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Abstract

In-situ combustion (ISC) is one of the oldest methods of thermal oil recovery, the method of ISC incurs much
more complex, challenging, and volatile physical and chemical processes compare to other method. With
current advancement in technology, interest in ISC process is increasing, it offers unparalleled economic
benefits when compared to other enhance oil recovery (EOR) methods, particularly,in terms of high oil recovery
and applicability to a broad range of reservoirs. In this research work, a new 1-D tube model was developed
serves as the base case for other analysis to generate good predictability for the optimum sustainable
development of the reservoir performance. The dimensions and initial conditions provided by Belgrave et al.
(1990) and Yang et al., (2009) was used to develop the base case. A similar model is also developed by Liu
(2011) using Belgrave’s data and both models are used for comparison of results in this research. Numerical
simulator CMG STARS established by the computer modelling group in Calgary was used to study the
influence of some parameters. The parameters studied included: Injection rate of air/gas, oxygen mole fraction
injected, temperature propagation and pore volume Injected. Athabasca Bitumen is used as the heavy oil. The
practical concern, benefits, and limitation of each developed scenarios are examined in detail. This research
works present recommendations related to the novel and mature in-situ combustion plan in which development
of the simulation model is on-going.
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INTRODUCTION unparalleled economic benefits when compared to
Heavy oil is one of the unconventional resources of  other enhance oil recovery (EOR) methods,
reservoir fluid with high viscosity (>100cP) [Austell,  particularly, in terms of high oil recovery and

2005; Souraki et al., 2012], anexample of such oil is  applicability to a broad range of reservoirs. However,
Athabasca Bitumen having a viscosity of about ISC incurs much more complex, challenging, and
5x10°cP at a room temperature [Souraki et al., 2012].  volatile physical and chemical processes in contrast to
Heavy oil is an immobile fluid under normal reservoir  other method. Because of this, ISC has been only
conditions that cannot easily flow to production wells  applied to a relatively small number of heavy-oil
[Moore et al., 1997]. Proved heavy oil deposits are  fields in past with only a handful successful cases
vast in the world and higher in many countries being reported [Ramey, 1968, Adegbesan et al., 1987;
including USA, Canada, and Venezuela [Moore et al.,  Sarathi P, 1999].

1997; Sarathi P, 1999]. The increase in energy

demands together with declines oil reserves contribute  In-situ combustion (ISC) also known as fire-flooding
to the increase of interest in heavy oil recovery [Mai is regarded as the oldest method of thermal oil
et al, 2005; Deffeyes, 2008]. There are many methods  recovery which originated since its inception in the
for enhanced oil recovery applicable for both lightand ~ 1920s [Chu,1982; Sarathi, 1999]. As a thermal
heavy oil reservoir production and are categorised into  method for enhancing oil recovery, it brings economic

thermally and non-thermal methods [Moore et al.,  benefit, especially when applying to the reservoir with
1997]. an approximate value of 50% oil saturation

[Donaldson et al, 1989; Turta, 2007]. The process
IN-SITU COMBUSTION requires a technical operational control to avoid

For more than 100 years in-situ combustion (ISC) has  massive breakthrough of greenhouse gas and air (N,
been applied to recover heavy viscous oil with the  and O,) [Burger et al, 1972;White, 1985]. The process
earliest field example in the United State. Today, s achieved by burning fraction of a heavy oil residue
interest in ISC process isincreasing, as it offers  or coke which produces the heat necessary to increase
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the temperature within the oil-bearing formation,
decreasing the oil viscosity and hence, increases oil
mobility. Coke is the main fuel for the combustion
reaction produces by thermal cracking of the heavy
residue ahead of the combustion front. In the process,
once the displacement of low viscous compounds and
thermal cracking is completed, the remaining heavy
residues within the reservoir dead space behind the
pore are high molecular weight compounds with high
boiling points [Moore et al., 1997]. With continued
improvement in technological processes in in-situ
combustion, it is certain that practice of this process
such as dry, wet, and partially quench combustion will
find the better application and are likely to be among
the major future energy sources in the upcoming years
[Donaldson et al, 1989].

