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Abstract. Numerous studies have contributed to a better understanding of the in-situ combustion process that
have allowed to determine the most suitable conditions to carry out this process in reservoirs from volatile to
extra-heavy crude oils. One of the elements that alter the behavior of this process is the compositional gradient.
In this work, the effects of areal compositional variations in the in-situ combustion of three Mexican extra-
heavy crude oil samples obtained from the same reservoir and extracted under similar production conditions
were studied. Physicochemical, thermal, and kinetics analyses (by means of one non-linear method) were
carried out to study the areal compositional variations of the extra-heavy crude oil samples, and their effect
on the in-situ combustion of this type of crude oil was also analyzed. Physicochemical characterization includes
measurements of viscosity, density, water content, and SARA content. Thermal analyses were performed using
three heating rates (5 °C/min, 10 °C/min, and 15 °C/min), while kinetic analyses were calculated using

Friedman’s method.

1 Introduction

To satisfy the continuously increasing demand for energy,
the petroleum industry has gradually turned to extra-heavy
crude oil production due to the abundance of these types of
resources worldwide. However, the production of this type
of crude oil represents an important effort due to high visc-
osity. In order to increase the production of heavy and
extra-heavy crude oils, the in-situ combustion process has
been proposed as a suitable solution. This technique
involves the injection of an oxidizing gas (air) that, in
appropriate conditions, burns the heavier fractions of oil
in the reservoir, generating an effect that mobilizes the
crude oil and improves the oil properties in the reservoir
in-situ, increasing its temperature and thereby reducing
its viscosity (Castanier and Brigham, 2003). Therefore,
the combustion kinetics is an important parameter for
understanding and determining the feasibility of in-situ
combustion to produce heavy and extra-heavy crude oils
(Fassihi et al., 1984).
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By supplying heat in the presence of oxygen, three
chemical reactions related to crude oil combustion can be
observed: distillation, Low-Temperature Oxidation (LTO)
and High-Temperature Oxidation (HTO) (Kok and Gul,
2013). The distillation stage produces loss of moisture and
volatile hydrocarbons. In the LTO reaction, the combustion
of crude oil occurs due to the addition of heat (Ambalae
et al., 2006). This process generates the necessary fuel
(Goncalves et al., 2001) that enables slow combustion. On
the other hand, the HTO reaction exhibits a faster mass loss
than LTO due to degradation and alteration of hydrocar-
bons that allow a sustained combustion process to occur
(Kok and Gul, 2013). Even though there are several studies
that have contributed to a better understanding of the
in-situ combustion process, no previous study has focused
on investigating the effect of the areal compositional
gradient in the combustion kinetics behavior of Mexican
extra-heavy crude oil samples from the same reservoir but
with different physicochemical properties.

Hence, to extend the knowledge in this area, the present
work analyzes the kinetics of three different extra-heavy
crude oil samples from the same reservoir and production
interval to determine the feasibility of carrying out in-situ
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combustion and understand how the areal compositional
variations affect this process.

2 Materials and experimental procedures

Three samples (A, B, and C) of extra-heavy crude oil, from
three different wells were analyzed in this work; as men-
tioned above, all samples were obtained from the same oil
reservoir, corresponding to the production interval of the
Middle Miocene. The characteristics of each well are given
in Table 1 and the location of each well is shown in Figure 1.

Samples A, B, and C were collected, stabilized and
homogenized at surface conditions (38 °C and 15 kg/cm?).
All the experiments were performed in duplicate, to ensure
repeatability.

The physicochemical properties measured of the three
samples analyzed were density, API gravity, pour point,
total water content, viscosity, and SARA analysis. Thermal
characterization was performed using ThermoGravimetric
Analysis (TGA) and Differential ThermoGravimetric
Analysis (DTG). The methods and equipment for physico-
chemical and thermal characterization are listed in Table 2.

For TGA and DTG experiments, an initial sample mass
of 6 mg of extra-heavy crude oil in alumina crucibles with a
volume of 70 pLL was employed with three heating rates of 5,
10, and 15 °C/min and an O, flow rate of 40 mL /min.

