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In previous laboratory study, we have shown the thermal behavior of Keke Ya light crude oil
(Tarim oilfield, branch of CNPC) for high-pressure air injection (HPAI) application potential
study. To clarify the influences of thermal effects on oil production, in this paper, we derived a
mathematical model for calculating oil flow rate, which is based on the heat conduction property
in porous media from the combustion tube experiment. Based on remarkably limited knowledge
consisting of very global balance arguments and disregarding all the details of the mechanisms in
the reaction zone, the local governing equations are formulated in a dimensionless form. We use
finite difference method to solve this model and address the study by way of qualitative analysis.
The time-space dimensionless oil flow rate (qD) profiles are established for comprehensive studies
on the oil flow rate characteristic affected by thermal effects. It also discusses how these findings
will impact HPAI project performances, and several guidelines are suggested.

1. Introduction

Air injection in light oil reservoirs (HPAI, referred to as high-pressure air injection) has
gained greater attention during the last decade [1–3]. HPAI projects have been steadily
increasing in recent years, especially in light oil carbonate reservoirs in the USA [4]. However,
some controversies still exist on recovery mechanisms, especially for thermal effects. Over
the years, HPAI has been considered a simple fuel-gas flood, giving little credit to the
thermal drive as a production mechanism [5], where the flue gases provide the main driving
mechanism for oil production and the thermal effects have very little impact on the oil
recovery mechanism. For instance, Sakthikumar et al. [6] simulated the HPAI process as an
immiscible nitrogen flood, and Glandt et al. [7] modeled the process as an isothermal flue
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gas flood with a 10-component EOS model. It was expected that the isothermal predictions
would represent a conservative estimate of the incremental oil production.

Montes et al. [5] suggested that this combustion front acts as a bulldozer (often called
“bulldozing effect”) to mobilize most of the oil immediately ahead of it that cannot be
displaced by any of the other driving mechanisms present (i.e., flue gases, hot water/steam
displacement, etc.). Although the presence of this front has been recognized for decades,
its relevance to the air injection process has not always been interpreted properly [8]. The
preexisting evidence from the Buffalo Red River Unit (BRRU) and South Buffalo Red River
Unit (SBRRU) in the Buffalo field indicates that oil is actually burning and suggests that the
combustion front is having a favorable impact on the production performance of the oil field
[8, 9]. In this sense, HPAI can be viewed as a combination of gas flooding and heavy-oil
combustion (frontal displacement) [9].

In laboratory study aspect, Shokoya [10] conducted combustion tests to illustrate that
the “extra” oil is due to thermal effects from the combustion front and the combustion front
has the ability to mobilize the residual oil. We have demonstrated that Keke Ya light oil
could autoignite at initial reservoir conditions in previous studies [11, 12]. However, with
time gone, many people still keep conservative viewpoint about oil recovery contributed
by thermal effects. For instance, Sarma and Das [13] expressed an uncertain viewpoint that
thermal effects would be expected to contribute more to the oil production by way of oil-
viscosity reduction. The crucial reason is due to lack of qualitative theory studies. In the
aspect of numerical study, de Zwart et al. [14] indicated that as to a commercial numerical
model, in some instances, HPAI was modeled as an isothermal flue gas drive, employing
an equation of state (EOS) methodology. This approach, however, neglects combustion and
its effects on both displacement and sweep. Furthermore, the EOS approach cannot predict
if, and when, oxygen breakthrough at producers occurs. Combustion can be included in a
limited fashion in simulations at the expense of extra computational time and complexity.
In the available literature, combustion is taken generally into account under quite simplified
conditions. Establishing a theory model to qualitatively analyze the thermal effects on oil
production is needed thus it can provide some guidelines to achieve high performance HPAI
projects. However, oil recovery by combustion is a very complex process, and there are many
aspects of it that are not yet completely understood [9].