During the process, the flow of the unburned fraction

(moving towards the producer) is as result of strong

exothermic reactions between the fraction of oil, gas,

and air (oxygen fraction) within the heated reservoir
matrix [Burger et al., 1985; Lake, 1989]. The major
challenges of ISC process are the propagationof heat
and maintain the combustion front [Castanier and

Brigham, 2003; Anaya et al., 2010].There are

different chemical reactions involved in ISC process

which is divided into 3 namely;

e Pyrolysis: is a thermochemical decomposition of
heavy crudes at elevated temperatures, between
450 and 600°C, in the absence of oxygen (or any
halogen)

¢ High-temperature oxidation (HTO) of crudes and
oxygen at temperatures higher than 600°C by
burning coke, deposits of pyrolysis

e Low temperature oxidation (LTO) of crudes and
oxygen at a temperature between 350°C and
450°C.

ISC can be operated either asforward combustion or

backward combustions depend on the combustion

front spreads towards the producer or not

[Chattopadhyay et. al. 2004].This research is solely

carried out based on forward (dry) combustion

method as shown in the figure below.
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Figurel: Forward ISC processes [Chattopadhyay et.
al. 2004].

IN-SITU COMBUSTION TUBE EXPERIMENT

According to the handbook of in-situ combustion
principles and practices; in any project that is planned
for ISC, laboratory combustion tube experiments are
vital and must be carried out at the initial phase of a
field development. It is believed that combustion
tubes are traditional laboratory means to investigate
the performance of ISC processes [Turta, 1994], and
when they are used appropriately they can offer
considerably vital information on the combustion
characteristics, this information can be used for
building accurate engineering and a profitable
estimate of a field testing's performance. Furthermore,
the process operates as a means for appraising the
clear outcome stuck between ranges of
methods/factors, which influence combustion. Qil
industries recognised the combustion tube tests as a
technique of generating dependable information
depicting the in-situ combustion process in a targeted
field. Based on pilot and commercial field experience,
much research [Burger, 1972a., 1972b; Castanier, and
Brigham, 2003] indicates that a successful ISC can be
achieved if the analysis is conducted with real
reservoir rock and fluid characteristic together with
suitable operational conditions, the chemical kinetics
and stoichiometry of the reaction and the reservoir
conditions; the temperature, pressure [Sarathi P,
1999].

CONDITIONS AND REQUIREMENT FOR

USING ISC PROCESS

Sarathi (1999) reported that following water flooding,

and in some cases, steam injection, the process of ISC

is possibly the most applicable enhance heavy oil

recovery method. The main requirements of ISC

include the following:

= Heat (Thermal method); one of the highly
effective oil recovery methods, the process
requires heat to reduce the viscosity of oil in-situ.
Consequently, without heat no combustion!

= Air; is mostly required to support the combustion
front efficiently. Air is the most readily accessible
injecting fluid and cheap.

Hence, in addition to the above conditions, ISC is

recognised to be an economically inexpensive method

in the following reservoir settings [Burger, 19723,

1972b; Brigham, 2006; Turta, 1994]:

v Shallow reservoirs (<1,500ft.), ISC is a very
efficient method but very complex, can be used for
a shallow reservoir recovering heavy oil of about
10-20°API where conventional method cannot
succeed because of the density of the oil

v" Deep reservoirs (about 11,000ft.), recovering light
oil of >30°APIl most especially in U.S where
combustion projects are in operation in light oil
reservoirs compare to the heavy oil reservoirs.
Therefore, the method can be applied as a
supplement to water flood and steam flood
processes. Especially steam injection is not
applicable when handling a deeper reservoir
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(>10,000ft.), due to extremely heat losses and
water flood due to economic implication involved
when lifting which made the process unattractive.
Thus, combustion and gas become the only
processes applicable in such condition

It is an ideal process for a thin oil formation of
sandbodies thickness very between 4-150ft and it
also was shown to be successful and generally
effective in 10-50 ft. It is already investigated in
the laboratory experiment; in-situ combustion can
be applied in a thin oil formation compared to
other methods.

The heterogeneity of reservoir indicates to have a
less negative effect on the combustion process
compared to other methods such as steam injection
process and water flooding which generally
affected by the heterogeneity of the reservoir.

ISC has been successful in reservoirs with
pressure ranging from vacuum (14.7psia, (Ib/in2)
abs) to 4,500psig. Implies that reservoir pressure
has no technical consequence on the success of the
process.

ISC can be used in formations with permeability
ranging from 5 to 10,000mD [Sarathi 1999].