2.1 Kinetics theory

To determine the kinetics parameters of the extra-heavy
crude oil samples, in this work, the Friedman method was
used. This method was selected due to previous use by other
authors (Gundogar and Kok, 2014; Kok and Gul, 2013;
Mothé et al., 2013) to calculate the parameters related to
combustion processes in crude oils from different places
and with different API gravities (from 11° API to
35° API), showing that this method is effective to describe
the combustion stages of crude oils from different reservoirs,
as well as modeling the kinetics for extra heavy crude oils.
However, there are few works that discuss the effectiveness
of Friedman’s method in extra heavy crude oils from the
same reservoir, with compositional areal gradients. This
issue has not been extensively studied, so the objective of
applying this method to the experimental results is to study
the efficiency of the method for the treatment of samples
with a similar composition but with different physical prop-
erties, despite being from the same reservoir, as is the case
of the samples reported here.

The Friedman method uses an approximate solution to
detect the multiple reaction processes of combustion, using
the following equation (Friedman, 2007):

n (B(2)) = m(Af() - 2 &)
(7)) 7

where f§ is the heating rate, A is the pre-exponential fac-
tor, fo) is the function of the decomposed mass, do/dT
is the reaction conversion rate, F is the activation energy,
R is the gas constant, and T is the absolute temperature.

Table 1. Wells characteristics.

Well True vertical depth Type of well
mean sea level (meters)

Well A 2258 Directional

Well B 2290 Vertical

Well C 2300 Vertical

The method, with the respective kinetic analysis, were
implemented through a computer program developed by
the authors, thus reducing calculation times to obtain the
kinetic parameters.

3 Results and discussion

3.1 Physicochemical properties of the extra-heavy
crude oil samples

Density tests were performed for all extra-heavy crude oil
samples at atmospheric pressure as function of temperature
(Tab. 3). Sample C presented the lowest density, while sam-
ple A exhibited the highest value. For all samples, as the
temperature increased, the density decreased showing the
normal behavior of crude oil density.

The experimental results for API gravity, pour point,
sediments (suspended inorganic solids from the reservoir
formation), and total water content for all samples showed
heterogeneities in their physicochemical properties despite
the common origin, as observed in Table 4.

The SARA analysis results for samples A, B, and C are
given in Table 5. From the results, differences of 1 wt% in
Saturates, 2 wt% in Aromatics, 1 wt% in Resins, and
2 wt% in asphaltene content were obtained between sam-
ples A and B. However, significant differences were
observed for the sample C, with respect to the other two
samples, as seen in Table 5.

A comparison between API gravity, viscosity and its
relationship with the SARA analysis, is shown in Figure 2.
Sample C, which has the highest values of resins and asphal-
tenes, is the one that has the lowest API gravity and higher
viscosity, so there is a consistent relationship between the
composition and physicochemical properties analyzed.

The viscosity variations as a function of the temperature
for the three oil samples are given in Table 6. The results
are displayed starting from a temperature of 45 °C because
it is an average temperature of operation in the field. At this
temperature, the viscosity of sample C was three times
higher than that of sample A. However, as the temperature
increased, the difference in the measured viscosity substan-
tially decreased to approximately two thirds of its original
value. The differences in viscosity values in all temperature
ranges can be attributed to differences shown in SARA
analysis.

Considering that the three samples were collected at
similar depth conditions, the differences in the physico-
chemical properties of the three samples can be explained
by the areal variations in composition that extra-heavy
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Fig. 1. Locations of wells in the field.
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Table 2. Methods and equipment used for physicochemical characterization.

Property Method Equipment

Density ASTM D5002 Density meter Anton-Paar® DMA 5000 M
API gravity ASTM D4052 Density meter Anton-Paar® DMA 5000 M
Pour Point ASTM D5853 -

Total Water Content ASTM D4006 Karl Fischer equipment

Viscosity ASTM D7483 VISCOlab PVT® SPL440 Cambridge Viscosity®
SARA Analysis ASTM D2007 HPLC Waters®

TGA and DTG ASTM E1131 Mettler-Toledo® TGA-DSC 3+

Table 3. Density of the samples studied.

Table 4. Physicochemical properties of the samples.

Temperature Sample Sample Sample Crude API  Pour point Sediments Total water
(°C) A (g/cm?) B g/cm?) C (g/cm®) Gravity  (°C) (wt%) (vol%)
20 1.004 1.011 1.014 Sample A 9.15 26 0.24 0.06

30 0.998 1.005 1.009 Sample B 8.18 23 0.25 0.93

40 0.992 0.999 1.003 Sample C  7.63 9 0.42 0.27

50 0.986 0.993 0.997

60 0.979 0.986 0.990

oil reservoirs typically show (Kalehbasti et al., 2011). The
compositional variations are mainly caused, but not exclu-
sively, by the distribution and molecular weight of asphal-
tenes of extra-heavy crude oils (Elshahawi et al., 2007;
Weinheber et al., 2012). Considering that properties of
paraffins, naphtenes and aromatics may also vary along
the reservoir, fluid parameters that depends on the interac-
tion of the SARA fractions for extra-heavy oils can show

important variations in physicochemical properties (like
viscosity), for the same reservoir fluid, within the geological
system (Danesh, 1998).