For a combustion modeling study, some simplifications should be addressed first.
Debenest et al. [15] used a simplifiedmathematical model to study the smouldering processes
in porous media, while the dependence of the physical properties of the constituents on
temperature and to represent oxidative chemical reactions by a single-step heterogeneous
reaction on the surface of the solid grains were ignored. Similar scenario, owing to the
complexity of the problem, is that various simplifications had to be used in this study.
The main simplifications are to ignore the dependence with temperature of fluid capacities,
conductivities, compressibility, and compositional effects. In other words, the influences of
thermal effects on oil production are mainly caused by oil-viscosity reduction, which is
similar to the heavy oil in situ combustion process with the main recovery mechanism by
way of oil-viscosity reduction. Ren et al. [16] suggested that oil viscosity less than 10 mPa · s,
at reservoir temperature, is desirable for application of HPAI. It is believed that the elevated
reservoir temperature during HPAI process could reduce oil viscosity even to a lower value
around 1.0 mPa · s, and when other conditions are in the same premise, thermal effects
are bound to provide a favourable extra oil increment thus it should not be disregarded.
Although all simplified simulations cannot provide full and detailed knowledge of all aspects
of the process, it can be used to establish a typology of the regimes that prevail under various
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conditions and to assess the validity of the assumptions made in classical macroscopic
descriptions [15]. This is of great practical interest in the prospect of tackling large-scale
problems.

In this study, a simplified model is developed for predicting the influences of thermal
effects on oil flow rate and based on the heat conduction model in combustion tube
experiments [17]. Many of the existing literatures report the combustion tube simulations
all are based on this classical model. For instance, in consideration of fuel concentration
in oxygen-enriched in situ combustion, Rodriguez and Mamora [18, 19] developed a new
analytical model of the combustion zone in combustion tube experiments. Jabbari et al.
[20] modeled the toe-to-heel air injection process and the temperature distribution was
analytically formulated and compared to the experimental data. But these models always
are using analytical solutions.

The goals of this paper are to study the influences of thermal effects on oil flow
characteristic by way of qualitative analysis. The rest of this paper is organized as follows.
Section 2 describes the preliminary analysis and model derivation. Section 3 introduces
the finite difference method and ascertains the main parameters for numerical calculation.
Section 4 makes comprehensive theoretical analysis on how the thermal effects will impact
oil production during HPAI process. Finally, what we get in our paper is summarized in
Section 5, and future directions are proposed.

2. Theoretical Model Descriptions

Based on the feasibility of autoignition for Keke Ya light oil, the followingmodel assumptions
will be well founded. The physical model is based on the combustion tube model originally
proposed in [17] andwe briefly summarize this model first. Penberthy and Ramey developed
an analytical heat model of movement of a burning front axially along a cylinder with
heat loss through an annular insulation. A heat balance may be made for a differential
element ahead of the burning front. It is well known that a stationary regime and a typical
combustion front speed could exist in solid/gas combustion [15, 21, 22]. Hence, a moving
coordinate system such that the burning front is always at the x-coordinate zero is used;
correspondingly, the x-coordinate represents distance from the burning front. The model to
describe the temperature profile ahead and behind the combustion front for combustion tube
experiments is based on heat balance (conduction and convection) for a differential element
in the combustion tube. The classical model is written by the following expression:

kb
Cfρma

∂2T

∂x2
+

(
vb −

ρgCg

Cfρma
u

)
∂T

∂x
− 2U
Cfρmart

(T − Ta) =
∂T

∂t
. (2.1)

The appropriate initial and boundary conditions are

T(0, t) = Tc, (2.2)
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T(0, x) = 0, (2.3)

lim
x→∞

∂T

∂x
(t, x) = 0, (2.4)

where kb is the thermal conductivity, kJ/m · ◦C; Cf is the specific heat of the matrix, kJ/kg · ◦C;
Cg is the specific heat of air, kJ/kg · ◦C; ρma is the density of the matrix, g/cm3; u is the
superficial air velocity at burning front, m3/hr ·m2; T is the temperature, ◦C; Ta is the ambient
temperature, ◦C; Tc is the peak temperature, ◦C; x is the distance from the burning front, cm;
U is the overall heat conduction coefficient through the annular insulation, kJ/hr ·m2 · ◦C; rt
is the radius of the combustion tube, cm; t is time, hr; vb is the velocity of the burning front,
m/hr.

It is noted that (2.2) and (2.4) specify that the initial temperature in the pack and the
surrounding temperature are different.

