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 A model to describe the temperature

A mathematical model to describe the temperature distribution during the oxidation of heavy oil. Both KP
and HP factors are proposed as the criteria to determine the strength of the oxidation reactions.
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a b s t r a c t
The in situ oxidation of heavy oil brings exothermic reaction between the hydrocarbon and the oxygen,
which renders advantages in high efﬁciency in heat utilization and displacement for oil recovery. The
simulation of oxidation is very convenient to investigate the inﬂuence of operation parameters and
reﬂect the dynamic response. In this contribution, a mathematical model to simulate the temperature
distribution during the oxidation of heavy oil with the injection wells and the production wells arranged
in the hexagonal pattern was developed. The effects of convection, diffusion, oxidation reaction, and coking were considered. The temperature distributions in the high- and low-temperature oxidation processes were simulated. The results exhibited that the modeling domain can be heated by both
processes. The signiﬁcant change in the kinetic parameters of oxidation and coking with temperature
induced the different oxidation behaviors between the high- and low-temperature oxidation processes.
Two dimensionless parameters, KP and HP factor, were proposed based on the simulation results as
the criteria to determine the strength of the oxidation reactions in the enhanced oil recovery process.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Heavy oil which possesses high content of asphaltene and high
viscosity is an important feedstock the resources of which are
⇑ Corresponding author. Tel.: +86 10 6278 9041; fax: +86 10 6277 2051.
E-mail address: zhang-qiang@mails.tsinghua.edu.cn (Q. Zhang).
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1385-8947/Ó 2014 Elsevier B.V. All rights reserved.

nearly three times those of the conventional oil [1,2]. Nowadays,
more and more attention has been paid on the recovery of heavy
oil as the conventional reserves decline signiﬁcantly. The costeffective production and processing of heavy oil remains to be a
much sought after prize [3].
The recovery of the heavy oil is a complex process because of
the high viscosity, high density, and low ﬂuidity properties [4–6].
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Nomenclature
A
Ac
c
cg
cs
ccoke
coil
cs
D
de
E
Ec
F
k
L
Mc
m
N
P0
PIW
PEW
PTG

pre-exponential factor in the oxidation reaction, s1
pre exponential factor in the coking reaction, h1
oxygen concentration, mol m3
heat capacity of gas, J kg1 K1
heat capacity of solid, J kg1 K1
weight percentage of produced coke, 1
weight percentage of heavy oil, 1
oxygen concentration in the injection well, mol m3
effective diffusion coefﬁcient, m2 s1
diameter of rock particles, m
activation energy in the oxidation reaction, J mol1
activation energy in the coking reaction, J mol1
mass generated by the oxidation reaction, kg m3 s1
oxidation reaction rate constant, s1
distance from the injection well, m
molar weight of carbon, kg mol1
mass of the heavy oil in the TG, kg
molar ﬂux of oxygen in the TG, mol s1
initial pressure in the reservoir, Pa
pressure of the injection well, Pa
pressure of the production well, Pa
pressure in the TG reactor, Pa