For sample A and sample B, notable differences in the
viscosity values were obtained above all the temperature
range, despite the similarities found between the values of
density (1.004 vs. 1.011 g/cm®) and the SARA analysis
(as it was discussed before). These differences in viscosity
are caused by the quantity, interaction and stability that
exist between the SARA fractions. Little differences of
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Table 5. SARA analysis.

Crude Saturates (wt%) Aromatics (wt%) Resins (wt%) Asphaltenes (wt%)
Sample A 10 18 56 16
Sample B 9 16 57 18
Sample C 3 6 70 21
Sample A B
Sample B -
Sample C —

5 10 0 10
API Gravity

20 0
Viscosity (Pa-s)

10 5 10
Saturates (Wt%)

15 20 50 60
Aromatics (Wt%)

70 10
Resins (Wt%)

15 20 25
Asphaltenes (Wt%)

Fig. 2. Comparison of physicochemical properties for samples A, B, and C.

Table 6. Viscosity of crude oil samples.

Temperature  Sample A Sample B Sample C
(°C) (Pas) (Pa s) (Pa s)
45 5.65 10.23 18.67
50 3.52 6.14 11.32
55 2.26 3.59 6.78
60 1.5 2.34 4.24
65 1.03 1.57 2.73
70 0.72 1.19 1.82
75 0.52 0.96 1.27
80 0.38 0.65 0.88

1 wt% in SARA constituents of crude oils can cause differ-
ences of almost the double in viscosity values as it has been
reported in literature (Peralta-Martinez et al., 2011).

3.2 Thermal characterization

The results of TGA/DTG curves of the three extra-heavy
crude oil samples at three heating rates of 5, 10, and
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Fig. 3. TGA curves from sample A at three different heating
rates (5, 10, and 15 °C/min).
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Fig. 4. TGA curves from sample B at three different heating
rates (5, 10, and 15 °C/min).

15 °C/min are shown in Figures 3-5. The TGA graphs
show two reaction regions. Initially, in the first reaction
region a distillation process with the first combustion stage
(LTO) occurs from 30 °C to 390 °C approximately, while in
the second reaction region above 390 °C a HTO reaction
occurs, where the oxidation process is completed.

The respective loss of mass associated with the two
reaction regions for samples A, B, and C was calculated
for all heating rates; it is given in Table 7.

In the first reaction region, a similar loss of mass
compared to the second reaction region was observed; this
can be attributed to the combustion of saturated and
aromatic compounds (Ali et al., 1998), which correspond
to less than 30% of the weight of these extra-heavy crude
oil samples, according to the SARA analysis results. In
the second region, the combustion behavior is related to
the increase in mass loss of the resins (Kok and Gul,

Table 7. TGA/DTG reaction intervals.
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Fig. 5. TGA curves from sample C at three different heating
rates (5, 10, and 15 °C/min).

2013) and the interaction between resins and asphaltenes
(Motheé et al., 2013) as the temperature increases. The inte-
gral transformation of the crude oil and the interaction
between the components during combustion can explain
the similarity observed in the TGA results for samples A,
B, and C.

For each of the DTG studies depicted in Figures 6-8,
the first reaction region exhibits a gradual mass loss in all
samples. This gradual mass loss was identified from the
beginning of the experiments and remained stable until a
temperature of approximately 380 °C was reached.

Following the distillation-LTO region, an abrupt
increase in the rate of mass loss was observed, as observed
in the TGA curves. After the temperature of the samples
reached approximately 540 °C, the mass loss stabilized,
and a constant rate of mass loss was observed until the
end of the experiment at 800 °C.