Substituting

α =
kb

Cfρma
,

β = vb −
ρgCg

ρmaCf
u,

γ =
2U

ρmaCfrt
,

(2.5)

(2.2) becomes

α
∂2T

∂x2
+ β

∂T

∂x
− γ(T − Ta) =

∂T

∂t
. (2.6)

The conceptual representation of air injection process along with the combustion
tube (counterpart) is illustrated in Figure 1. Air injection process involves injection of high
pressure air into a reservoir to promote in situ oil oxidation. Oxidation is a slow process in
which O2 present in the injected high-pressure air reacts with hydrocarbons in the oil. When
this happens, reservoir temperature in the vicinity of the air-oil contact rises and, eventually,
oil autoignites resulting in the in situ generation of flue gases and steam [13, 23]. Reservoir
oil will be mobilized towards producing wells through a combination of several complex
mechanisms. Combustion is an exothermic process, which is due to the exothermic reaction
between the fuel in the porous solid and oxidizer contained in the gas flowing through the
solid [21]. In addition, the reservoir often creates better adiabatic conditions, and that can
create a more favourable condition for heat conduction [24]. Hence, after oil autoignition,
reservoir temperature profile can steadily move to a far distance, and the frontal oil properties
will soon be affected. It seems matching with the interpretation of Figure 1 that the complex
recovery mechanisms such as flue gas driven, oil swell, “stripping” of light volatiles, and
reservoir repressurized, are only dominated in the vicinity of the injectionwell (zone, 1, 2, and
3) the unswept reservoir (zone 4) will receive steady thermal energy to reduce oil viscosity.

In this study, the indicated oil production contributed by thermal effects is based on oil
physical viscosity reduction as mentioned in Introduction. For application of HPAI in light oil
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Figure 1: Compared diagrams of conceptual air injection process and combustion tube experiment.

reservoirs, low temperature oxidation (LTO) is the main concerned aspect [25]; in this stage,
bond-scission reactions typically occur at temperature in the range of 150–350◦C [26, 27].
Hence, crude oil will experience more complex chemical reactions and oil-viscosity reduction
will not exist in LTO stage. Whereas crude oil often does not experience bond-scission
reactions below 150◦C [26], only simple physical phenomena of viscosity reduction will be
exhibited. For the next discussion, we choose 150◦C as the peak temperature for reducing
oil viscosity and oil can be mobilized by thermal effects in the temperature decreasing
profile. The legend of thermal effects affected zone in Figure 1 vividly shows that extra oil
is expelled out below the upper limit temperature (150◦C) zone due to viscosity reduction.
Correspondingly, the value of combustion front temperature TC described in Penberthy and
Ramey’s model is equal to upper limit temperature (150◦C).

2.1. Physical Model and Assumptions

We choose a long combustion tube as the basic physical model. The assumptions are listed as
follows.

(1) The combustion tube is heterogeneous and prior saturated with oil only. The inlet
and the outlet act as the injection well and produce well, respectively. Backpressure
is employed as the reservoir pressure, while injection pressure keeps constant to
make oil producing pressure drop in a constant value in whole process.

(2) The conceptual combustion tube is long enough and air injection rate is as low
as possible so that premature gas breakthrough would not happen. Therefore,
oil phase located at a far distance (unswept zone) ahead of peak temperature
still displays single-phase porous flow and oil permeability is calculated by
Darcy’s law. It was assumed that the capillary pressure is zero. This is a
reasonable assumption for crushed sands which generally have large pore sizes
[28].
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(3) As mentioned above (Section 2), the unswept reservoir will receive steady thermal
energy to reduce oil viscosity and some other recovery mechanisms (i.e., oil
swelling, reservoir repressurized, etc.) do not exist; it should be noted that oil phase
located at the far distance is extracted out under the constant producing pressure
gradient; in other words, it will exhibit the same pressure gradient below the upper
limit temperature (150 ◦C) zone.

2.2. Model Derivation

We introduce here a basic solution in an extremely simple case, because it provides a
guideline for the interpretation of more detailed simulation results. Most of the following
is classical. In addition, the assumptions are not required for establishing the main global
results. Hence, we remain here at a rather coarse level, which is sufficient for our present
purpose. Complex recovery mechanisms take place in the travelling reaction zone, but we do
not need to detail them at this stage. In the following section, we formulate the mathematical
model and the physical conditions to which it corresponds.