The thermal enhanced oil recovery is proposed based on the characterization of the heavy oil that the oil viscosity can be reduced by
several orders of magnitude through the increase of temperature
[7]. Based on the mechanism of energy generated, the thermal enhanced oil recovery (EOR) falls into two types: for the former, like
steam huff and puff process, the thermal energy at ground is transported into the reservoir to improve its ﬂuidity; in the latter process, oxidative gas is injected into the reservoir and the heat is
in situ generated by the exothermic reactions between the hydrocarbon and the oxygen (such as the in situ combustion) [8–11].
The latter process brings many advantages such as a high efﬁciency
in heat utilization, highly efﬁcient displacement drive mechanism,
and less total environmental impact [7].
The oxidation reactions of hydrocarbon were classiﬁed as high
temperature oxidation (HTO) that occurs at temperatures above
350 °C and low temperature oxidation (LTO) that corresponds to
temperatures lower than 350 °C [12]. In the HTO process, the heavy oil is ﬁred, in which the carbon–hydrogen bonds are broken
and water and carbon dioxide were produced [13], therefore, continuous combustion is guaranteed, the huge amount of heat release during the underground combustion facilitates the
temperature of the reservoir higher than 600 °C. While in the
LTO process, it is believed that LTO reactions produce oxygenated
hydrocarbons such as carboxylic acids and sulfones with negligible amounts of carbon oxides [14–16]. Although the reaction
mechanism is very complex [17], the released reaction heat is
beneﬁcial to increase the temperature of reservoir, therefore,
the temperature of the whole reservoir is controlled to be lower
than the ignition point of heavy oil to thermally reduce the viscosity of the heavy oil to a required level and simultaneously
avoid coke generation at high temperature. The LTO process renders advantages on the high efﬁciency of energy utilization [1,18].
Both the HTO and LTO are very important since their products
play a signiﬁcant role with respect to the sustainability of the
combustion process. The use of heterogeneous catalysts is a
promising way to mediate the reaction pathway and related characters [13,19]. In most cases, the temperature is a very important
index to describe the HTO and LTO with different reaction mechanisms. However, the synergy between the reaction and transport

Q
R
T0
TTG
Ts
u

heat generated by the oxidation reaction, J m3 s1
rate of oxidation reaction, mol m3 s1
initial temperature in the reservoir, K
temperature in the TG reactor, K
ignition temperature, K
gas velocity, m s1

Greek letters
b
HP dimensionless number, dimensionless
e
porosity of the reservoir, dimensionless
g
viscosity of the gas phase, Pa s
j
gas permeability, m2
k
thermal conductivity, W m1 K1
qs
density of the rocks, kg m3
qg
density of the gas, kg m3
u
KP dimensionless number, dimensionless
DP
pressure drop between the injection and producing
wells, Pa
DH
molar reaction heat, J mol1

phenomena is not well illustrated yet. If the important parameters in the EOR process are integrated to dimensionless number,
the correlation between the strength of the oxidation reaction
and the dimensionless number is anticipated to serve as the guidance for choosing rational operation region.
Attributed from the numerous operation parameters and the
complex conditions in the heavy oil reservoir, the physical and
mathematical simulation becomes necessary before experiments
in the ﬁeld [16,20–24]. The mathematical simulation is widely
investigated because of its convenience in studying the inﬂuence
of operation parameters and reﬂecting the dynamic response
[15,19,22,25–29]. In this work, a mathematical model to describe
the EOR process is developed. The conservation of momentum,
mass, and energy is considered. The kinetic sub-model is set up
based on the characterization of the heavy oil using thermal gravimetric analysis (TGA) with differential scanning calorimeter (DSC).
The temperature distribution in the modeling domain is investigated both in HTO and LTO processes. The similarities and differences in the temperature distribution in the two processes are
explored. The KP and HP Number are proposed as the dimensionless numbers to describe the oxidation behavior.

2. Mathematical model and numerical simulations
Air was employed as the oxidizing gas to improve oil recovery
in the thermal enhanced oil recovery. The injection wells and the
production wells are usually located in a meshwork [18,30,31].
Herein wells with hexagonal shaped arrangement are modeled
based on the laboratory scale experiment. The six injection wells
are located on the points with one producing well in the center
as shown in Fig. 1a. The modeling domain is reduced to a 2D geometry (Fig. 1b) only considering the horizontal temperature, concentration, and velocity distribution. The wells are separated from the
surrounded rocks by an outside boundary CD. Circle boundary is
used to guarantee that the same distances between the injections
wells and the outside boundary. The distance between the injection wells (CIW) and the production wells (CEW) is 1.0 m. The outside boundary (CD) is 0.5 m away from the injection wells.
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Fig. 1. The arrangement of wells in the oxidation reaction enhanced oil recovery process: (a) 3D illustration of the ﬁeld; and (b) 2D modeling domain.

