiometric coefficient z + q — Z — § describes the rate of full oxi-
dation reaction. Negative values of § — 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).
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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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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 in-
jection 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 ex-
periment 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 che-
mical reaction rate,

BY,\" ac
W= A ops| 22| exp|-E- |

Batm RT @1
where A;, po, So, Pg, Yo, E*° and R are oxidation reaction pre-ex-
ponential 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

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

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 re-
sults 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 me-
chanism 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 in-
jection 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 re-
sults 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 experi-
mental 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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2014b).

5. Conclusions

A set of experiments have been designed that enables in-
vestigation of the medium pressure air injection process in con-
solidated porous media saturated with oil using low injection rate.
Air injection into light oil (modeled by hexadecane in this work) is
a potentially attractive method for enhanced oil recovery. How-
ever, our experiments concern hexadecane in the absence of oxi-
dation inhibitors with more favorable oxidation properties. The
effect of anti-oxidizing needs to be studied in future work to fully
assess the practical significance of MTO. Our laboratory experi-
ments indicate recoveries between 75 and 90%. The experiments
show that an oxygen adsorption step takes place at low tem-
peratures in the initial stage before the bond-scission combustion
reactions occur. The sorbed oxygen bonds with hydrocarbon
physically or chemically leading to complete uptake of oxygen
from the injected air stream at low temperatures. Then the oxygen
containing compound releases the oxygen at higher temperatures
and partially reconverts to hexadecane, which is later produced,
and partially undergoes a combustion reaction releasing carbon
oxides and possibly also water. The produced liquid is not affected
by the oxidation reaction and has the same viscosity and density
as hexadecane. The amount of oil burned in the air injection
process relative to the amount of oil recovered increases from 2%
at 10 bar to 18% at 30 bar, and again decreases to 5% at 45 bar and
3% at 70 bar. This trend agrees with the previously obtained ana-
lytical results (Mailybaev et al., 2013) for the medium temperature
oxidation process.

Acknowledgments

I thank Henk van Asten for his professional assistance and
technical expertise during the experiments. This research was
carried out within the context of the ISAPP Knowledge Centre.
ISAPP (Integrated Systems Approach to Petroleum Production) is a
joint project of the Netherlands Organization of Applied Scientific
Research TNO, Shell International Exploration and Production, and
Delft University of Technology. The paper was also supported by
grants of PRH32 (ANP 731948/2010, PETROBRAS 6000.00
61847.10.4), FAPER] (E-26/102.965/2011, E-26/111.416/2010, E-26/
110.658 /2012, E-26/110.237/2012, E-26/111.369/2012) and CNPq
(301564/2009-4, 472923/2010-2, 477907/ 2011-3, 305519/2012-3,
402299/2012-4, 470635/2012-6) and Capes/Nuffic 024/2011. The
authors thank TU Delft and IMPA for providing the opportunity for
this work.

References

Abou-Kassem, ].H., Farouq Ali, S.M., Ferrer, J., 1986. Appraisal of steamflood models.
Rev. Tec. Ing. 9, 45-58.

Akin, S., Kok, M.V., Bagci, S., Karacan, O., 2000. Oxidation of heavy oil and their
SARA fractions: its role in modeling in-situ combustion, SPE 63230.

Alexander, ]., Martin, W.L., Dew, ]J., 1962. Factors affecting fuel availability and
composition during in situ combustion. ]. Pet. Technol. 14 (10), 1154-1164.

Barzin, Y., Moore, R., Mehta, S., Ursenbach, M., Tabasinejad, F., 2010. Impact ofdis-
tillation on the combustion kinetics of high pressure air injection (HPAI). In:
SPE 129691-Improved Oil Recovery Symposium.

Battino, R., 1981. Iupac solubility data series. In: Oxygen and Ozone, vol. 7.

Battino, Rubin, Rettich, Timothy R., Tominaga, Toshihiro, 1983. The solubility of
oxygen and ozone in liquids. J. Phys. Chem. Ref. Data 12 (2), 163-178.

Belgrave, ].D.M., Moore, R.G., 1992. A model for improved analysis of in-situ com-
bustion tube tests. J. Pet. Sci. Eng. 8 (2), 75-88.

Bird, R.B., Stewart, W.E., Lightfoot, E.N., 2002. Transport Phenomena. John Wiley &
Sons, New York.

Bruining, J., Mailybaev, A.A., Marchesin, D., 2009. Filtration combustion in wet
porous medium. SIAM ]. Appl. Math. 70, 1157-1177.

Castanier, L.M., Brigham, W.E., 1997. Modifying in-situ combustion with metallic
additives. In Situ 21(1), 27-45.

Castanier, L.M., Brigham, W.E., 2003. Upgrading of crude oil via in situ combustion.
J. Pet. Sci. Eng. 39, 125-136.