Oil flow rate is based on Darcy’s law and can be expressed as follows [20]:

q =
KoA

μo

(
∂P

∂x
± ρog sin θ

)
, (2.7)

where q is the oil flow rate in cm3/s,Ko is the oil permeability in μm2, A is the cross-sectional
area of combustion tube available for flow in cm2, μo is the oil viscosity in mPa · s, ρo is the
oil density in kg/m3, g is acceleration due to gravity in 107 m/s2, P is pressure in a certain
point in combustion tube in 105 Pa, x is the distance from burning front in cm. θ represents
the reservoir dip angle in ◦; “±” indicates that the gravity can be acted as driving force and
resistance for oil flow, respectively.

When the producing pressure gradient keeps constant, (2.7) becomes

q =
KoA

μo

(
G ± ρog sin θ

)
, (2.8)

where G is the producing pressure gradient across the combustion tube in 105 Pa/cm and is
calculated through the expression G = ΔP/L, L is the combustion tube length in cm, and ΔP
is the producing pressure difference across the combustion tube in 105 Pa.

If the reservoir dip is equal to zero, (2.8) is written as

q =
KoAG

μo
. (2.9)

The regressed oil-viscosity temperature curve usually can be written by

μo = λ · eωT , (2.10)

where λ and ω are correlation coefficients in the regressed equations in mPa · s and ◦C. T is
temperature in ◦C. Before oil autoignition, oil flow is at reservoir temperature Tν, implying
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that the constant oil viscosity μν at Tν can provide a constant oil flow rate qν which can be
written as

qν =
KoAG

μν
. (2.11)

Defining the parameter Θ = KoAG/λ, (2.11) becomes

q =
Θ
eωT

. (2.12)

From (2.12), temperature is given as follows

T =
ln
(
Θ/q

)
ω

. (2.13)

The ambient temperature Ta in the aforementioned model is equal to the initial
reservoir temperature Tν. After substitution and rearrangement, (2.6) becomes

(
−α
q

∂2q

∂x2
+

α

q2

(
∂q

∂x

)2
)

− β

q

∂q

∂x
− γ

(
ln

qν
q

)
= −1

q

∂q

∂t
. (2.14)

In combination with (2.2)–(2.4) and (2.13), we rearrange the initial and boundary
conditions.

The initial condition is written as follows:

q(0, x) = qν. (2.15)

The boundary conditions are

q(t, 0) = qc, (2.16)

lim
x→∞

∂q

∂x
(t, x) = 0. (2.17)

When burning front formed, the internal boundary in the moving x-coordinate always
can provide a maximum oil flow rate of qc at upper limit temperature (TC). It should be
noted that oil viscosity becomes μc, correspondingly. whereas in the external boundary (L),
oil flow rate will not be affected by thermal effects with time passing and still keep at qν. The
limitation of heat conduction ability in a long enough combustion tube is responsible for this.
Then, (2.17) can be rewritten as follows:

q(t, L) = qν. (2.18)

A basic solution in the simplest case with local thermal equilibrium is given
as a reference for the discussion of subsequent results, based on remarkably limited
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knowledge consisting of very global balance arguments and disregarding all the details of
the mechanisms in the reaction zone. Then, the local governing equations are formulated
in a dimensionless form; (2.14) can be solved by defining the following parameters and
dimensionless groups.

Let

qD =
q(t, x) − qν
qc − qν

,

xD =
βx

α
,

tD =
β2t

α
,

C =
αγ

β2
.

(2.19)

Finally, the expression of dimensionless oil flow rate ahead of burning front is

∂qD
∂tD

=
∂2qD

∂xD
2
−

(
qc − qν

)
qD
(
qc − qν

)
+ qν

(
∂qD
∂xD

)2

+
∂qD
∂xD

+
C
[
qD
(
qc − qν

)
+ qν
]

(
qc − qν

) × ln
qν

qD
(
qc − qν

)
+ qν

,

(2.20)

where C is dimensionless heat loss constant; qD is the dimensionless oil flow rate; xD

is the dimensionless distance; LD is the dimensionless combustion tube length; tD is the
dimensionless time.