The governing equations in the modeling domain contain the
conservation equations of momentum, mass and energy. The oxygen mass balance is given by:

hydrocarbon with oxygen was carried out in the heavy oil oxidation process [32]. Therefore, the reaction equation is anticipated
as follows:

@c=@t þ r  ðDrcÞ ¼ R  u  rc

CH1:5 ðsÞ þ 1:375O2 ðgÞ ! CO2 ðgÞ þ 0:75H2 OðgÞ

ð1Þ

where c is the concentration of oxygen, D is the efﬁcient diffusion
coefﬁcient, R is the rate of oxidation reaction, u is the gas velocity.
The energy balance equation is represented by:

ð1  eÞ@ðcs qs TÞ=@t  r  ðkrTÞ ¼ Q  qg cg u  rT

ð2Þ

Assuming that the oxidation reaction is one-order [33], the kinetic equation is given by:

dc=dt ¼ kc

ð5Þ

Assuming Arrhenius behavior, we have:

where e is the porosity of the reservoir, cs and qs is the heat capacity
and density of the rocks, k is the thermal conductivity, Q is the heat
generated by the oxidation reaction, cg and qg is the gas heat capacity and density.
The conservation equation of momentum is described by:

@ðqg eÞ=@t þ r  ðqg ðj=grpÞÞ ¼ F

ð4Þ

ð3Þ

where j is the gas permeability, g is the gas viscosity, P is the pressure, F is the mass generated by the oxidation reaction.
To quantitatively describe the reaction and transport phenomena, following assumptions are accepted in this model:
1. The movement of the gas follows the Darcy’s law, and the
gravity effect is negligible;
2. Ideal gas assumption for the gas phase;
3. The temperature of the reservoir is uniform, indicating that
heat transfer between the solid particles and the gas is sufﬁcient fast;
4. The solid phase is stationary during the oxidation process.
The Fick’s law is used to describe the oxygen diffusion;
5. The oil reservoir is homogeneous distributed in the modeling domain.
6. Water is not considered in the reservoir in this work. Consequently, the heat of vaporization of water is not involved in
the energy balance equation.
7. The mode of hot air injection is directly introduced, that is,
the temperature of the injection well is constant in the set of
boundary conditions.
2.1. Kinetic sub-model of the oxidation reaction
The mass loss and exothermic effect of the heavy oil during the
oxidation reaction in the temperature range of 30–500 °C is collected by thermal gravimetric analysis (TGA) with differential
scanning calorimeter (DSC) using the Netzsch STA 409 system.
The kinetic parameters are determined based on the experimental
results. The heavy oil used in the experiment is from Xinjiang
Oilﬁeld. The H/C ratio is ca. 1.5. The complete combustion of the

dc=dt ¼ A expðE=RTÞc

ð6Þ

Based on the TGA-DSC characterization result, the rate of oxygen consuming dc/dt can be related to the mass reduction of heavy
oil as follows:

dc
pTG
dm
¼ 1:375
dt
M C NRT TG dt

ð7Þ

where PTG is the pressure of the reactor of the thermal gravimetric
apparatus, Mc is the molar weight of carbon, N is the molar ﬂux of
oxygen in the TGA experiment. The parameter, 1.375, is decided
based on the reaction equation.
To obtain the kinetic parameters (A and E) conveniently, taking
the logarithm of (1–7) gives:



1:375 dm
E
¼ lnðAÞ 
ln 
MC N dt
RT

ð8Þ

The characterization result of the heavy oil using TGA-DSC with
a temperature rising rate of 5 °C min1 is shown in Fig. 2a.
The HTO reactions mainly consist of carbon–hydrogen bond
breakage with violent reactions occur and the TG curve exhibits
a sharp weight loss and the production of water and carbon dioxide
and the LTO reactions lower than 350 °C produce oxygenated
hydrocarbons such as carboxylic acids and sulfones with gentle
weight loss and a small amount of released reaction heat [13,32].
Although there is no speciﬁc trend of the TG curve in the whole
temperature range, the distributed activation energy model was
efﬁcient to obtain accurate kinetic parameters of oxidation reactions from 30 to 550 °C [34], however, it is very difﬁcult to incorporate the results to the current model. Herein, the kinetic
parameters are ﬁtted well at the two temperature intervals respectively as shown in Fig. 2b. The values of lnð1:375=MC N  dm=dtÞ at
different temperatures are available. The kinetic parameters are
available by linear ﬁtting (Table 1). The kinetic parameters are ﬁtted separately at two temperature ranges.
The molar reaction heat of the heavy oil oxidation is highly depended on the reaction temperature. The integration of the DSC
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The formation of coke induces the decrease of reservoir porosity, which further inﬂuences the gas permeability. The Ergun equation that is commonly employed to determine the pressure drop of
porous medium is applied herein to describe the effect of coking on
permeability [39]:
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ln [-1/(McN) dm/dt]

ð12Þ

where e is the initial porosity.
The effect of coking on diffusion is described as follows based
on the deﬁnition of diffusion coefﬁcient:

Experimental result
Linear fitted result

-3

ð11Þ

150ð1  eC Þ2

where de is the diameter of rock particles in the solid phase, eC is the
porosity after coking, the expression is given:

Temperature / 0C

(b)

e3C d2e

DCoke ¼ eC =eD0

ð13Þ

2.3. The numerical method and computational conditions
-6

-9
0.0012

0.0015

0.0018

0.0021

1/T (K-1)
Fig. 2. (a) TGA-DSC characterization results of the heavy oil; (b) linear ﬁtting at two
temperature ranges of the TG experimental result after logarithmic treatment. (The
ﬂux of gas inlet: O2: 90 mL min1, N2: 10 mL min1).

Table 1
The ﬁtted kinetic parameters of the heavy oil oxidation reaction.
Temperature range °C1

200–306

306–500

A (1 s1)
E (J mol1)

2.12  105
8.05  104

3.14  106
1.07  105

proﬁle provides the molar reaction heat that is ﬁtted using an
exponential function as follows [35]:



DHðJ=molÞ ¼ 6:72  exp



T
 160:93
90:93

ð9Þ

2.2. Coking sub-model of the heavy oil
There are signiﬁcant coking formation reactions during the oxidation of heavy oil at high temperatures [18]. The formation of
coke blocks the porosity in the reservoir, hindering the ﬂow and
diffusion of oxygen. Herein the one-order reaction and Arrhenius
assumption which is commonly used in the kinetics of coke generation in the delayed coking process are adopted [36–38]. The thermal cracking of the petroleum residue in the delayed coking
process is similar to that the heavy oil undergoes in the HTO process. The kinetic equation of coking reaction is employed as:

dccoke =dt ¼ AC expðEC =RTÞcoil

ð10Þ

where ccoke is the weight percentage of produced coke, coil is the
weight percentage of heavy oil, Ac is the pre-exponential factor of
coke formation with a value of 1.4812  1024 h1, while Ec is the
correlated activation energy of 348.7 kJ mol1 which are assigned
based on the kinetic parameters in the coking reaction of Sudan
heavy oil [37].

The solution to the above model is incorporated with the Comsol Multiphysics 3.5 software. The proven ﬁnite element method
(FEM) is used to solve the model. The modeling domain is meshed
by the software to be made up of 1302 triangles. The computational conditions and additional parameters are provided in Table 2.
As some parameters are sensitive to temperature, their values
listed in Table 2 are determined at 473 K. There are three types
of boundaries in the modeling domain: the injection well (CIW),
the producing well (CEW), and the outside boundary (CD). The
boundary conditions are given separately:
The injection well (CIW): stable concentration of oxygen and
temperature, pressure equals the injection pressure, that is
P = PIW, c = c0, T = T0.
The producing well (CEW): convective boundary conditions for
conservation of mass and energy, pressure equals the extraction
pressure, that is P = PEW, n  ðDrcÞ ¼ 0, n  ðkrTÞ ¼ 0.
The outside boundary (CD): insulation boundary conditions for
conservation of mass and energy, pressure equals the initial pressure, that is P = P0, n  ðDrc þ cuÞ ¼ 0, n  ðkrTÞ ¼ 0.
3. Results and discussion
A direct difference between the HTO and LTO of heavy oil is the
ignition temperature. The ignition temperature should be higher
than the burning point for HTO, as the reservoir has to be ﬁrstly ignited; even sometimes, the artiﬁcial ﬁre up is required. While for
LTO, lower ignition temperature is employed to avoid the coking
formation. Herein, the ignition temperatures of high and low temperature oxidation are determined as 673.15 and 473.15 K,
respectively.
3.1. Temperature distribution in the HTO process
The temperature distribution of the modeling domain after
different durations of oxidation reaction is shown as Fig. 3a–e.