Crude Heating Distillation — LTO HTO Total weight
rate (°C/min)  Tpe0ya] (°C)  Weight loss (%)  Interval (°C)  Weight loss (%) loss (%)
5 30-380 43.48 380-800 46.05 89.53
Sample A 10 30-385 38.37 385-800 50.64 89.01
15 30-390 36.51 390-800 52.35 88.86
5 30-370 38.56 370-800 49.62 88.18
Sample B 10 30-375 33.65 375-800 54.21 87.86
15 30-380 33.28 380-800 54.40 87.68
5 30-382 48.89 382-800 38.63 87.52
Sample C 10 30-387 46.70 387-800 40.17 86.87
15 30-390 45.49 390-800 41.04 86.53
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Fig. 6. DTG curves from sample A at three different heating

rates (5, 10, and 15 °C/min).

0.8

—&— 5° C/min
—®—10°C/min
—&— 15°C/min

T

0.7

0.6

0.5

=04
o
0.3

0.2

0.1

0.0 '
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 7. DTG curves from sample B at three different heating
rates (5, 10, and 15 °C/min).

3.3 Kinetic analysis

The Friedman analysis results for the three samples are pre-
sented in Figures 9-11. A single peak can be observed in the
three graphs. Sample A exhibits a steeper slope at the
beginning of the experimental which could relate the com-
bustion of multiple lighter fractions. Consistent results are
obtained with the three methods of analysis used in this
study.
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Fig. 8. DTG curves from sample C at three different heating
rates (5, 10, and 15 °C/min).
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Fig. 9. Isoconversional graph of Friedman’s method for
sample A.

Kinetic parameters, such as the Activation Energy (Ea)
and pre-exponential factor (A), were calculated as a func-
tion of the conversion degree (o) for the three samples using
the Friedman method. Table 8 summarizes these results:
Sample A exhibits the lowest activation energy values for
a conversion degree of 0.1-0.5, while sample C showed
higher activation energy values. This tendency changed
for conversion degrees of 0.6-0.9, where Sample B showed
the highest activation energy values. An increase in the
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Fig. 10. Isoconversional graph of Friedman’s method for
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Fig. 11. Isoconversional graph of Friedman’s method for
sample C.

activation energy values is observed as the degree of conver-
sion increases.

For samples A and B, the correlation coefficients (R?)
were of 0.99, indicating that the model is adequate to
describe the combustion behavior for the samples. On the
other hand, for sample C, the correlation coefficient (Rz)
was 0.60, indicating that the model does not adequately
fit the experimental data. The difference in the fit of sam-
ples A and B, with respect to sample C may be due to
the higher viscosity in sample C, which is related to the

Table 8. Calculated activation energy values (Ea) and
pre-exponential factors (A4) with corresponding conver-
sion degree (a) for Samples A, B and C using Friedman’s
method.

o Sample A

Ea A Ea A Ea A
KImol ™) (') (KJmol™!) (s7!) (KJmol™) (7%

Sample B Sample C

0.1 54.17 4.00 72.11 6.02 132.93 13.33
0.2 67.65 4.90 77.42 5.85 152.24 14.03
0.3 78.64 5.46 83.14 5.81 162.17 13.90
0.4 91.05 6.10 105.96 7.25 157.99 12.57
0.5 120.99 8.14 145.14 9.98 182.24 13.80
0.6 192.91 13.45 216.09 15.20 191.69 13.79
0.7 230.52 16.08 247.79 17.37 201.55 14.13
0.8 247.47 17.09 260.28 18.02 215.16 14.90

0.9 251.85 16.95 261.56 17.50 224.38 15.19

energy needed to carry out the combustion processes in
these highly viscous types of oils (Li et al., 2017).

4 Conclusion

From the thermogravimetric and differential thermogravi-
metric analysis studies for samples A, B, and C, two reac-
tion regions of oxidation (distillation-LTO and HTO)
were studied, that allowed a similar sustained combustion
process with slight differences in terms of the amount of
material consumed (for this case, sample A is greatest).
The kinetic analysis showed that due to the combustion
of multiple lighter fractions, a sustained LTO process was
found for all samples that permitted a HTO stage with
greater energy release as confirmed by the activation energy
results, showing favorable conditions to carry out an in-situ
combustion process for these oil samples despite the differ-
ences found in the physicochemical characterization.

From the physicochemical results like density, pour
point, viscosity, and specially SARA analysis it can be seen
differences that mean areal compositional variations in the
reservoir. Despite the differences observed between the
samples, a similar thermal behavior was observed, which
provides information on the way in which these areal varia-
tions impact the kinetic behavior. In the future, to deter-
mine the feasibility of carrying out the in-situ combustion
process, combustion tube experiments should be performed
with reservoir crude oil and reservoir sand packs, as a com-
panion of the current experiments.
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