METHODOLOGY

Numerical Modelling of ISC Process

To model 1-D tube for enhancing oil recovery using
in-situ combustion process by means of CMG-STAR
software a data file is developed comprises of the rock
and fluid properties, properties for the porous and
non-porous system, the operating conditions, and
kinetics of the reactions. The dimensions and initial
conditions provided by Belgrave et al. (1990) and
Yang et al., (2009) are utilised in this work to
reproduce similar model which was also used by Liu
(2011).

The reactions pattern implemented in this research
regarding Belgrave et al. (2009) have a good
agreement with experimental work performed by
Hayashitani (1978) and Adegbesan (1982). Based on
this analogy a base case was developed, and
developed sensitivity analysis by creating scenarios as
a benefit to ISC not only in terms of enhancing the oil
production, but also in terms of mitigation plan
required to reduce the impact of some by-products
emitted during the process (such as greenhouse gases)
to the environmental, these includes:

» Injection rate: the rate at which air is injected into
the reservoir is varied from 0.1,0.25, 0.5, 0.75, 1.0,
1.5 and 2.0ft3/hr.

The fraction of air: it is obvious that air
contributes to the combustion front in in-situ
combustion. It is vital to generate the main impact
of its composition during the process and it
contributes during oxidation process (see equation
4-9).
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» Temperature: apparently, it is well known that
temperature is one of the main factors consider for
combustion.

MODEL SET-UP

System dimensions and property distribution

The first part of the simulator’s file is the definition of
fundamental grid block (Cartesian grid) of the
reservoir (tube), the grid block is entered in a
Cartesian coordinate system with 200 blocks (1 1
200). the overall length of the tube is 1.83m with a
diameter of 0.0994m according to the dimension
0.0881m x 0.0881m x 0.00915m and positioned in the
vertical direction, every single grid corresponds to a
length of 0.00915m. The impermeable grid section
was added with zero porosity (used as insulator tubes)
of variable width on both sides of the primary tube to
accommodate heat loss. The section has a zero-
thermal conductivity and it changes the dimension of
the system to 5 1 200. Figure 2 shows the overview of
the system dimension with temperature distribution
developed as the base case.

The initial temperature of the impermeable sections
covering the tube are set per distance to the permeable
zone, therefore the near zone temperature is set at
65°C (149°F) while the far zones are 32°C (90°F)
which counted as ambient surface condition
(completely enveloping the system). According to
Belgrave et al. (1990), the porous and permeable
(tube) section has an initial temperature of 100°C
(212°F). To initiate the heating within the tube, the
system is simulated with an electric heater at the inlet
section of the injector of about 5% of the porous
section in a dimension 5:1 1:1 1:10 (as the heated
zone) and was set to 500°F.

Well Settings

For setting the well in a tube combustion model, two
wells are used, one as an injector and the other as a
producer. The producer is positioned at bottom of the
tube while the injector at the top (see figure 3-1). The
air is injected through the injector as a fracture of
oxygen and nitrogen which is established at the first
grid block from the top of the tube (5 1 1) and the
producer at the bottom (5 1 200). Depending on each
scenario, the injector operates at constant rates and at
an adiabatic condition. The non-adiabatic setting is
not considered in this research works as such already
indicate the requirement for the high rate of injection
to support the high-temperature combustion front.
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Figure 2: Combustion tube showing temperature
distribution

Air (as a mixture of O, and N,) is injected into the
system through the injection well. Though, ISC
process produces several gaseous components,
nevertheless, Belgrave et al. (1990) and Sarathi,
(1999) in the process only considered CO, and CO as
gaseous products, other components such as CH,4 and
H,S are taking as a single component specifically as
CO, because the production of CO is considerably
higher than CH,and H,S. Also, at HTO the proportion
of CO to CO, produced is minor as 1: 1.89, therefore,
most the gas generated in the system is CO, (which
Liu, 2011 considered for recycling). In this research
work, also, only CO, and CO are considered as a
gaseous product from the system. Summary of fluid
properties required for effective in-situ combustion
are shown in table below

Table2: Components viscosity, enthalpy and K-value
(CMG STAR, 2012)