And then, the initial and boundary conditions can be presented as below:

qD(0, xD) =
qν − qν
qc − qν

= 0, (2.21)

qD(tD, 0) =
q(t, 0) − qν
qc − qν

=
qc − qν
qc − qν

= 1, (2.22)

lim
xD →∞

∂qD
∂xD

(tD, xD) = 0. (2.23)

Similar scenario is that (2.23) becomes,

qD(tD, LD) = 0. (2.24)

It should be noted that qD = 0means that a certain place is not swept by thermal effects
and oil flow rate keeps constant at qν.
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3. Numerical Simulations

3.1. Discretization

Penberthy and Ramey [17] gave an analytical solution for the heat conduction model. For
the development of this model, other authors use analytical method [18–20]. In this paper,
we solve the governing PDEs by finite difference method. Dimensionless oil flow rate qD in
1D combustion tube was modeled. The principle of this method is illustrated in Figure 2. For
most field upscaling, combustion can be included in a limited fashion in simulations at the
expense of extra computational time and complexity. A fine grid can capture the combustion
front propagation [14, 29, 30]. In this study, a fine grid block in 1D simulations is employed.
The combustion tube length (L) is divided into I space intervals ΔxD. The time is divided
into J time intervals ΔtD (for all of the simulations we have chosen: I = 100 and J = 20000;
ΔxD = 0.01 and ΔtD = 0.01, therefore the total dimensionless length and dimensionless
time are 1 and 200, resp.). Every approximate value of qD above (t0 + jΔtD) time axis can
be independently calculated from the value in t0 + (j − 1)ΔtD time axis. More specifically, qD
for a new time step (tD = t0 + ΔtD) can be calculated, when qD is known at the previous time
step (tD = t0). qD at the outer grid points (i = 0 v i = I v j = 0 v j = J) for the new time step
(tD = t0 +ΔtD) is calculated using the boundary conditions. At time tD = 0, qD is given by the
initial condition; hence, qD at tD = 0 + ΔtD, tD = 0+2ΔtD, tD = 0 + 3ΔtD · · · tD = 0 + JΔtD can
be calculated sequentially.

The backward difference method is employed in this study. Discretization of (2.20) can
be written as follows;

qiDj − qiDj−1
ΔtD

=
qi+1Dj−1 − 2qiDj−1 + qi−1Dj−1

(ΔxD)2
−

(
qc − qν

)
qiDj−1

(
qc − qν

)
+ qν

⎛
⎝qiDj−1 − qi−1Dj−1

ΔxD

⎞
⎠

2

+
qiDj−1 − qi−1Dj−1

ΔxD
+
C
[
qiDj−1

(
qc − qν

)
+ qν
]

(
qc − qν

) ln
qν

qiDj−1
(
qc − qν

)
+ qν

.

(3.1)

3.2. Parameters Determination

The dimensionless oil flow rate modeling and simulation require a fit to experiment data
to determine model parameters. In this study, most of model parameters are according to
Keke Ya reservoir conditions (Tarim oilfield, branch of CNPC), which are stated in previous
studies [11, 12, 31]. The viscosity of crude oil under different temperature was measured
using Brookfield viscometer DV-III. The viscosity versus temperature curve is shown in
Figure 3. The experimental date can be perfectly exponential regressed with expression
μ = 4.70844e−0.0094T . Hence, the values of μν and μc are obtained. This study has different
types of parameters as shown in Table 1.

4. Results and Discussion

Several variables can affect the oil flow rate contributed by thermal effects. In this section,
the influences of two main variables (tD, xD) on oil flow rate and resulting guidelines will be
studied. It should be noted that no systematic experimental results of process variation were
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Figure 2: Representation of grid blocks used in the simulation: calculation of the qD at a new time step
from the qD at the previous time step.
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Figure 3: The evolution of oil viscosity at different temperatures.

Table 1: Model parameters and properties.

μν 2.213mPa·s L 1000 cm
μc 1.139mPa·s Tν 80◦C
ρo 805 kg/m3 Tc 150◦C
g 9.8m/s2 C 0.5
Ko 0.2μm2 G 500 Pa/cm
ΔP 5 × 105 Pa qν 0.089 cm3/s
rt 2.5 cm qc 0.172 cm3/s
Note: G, qν , and qc are calculated from the above parameters.
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available for the oil flow rate of this study. Hence, simulation results will be used to quantify
trends caused by process variations. Systematical experimental studies will be conducted in
comparison with the predicted trend in the forthcoming paper.