Chen, Z., Wang, L., Duan, Q., Zhang, L., Ren, S., 2013. High-pressure air injection for
improved oil recovery: low-temperature oxidation models and thermal effect.
Energy Fuels 27 (2), 780-786.

Clara, C.,, Durandeau, M., Quenault, G., Nguyen, T.H., 2000. Laboratory studies for
light-oil air injection projects: potential application in Handil field. SPE Reserv.
Eval. Eng. 3 (3), 239-248.

Dabbous, M., Fulton, P., 1974. Low-temperature-oxidation reaction kinetics and
effects on the in-situ combustion process. Old SPE J. 14 (3), 253-262.

Fassihi, M., Brigham, W., Ramey ]r., H., 1984. Reaction kinetics of in-situ combus-
tion: part 1-observations. Old SPE J. 24 (4), 399-407.

Fodor, George.E., Naegeli, David.W., Kohl, Karen.B., 1988. Peroxide formation in jet
fuels. Energy Fuels 2 (6), 729-734.

Freitag, N., 2010. Evidence that naturally occurring inhibitors affect the low-tem-
perature oxidation kinetics of heavy oil. J. Can. Pet. Technol. 49 (7), 36-41.

Freitag, N.P.,, 2014. Chemical reaction mechanisms that govern oxidation rates
during in-situ combustion and high-pressure air injection. In: SPE Heavy Oil
Conference-Canada, Society of Petroleum Engineers, Calgary, Alberta.

Freitag, N.P., Verkoczy, B., 2005. Low-temperature oxidation of oils in terms of SARA
fractions: why simple reaction models don't work. J. Can. Pet. Technol. 44 (3),
54-61.

Germain, P, Geyelin, J.L., 1997. Air injection into a light oil reservoir: the Horse
Creek project. In: Middle East Oil Show and Conference.

Gillham, T.H., Cerveny, B.W., Fornea, M.A., Bassiouni, D., 1998. Low cost IOR: an
update on the W. Hackberry air injection project. In: Paper SPE-39642, SPE/DOE
Improved Oil Recovery Symposium, Tulsa, Oklahoma, April, pp. 19-22.

Greaves, M., Ren, S., Rathbone, R., Fishlock, T., Ireland, R., 2000a. Improved residual
light oil recovery by air injection (LTO process). J. Can. Pet. Technol. 39 (1).

Greaves, M., Young, T.J., El-Usta, S., Rathbone, R.R., Ren, S.R., Xia, T.X., 2000b. Air
injection into light and medium heavy oil reservoirs: combustion tube studies
on west of Shetlands Clair oil and light Australian oil. Chem. Eng. Res. Des. 78
(5), 721-730.

Gutierrez, D., Skoreyko, F., Moore, R., Mehta, S., Ursenbach, M., 2009. The challenge
of predicting field performance of air injection projects based on laboratory and
numerical modelling. ]. Can. Pet. Technol. 48 (4), 23-33.

Gutierrez, D., Taylor, A., Kumar, V., Ursenbach, M., Moore, R., Mehta, S., 2008. Re-
covery factors in high-pressure air injection projects revisited. SPE Reserv. Eval.
Eng. 11 (6), 1097-1106.

Hardy, W.C,, Fletcher, P.B., Shepard, ].C., Dittman, E.W., Zadow, D.W., 1972. In-situ
combustion in a thin reservoir containing high-gravity oil. ]. Pet. Technol. 24
(2), 199-208.


http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref1
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref1
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref1
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref3
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref3
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref3
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref6
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref6
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref6
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref7
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref7
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref7
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref8
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref8
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref9
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref9
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref9
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref11
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref11
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref11
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref12
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref12
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref12
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref12
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref13
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref13
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref13
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref13
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref14
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref14
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref14
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref15
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref15
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref15
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref16
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref16
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref16
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref17
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref17
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref17
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref19
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref19
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref19
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref19
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref22
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref22
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref23
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref23
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref23
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref23
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref23
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref24
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref24
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref24
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref24
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref25
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref25
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref25
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref25
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref26
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref26
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref26
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref26

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

Helfferich, F.G., 2004. Kinetics of Multistep Reactions. Elsevier, Amsterdam, The
Netherlands.

Ju, LK., Ho, C.S., 1989. Oxygen diffusion coefficient and solubility in n-hexadecane.
Biotechnol. Bioeng. 34 (9), 1221-1224.

Keller, J.U., Staudt, R., 2005. Gas Adsorption Equilibria: Experimental Methods and
Adsorptive Isotherms. Springer, Berlin.

Khoshnevis Gargar, N., Achterbergh, N., Rudolph-Fléter, S., Bruining, H., 2010. In-
situ oil combustion: processes perpendicular to the main gas flow direction. In:
SPE Annual Technical Conference and Exhibition volume SPE 134655-MS.