It is assumed the overburden and under burden layers Liquid Fataelpy
have the same initial temperature, no water or oil is Component — =205t Smol°C ot
injected and no heat loss (as in adiabatic settings) AVISCcp | BVISCC 100°C
H20 0.00752 1384.86 1800
Tablel: System Properties Asphalt 4.89E-25 33147 2516.267
Maltene 1.94E-05 5369.2 994,7837
PROPERTIES VALUE UNITS Coke - - -
Length 183 m CO, 0.044126 578.08 25.531
Width and depth 0.0881 m CO 0.146092 94.06 16.247
Cross sectional area 0.00776 m* 0, 0.189439 85.68 18.568
Porosity (primary zone) oil N, 0.141269 90.3 16.247
Asual gnid blocks 200
Initial water saturation 0.118 REACTION KINETICS MODELLING
ttalo e 0882 The reactions pattern implemented in this research
Joutial gas saturation 0.0 _ work are divided into 3 (pyrolysis, HTO, and LTO)
Tl pressuce 0 = and each reaction follows first order reaction rate
Bottom hole Pressure 2014.7 pst . i
Imitial mole fraction of Maltene 09151 meChanlsm'_ ) ) ; ;
Nole raction of Asphalien 0089 1. Pyrolysis reaction (cracking reaction): this
Specific weight of Maltene 407 g/mole reaction CO_nSIStS Of 3 Steps:
Specific weight of Asphaltene 1090 g/mole Maltenes Ll 0.372 Asphaltenes ......ou. 1
Volumetric heat capacity 2.28EH)6 Ji(moC) ez
Thermal Conductivity 100 Jm-min-K Asphaltenes — 83.223 Coke .. v v i a2
Permeability 120 D e
Mtia_{jnje:;mmte Variable - ;‘:!I.Sphﬂlteﬂes - 3?'683 G’ﬂs TeRowEnommeommnoannoannoanno '3
Heat transfer rate (Quax) 200 Brufr 2. Temperature oxidation (LTO): This reaction
Injection temperature 70 °c

RESERVOIR FLUID

Athabasca Bitumen used as the heavy oil is alos based
on a model by Belgrave et al. (1990) slightly different
composition reported by Liu, (2011) which includes
asphaltene fraction, and maltene fraction. In addition
to these components, some of the reservoir fluids
considered are either produced or injected into the
system during a process such as coke, water, CO,,
CO, O, and N,. Coke is usually described as CHX,
Belgrave et al. (1990) defined coke as a ratio C:H of
1:1.13 (CHy13), water in the system is considered as
connate water (as water initially in the porous media)
and those formed because of the combustion process.
Thus, the simulator builds no difference in their
properties.
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occurs in 2 ways as shown by equations 4 and 5
4
Maltenes + 3.431 02 — 0.4726 Asphaltenes ... ...

H4
Asphaltenes + 7.513 02 —» 101.539 Coked ..........0
3. High-temperatureoxidation: The coke produced

from LTO reacts with oxygen to produce gas and
water (steam) as shown

6
Coke +1.232 02 = 0.395C02+ 0.1003 CO+ 0.565 H20.m0 s v s s

HTO occurs during the process in the system within
the combustion front when the temperature ranges
between 600°F to 1500°F. Other reaction that occurs
within the system thus combustion front in the
reservoir but are not considered in the data file are:

riglds

CHL + 202 50024 2H20 oo 7
yiglds

HC Gas + 02 ——CO02 + 0.9695CO + 2H20.........8
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TUNING THE MODEL

The basic understanding and sensitivity analysis relies
upon the base case model; therefore, the numerical
model must be consistent with the published
experimental data [Belgrave, et al., 1990]and Liu
(2011) numerical model. Due to the inadequate
experimental data for comparison of results it
becomes necessary to rely on the parameters
presented by Liu (2011) as the key for gauging
performance (see Table 3). They include maximum
cumulative production, time taken to reach the
ultimate oil recovery before gas breakthrough, the
amount of gas produced before and after
breakthrough, maximum pore volume injected, the
time taken to reach the oil production plateau and
economic worth based on net present value of
production.

It is essential to note that the relative permeability
value used are based on the history matching of an
early gas flooding.