4.1. Effect of tD

Figure 4 shows the profiles of the relationships of qD in different xD (0, 0.01, 0.03, 0.05, and
0.07, shown in the legend) with the increasing of tD. For xD = 0, qD has the maximum
value of 1.0; it indicates that the formed peak temperaure Tc in the initial space can provide
the steady highest oil flow ability. In the space adjacent to Tc (i.e., xD = 0.01), qD initially
shows linear increasing characteristic with high positive slopes (dqD/dtD > 0), and the slope
value sharply increases to 0.4 in less than tD = 4, and then followed by a smooth increasing
stage until to a plateau. The final qD value is around 0.95 which is slight below the highest
oil flow rate value of 1.0 at the initial place (xD = 0). It reflects the temperature profiles
ahead of combustion front have smooth characteristic. Several studies also demonstrated that
temperature profiles both from simulation run or laboratory experiments will show the same
law of smooth turning to a plateau after the peak temerature [32].

The simulation result reveals that the closest space to Tc can provide high oil flow rate
in a short time. because high temperature can reduce oil viscosity to a high extent for its better
mobilization. The high positive slope in the earlier stage means that temperature in xD = 0.01
rapidly elevates to maximum value due to the propagation of combustion front from the
initial place; when the steady combustion front formed, oil mobilization ability will become
constant and show around 0.95 in later period from tD = 160 to 200. For xD = 0.03, 0.05, 0.07,
the corresponding curves show the similar trend as the former xD = 0.01. Most importantly,
the three curves have three important characteristics: (1) a qD = 0 period was found and
delayed with the increasing of xD; (2) the positive slopes in the early stage are apparently
decreased with the increasing of xD; (3) the smooth increasing period of qD has been largely
extended in this given total time interval.

The specified “qD = 0 period” means that oil flow rate is at the original level and is
not affected by the thermal effects. The relative far dimensionless distance shows a longer
qD = 0 period; for instance, in xD = 0.03, 0.05, 0.07, the qD = 0 periods are around tD = 0.5, 2, 3,
respectively.

Furthermore, qD at terminating time tD = 200 shows greater difference in each
xD interval. Compared to the value of 0.95 at xD = 0.01 at tD = 200, qD in the other
three xD intervals reduces to 0.84, 0.74, and 0.65, respectively. In addition, we found that
qD decreasing gradient is nearly the same for the same xD intervals (i.e., the D value of
qD keeps at around 0.1 for the same space interval increments of 0.02ΔxD). It denotes
that temperature in each place along the combustion tube will become constant with the
increasing of time. Hence, smooth qD curves can be detected due to the stable lowered oil
viscosity. However, qD decreasing gradient at the same tD does not show the same value in the
early stage as obviously illustrated by the arrowheads. The discrepancy may be ascribed to
the sharply decreasing of temperature in the relative high temperature (Tc) approached zone.
For instance, a rapid temperature decreasing followed by a smooth temperature decreasing
tendency is often observed in combustion tube experiments.

Figure 5 shows that a longer qD = 0 period widely exists in further distances and also
prolongs with increasing of distance. For xD = 0.15 to 0.45, the qD = 0 period ranges from
tD = 9 to 65. However, in xD = 0.60, qD values are kept constant at zero for all the time.
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Figure 4: Results from dynamic simulation of the relationship of qD versus tD in different xD (The selected
xD is approach to the upper limit temperature).

It implies that the dimensionless distance is not affected by the combustion front and oil is
mobilized only under the initial oil viscosity at reservoir temperature. On the other hand,
the endpoint values of the curve clusters are sharply decreased compared to the distance
approach to the upper limit temperature, it reveals that the ability of thermal effects on oil
flow rate is restricted in a short distance.