Table 2
The computation conditions and additional parameters.
Parameter

Value

Parameter

Value

PIW (Pa)
PEW (Pa)
D0 (m2 s1)

10000
110
2.014  106
0.33
1095.52

qs (kg m3)

2000
1.2
955.19
6.042  1011
3  105

e
cs (J kg1 K1)

k (W m1 K1)
cg (J kg1 K1)
j (m2)
g (Pa s)
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Fig. 3. High temperature oxidation process: The temperature distribution after oxidation reaction for (a) 20 h, (b) 40 h, (c) 60 h, (d) 80 h, (e) 100 h; and (f) the temperature of
the region between the injection well and the producing well with reaction time.

An oxidation with a duration of 100 h is simulated. The temperature range in the legend bar for each ﬁgure is of the same. The bluish1 colors represent low temperature with the lowest value of
335.94 K, while the warm colors indicate higher temperature with
the highest value of 703.06 K. The modeling domain is gradually
heated up with a continuous oxidation (Fig. 3) with the highest reaction temperature at 703.06 K, which is about 30 K higher than the
ignition temperature. In contrast, the region between the injection
wells and the outside boundary is rather cold, as the low pressure
gradient leads to low velocity of oxygen ﬂow according to the
Darcy’s Law and the low thermal conduction ability of the rocks.
Concerning on the region between the injection and the producing
well, the rising of temperature with the reaction time is illustrated
as Fig. 3f. The initial temperature of the modeling domain is set at
293 K. The X-axis means the distance between the injection and producing wells, the injection well is set as the zero point. From the simulation result, the modeling domain is gradually heated up. The
temperature rises higher than the ignition temperature after 60 h
reaction.

3.2. The temperature distribution for LTO
The temperature distribution of the modeling domain after oxidation reaction for 20, 40, 60, 80, and 100 h in the LTO process is
shown as Fig. 4a–e, respectively. The temperature range in the legend bar is ranging from 312.80 to 473.15 K. The temperature of regions around the injection wells rises ﬁrstly, then the surrounding
regions are heated gradually. The temperature of the regions near
the outside boundary is lower than that of the central part, which
is attributed from the low oxygen concentration at the boundary.
The region between the injection well and the producing well
was effectively heated. The temperature of the modeling domain
is lower than the injection temperature due to the low reaction
rate and few heat. The temperature change of the region between
1
For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.

the injection well and the producing well with reaction time is
shown in Fig. 4f. The initial temperature is also 293 K. The region
is gradually heated with the ﬁnal temperature of the producing
well after 100 h close to the injection temperature.