Khoshnevis Gargar, N., Mailybaev, A.A., Bruining, J., Marchesin, D., 2014. Composi-
tional effects in light oil recovery by air injection: vaporization vs. combustion.
J. Porous Media.

Khoshnevis Gargar, N., Mailybaev, A.A., Bruining, J., Marchesin, D., 2014a. Diffusive
effects on recovery of light oil by medium temperature oxidation. Transp.
Porous Media 105 (1), 191-209.

Khoshnevis Gargar, N., Mailybaev, A.A., Bruining, J., Marchesin, D., 2014b. Effects of
water on light oil recovery by air injection. Fuel 137, 200-210.

Kok, M.V., Karacan, C.0., 2000. Behavior and effect of SARA fractions of oil during
combustion. SPE Reserv. Eval. Eng. 3, 380-385.

Levenspiel, O., 1999. Chemical Reaction Engineering. John Wiley & Sons.

Li, J., Mehta, S., Moore, R., Ursenbach, M., Zalewski, E., Ferguson, H., Okazawa, N.,
2004. Oxidation and ignition behaviour of saturated hydrocarbon samples with
crude oils using TG/DTG and DTA thermal analysis techniques. J. Can. Pet.
Technol. 43 (7).

Lin, C.Y., Chen, W.H., Culham, W.E., 1987. New kinetic models for thermal cracking
of crude oils in in-situ combustion processes. SPE Reserv. Eng. 2, 54-66.

Lin, C.Y., Chen, W.H,, Lee, S.T.,, Culham, W.E., 1984. Numerical simulation of

combustion tube experiments and the associated kinetics of in-situ combustion
processes. SPE ]. 24, 657-666.

Mailybaev, A.A., Bruining, J., Marchesin, D., 2011. Analysis of in situ combustion of
oil with pyrolysis and vaporization. Combust. Flame 158 (6), 1097-1108.

Mailybaev, A.A., Marchesin, D., Bruining, ]., 2013. Recovery of light oil by medium
temperature oxidation. Transp. Porous Media 97 (3), 317-343.

Mamora, D.D., 1995. New findings in low-temperature oxidation of crude oil. In:
SPE Asia Pacific Oil and Gas Conference, 20-22 March, Kuala Lumpur, Malaysia,
SPE-29324.

Markham, E.C., Benton, Arthur.F, 1931. The adsorption of gas mixtures by silica. J.
Am. Chem. Soc. 53 (2), 497-507.

Matsuura, T., Ohkatsu, Y., 1999. Phenolic antioxidants: effect of o-substituents
having none-conjugated double bond. Am. Chem. Soc. Div. Pet. Chem. 44 (3),
309-311.

Poling, B.E., Prausnitz, J.M., John Paul, O.C,, Reid, R.C., 2001. The Properties of Gases
and Liquids. McGraw-Hill, New York.

Schott, G.L., 1960. Kinetic studies of hydroxyl radicals in shock waves. Ill. The OH
concentration maximum in the hydrogen-oxygen reaction. J. Chem. Phys. 32,
710.

Xu, Z., Jianyi, L, Liangtian, S., Shilun, L., Weihua, L., 2004. Research on the me-
chanisms of enhancing recovery of light-oil reservoir by air-injected low-
temperature oxidation technique. Nat. Gas Ind. 24, 78-80.

Yannimaras, D.V., Tiffin, D.L., 1995. Screening of oils for in-situ combustion at re-
servoir conditions via accelerating rate calorimetry. SPE Reserv. Eng. 10 (1),
36-39.


http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref27
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref27
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref28
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref28
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref28
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref29
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref29
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref32
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref32
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref32
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref32
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref33
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref33
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref33
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref34
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref34
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref34
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref35
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref35
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref36
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref36
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref36
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref36
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref37
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref37
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref37
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref38
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref38
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref38
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref38
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref39
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref39
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref39
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref40
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref40
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref40
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref42
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref42
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref42
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref43
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref43
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref43
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref43
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref44
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref44
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref45
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref45
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref45
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref46
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref46
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref46
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref46
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref47
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref47
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref47
http://refhub.elsevier.com/S0920-4105(15)30004-8/sbref47

	Recovery of light oil by air injection at medium temperature: Experiments
	Introduction
	Experimental set-up and procedure
	Description of the experiments
	Experimental results and interpretation
	Air injection experiment (Exp. 1)
	Nitrogen injection experiment (Exp. 2)
	Effect of air injection rate (Exp. 3)
	Effect of reactor pressure (Exps. 4, 5 and 6)
	Efficiency of the air injection process

	Conclusions
	Acknowledgments
	References