For a far distance, temperature gradually tends to reservoir temperature, which
corresponde to the illustration in Figure 1. And hence, thermal effects cannot efficiently
sweep in this area. For heavy oil reservoirs, crude oil located at a far distance could be
swept by thermal effects because a slight temperature increasing can efficiently reduce oil
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Figure 5: Results from dynamic simulation of the relationship of qD versus tD in different xD (The selected
xD is far away from the upper limit temperature).

viscosity for improving oil production. But it is not the same case for light oil reservoirs due
to the nature of low viscosity of light crude oil because the decreasing amplitude degree of
light crude oil viscosity is rather limited. The rapid qD decreasing also relates to the thin
combustion front [13, 23]. The available literature has shown that a combustion front inside
a porous medium could have a length of 2 to 5mm [33].

A smooth increasing trend is obviously detected for all the curves. However, these
curves will not unlimitedly increase and are bound to reach a plateau with low qD values as
time passes. On the other hand, it seems that high oil flow rate can be achieved by extending
production time in an HPAI process. It is proposed that extending air injection project cycle
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is desired to achieve high ultimate oil recovery. Nevertheless, all the results are based on the
assumption that combustion front is steady propagating that can sweep to any far distance
provided that injection time is infinite. However, in actual reservoirs, the combustion front
may not favourably propagate because of the complex lithology and liquid properties under
reservoir conditions.

4.2. Effect of xD

qD profiles as a function of xD are shown in Figure 6. qD distribution curves varied in
different tD (tD = 0, 20, 60, 100, and 200, shown in the legend) and all curves show the
similar decreasing trend with the increase of xD. The horizontal line used for comparison
shows that in initial time oil flow rate has not been affected by thermal effects in any place
of the combustion tube. When combustion front formed, qD shows the maximum value 1.0
all the time in the initial place. In the earlier stage, qD profiles display a high negative slope
(dqD/dxD < 0) and sharply decrease along the combustion tube, and then followed by a
smooth decreasing in a very short distance until they become zero. For instance, qD profile
in tD = 20 depicts a high oil flow rate decline stage and the influences of thermal effects on
oil flow rate are only restricted within xD = 0.2. It means that oil flow rate in subsequent
distance is not affected by thermal effects. However, oil flow decreasing rate is mitigated
with the increasing of dimensionless time. The swept distances done by thermal effects are
xD = 0.2, 0.3, 0.4 and 0.6 at tD = 20, 60, 100 and 200, respectively. It indicates that a longer
time is needed for heat conduction to a far distance when combustion front velocity vb keeps
constant. In tD = 200, a long transitional period exists in qD profile; we can see that a decline
stage apparently shows from xD = 0.4 to 0.6, which is much longer than the earlier stage. It
gives us an important enlightenment that oil production contributed by thermal effects can
be enhanced through reducing well spacing or extending air injection cycle. That is to say, for
100m (xD = 0.1) well spacing test wells can achieve more oil production than that of 200m
(xD = 0.2) well spacing test wells whilst air injection cycle is the same.

It should be noted that increasing air injection cycle can maintain the successive
combustion front and heat conduction ability, because a stable-persistent combustion front
strongly relies on the addition of enough oxygen [5]. But it will increase the extra operation
cost.

5. Conclusions

We show how to derive mathematical models for studying the space-time distributions of oil
flow rate caused by thermal effects and the finite difference method is employed to solve the
governing equations. The theory of “thermal effects” is described by the previous discussion
and reveals that the role of combustion front seems like a bulldozer to move the oil ahead
of it, and the very adjacent place to the combustion front (upper limit temperature) can
provide high oil flow rate, whereas a far distance will be swept by thermal effects provided
time increases. Sensitive analysis on oil flow rate proposes that such methods as reducing
well spacing and extending air injection cycle shoud be taken into consideration to achieve
high cumulative oil production contributed by thermal effects, and further studies should be
addressed to reappraise its contribution to oil production by way of quantitative analysis.
The influences of thermal effects on oil production should not be treated as an episode. Our
findings may give a new avenue for the study of thermal effects on oil production in HPAI



Journal of Applied Mathematics 15

0tD
20tD
60tD

100tD
200tD

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Dimensionless distance (xD)

D
im

en
si

on
le

ss
 o

il 
fl

ow
 r

at
e
(q

D
)

Figure 6: Results from dynamic simulation of the relationship of qD distribution in xD.

process in light oil reservoirs. However, there is still a lot of work that should be loaded,
because the combustion process is very complex. We hope that the results of our analysis
encourage such investigations.
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