3.3. HTO vs. LTO: The temperature proﬁles
The modeling domain can be heated both in the HTO and the
LTO, which was unambiguously conﬁrmed by the simulation results of the temperature distribution in the modeling domain
(Figs. 3 and 4). However, there are still some differences in their
temperature distribution: the temperature in the modeling domain is higher than the injection temperature with long duration
in HTO. While in LTO, the temperature in the modeling domain is
always lower than the injection temperature. The reason mainly
lies in the variety of kinetic of the oxidation reactions and the
coking formation reactions. The changes in the oxidation reaction
rate constant (k), the molar reaction heat (DH) and the coking
reaction rate constant (kc) with temperature are shown in
Fig. 5a–c.
As shown in Fig. 5a, the oxidation rate constant increases rapidly with reaction temperature. As k represents reaction rate constant of the reactant, its value is negative. The value of k is quite
smaller in the LTO than the HTO. As the heat is generated by the
exothermic oxidation reactions, the lower reaction rate leads to
smaller amount of released heat, consequently, there is inhomogeneous temperature distribution of the modeling domain. A negative temperature gradient region, from 300 to 350 °C, over which
the oxygen reaction rate decreases as the temperature increase is
observed. Such phenomenon has been investigated on LTO process
by Moore [40]. The reaction oxidation mechanisms in the LTO
range is quite different from these in the HTO region.
The molar reaction heat grows with temperature following an
exponential function (Fig. 5b). When the ignition temperature
rises, the heat produced in the exothermic oxidation reaction dramatically increases. Such energy will heat the oil reservoir, and
lead to an increased trend of the temperature distribution.
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Fig. 4. Low temperature oxidation process: The temperature distribution after oxidation reaction for (a) 20 h, (b) 40 h, (c) 60 h, (d) 80 h, (e) 100 h; and (f) the temperature of
the region between the injection well and the producing well with reaction time.
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Fig. 5. The proﬁles of the oxidation reaction rate (k), the molar reaction heat (DH) and the coking reaction rate (kc) with reaction temperature.

The proportion of coke produced is about zero when the temperature is lower than 420 °C, then the coking rate increases drastically
(Fig. 5c). There is almost no coking formation as the temperature is
lower than the injection temperature (200 °C) during LTO. As a result, the permeability and diffusion coefﬁcient of oxygen were preserved at a high level. This is beneﬁted for the efﬁcient heating of the
whole modeling domain. In contrast, the high temperature leads to
serious coking in the HTO process. The induced cokes block the ﬂow
and diffusion of oxygen. Coking is one of the main problems that affect the efﬁciency in the ﬂame spread of HTO.
3.4. The governing dimensionless number for the oxidation reaction
EOR
The parameters that inﬂuence the temperature distribution in
the modeling domain during the oil oxidation process are deduced

from the above model. The parameters includes: the ignition temperature Ts, the concentration of oxygen in the injection gas cs, the
pressure drop between the injection well and the producing well
DP, the distance from the injection well to the producing well L,
the conduction coefﬁcient k, the permeability of gas j, the viscosity
of the gas g, the parameters in the kinetic sub-model k and DH.
Herein two dimensionless numbers integrated based on the above
parameters are proposed to describe the governing factors of the
oxidation reaction enhanced oil recovery. One of the dimension
numbers is the KP number which is deﬁned as follow:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k
/¼L
j=gDp

ð14Þ

The KP number describes the ratio of oxygen consumed in the
oxidation reaction to that transported through convection. The distance of the injection well and producing well (L) inﬂuences the KP
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effect of coking on the permeability of gas. Both the HTO and
LTO of the heavy oil are effective to heat up the modeling domain.
Comparing the temperature distribution of the modeling domain,
the LTO offers a uniform temperature throughout the whole reservoir, while the HTO has a high temperature frontier. This is mainly
attributed from the signiﬁcant change in the kinetic and coking
formation at low and high reaction temperature. The main parameters that inﬂuence the temperature distribution in the oxidation
process are integrated to two dimensionless numbers (KP and HP
number). The correlation of these two numbers with the strength
of oxidation reaction can be employed as guidance for selecting
the proper operation region in the oxidation reaction enhanced
oil recovery process.

R/Rs
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HP number
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1E-3

0.01

0.1

KP number

Acknowledgements
Fig. 6. Correlation of the strength of the oxidation reaction with the KP and HP
number.

number. From Figs. 3 and 4b, the temperature of the modeling
domain is heated up gradually, the change of temperature is
depended on the positions of the modeling domain.
The other dimensionless number named HP number is deﬁned
as follow:

b¼

j=gDpðDHÞcS
kT S
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gas controlled by the Darcy’s law, the conservation of mass and
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