Table3: Constant parameters from Liu, 2011 experiment

Parameters
m3 ft3
Volume in the system 0.0142 0.501468
Total pore volume 0.00585 0.206591
Initial oil in place 0.00493 0.174101
RESULTS

The base case has been developed and the simulation
results match closely to those of Liu (2011). A set of
sensitivity analysis were carried out to ascertain
different development strategy that can generate better
recovery compared to the base case for different air
injection rates, oxygen fractions of injected air, and
induced temperature. Oil and gas dimensionless
parameters (Rf and to (PV1)) are determined based on
the given relationship shown below,
__ Volums of ail producedy
Rf = Estimats oil in placs
Pore volume injected (PVI) is reported in terms of

volume at SC
Rf — Volume of oil producedy  (Volumetric gas rats) (time)
Eztimats oil implace (@) Viotal)
Base case model

As shown in Figure 3, the tube is modelled with 2
wells (producer and injector), the tubes have initial oil
saturation of 0.882l. The first tube represents initial
status at Ohr (no production)followed by another
model producing at about 2hr, 8hr, and 22hr. At 22hr
of production, the high mobile gases reached the
producer and control the production. The results were
obtained by running the base case for 48hr (2days)
production time with a constant air injection rate of
2.615x10*m? (0.0447 PVI1)/min equivalent to 0.554ft>
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(2.682 PVI) /hr, the injection of air is to support the
combustion front

[ow ]

‘ 2hr | | Shr ‘ ‘ 22 hr ‘

01l
1.00

0.90
0.80
0.70
—0.60
—0.50
—0.40
—0.30
—0.20

—10.10

—0.00

Figure 3: Oil saturation during displacement process

The profile represents oil and gas cumulative
production at reservoir and surface condition (RC and
SC) as a function of time in which the gas break
through after 22.6hrs of production. Based on these
results, the pore volume injected and oil recovery
factor was calculated and the results are shown in
table 3.Note that a high rate of oil production is
observed after 20hr of production (figure 4), this is
very typical behaviour before gas breakthrough. Now
a drop-in oil production rate was observed
corresponding to the time at which gas breaks through
and a large fraction of the total volume produced at
this point is gas, and thus the oil production rate is
reduced.
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Figure 4: Base case (0.554ft3/hr) cumulative oil and
gas production and liquid rate

SENSITIVITY ANALYSIS

The sensitivity analysis of parameter considers
includes; injection rate, a fraction of oxygen,
temperature, and dimensionless parameters.
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Different Injection Rate

As shown in Figure 5 and Figure 6, the injection rate
is varied from 0.1, 0.25, 0.5, 0.75, 1.0, 1.5 and
2.0ft3/hr. The comparison was developed for oil
cumulative production of the base case with different
scenarios. All these cases differ one from the other
only in the specific injection rate of air. The injection
rate controls the rate of recovery of oil as expected.
As shown in the figures each line represents a model
with different injection rate, with approximately the
same cumulative oil production (except for cases 1
and 2 with injection rate of 0.1ft3/hr and 0.25ft3/hr,
no gas breakthrough is achieved) and reaches ultimate
value of production at different time, and different
point of gas breakthrough as shown by the changes in
trend with slope of each scenario.

STARS_TUBE_MODEL

0.1004

0.0801

0.0601

0.0404

Cumulative Oil SC (ft3)

0.0201

0.000¢==

T

30 40

Time (hr)

50

Figure 5: Effect of injection rate on oil cumulative
production compared to the base case
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Cumulative Gas SC ubemodel_0.10_injection_rateif
Cumulative Gas SC Tubehlodel_0.50_Injection_rate.irf
Cumulative Gas SC TubeModel_1.0_Injection_rate.irf
Cumuiative Gas SC TubeModel_2_injection_rate.if
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Figure 6: Effect of injection rate on gas cumulative
production compared to the base case

108

Based on the results shown in the figures above, case
1, 3 and 7 with an injection rate of 0.1, 0.5 and
2.0f3/hr were chosen for comprehensive analysis
technically and economically.

The figure below represents oil and gas cumulative
production for the selected cases (1, 3 and 7) at a
different injection rate of 0.1ft3/hr. 0.5ft3/hr and
2.0ft3/hr respectively.

_TUBE_MODEL
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0.060-f

40
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T
~
<

00204

0,0004
0

50

Figure 7: Cumulative oil and gas production for 0.1,
0.5and 2.0ft3/hr (case 1, 3 and 7) compared to the
base case (0.554ft3/hr)

The table below shows cumulative production of oil
before and after gas breakthrough for the 3 cases (2.0
ft3/hr, 0.50ft3/hr and 0.1ft3/hr) and the corresponding
gas breakthrough period compared to the base case.

Table 4: comparison of cumulative oil production
before and after breakthrough

Gas breakthrough cumulative oil production (ft3)
Cases iod
perindiEny et After (48 hrs)

Base Case 225 0.0983 0.1019
Case 1 0.0 0.0000 0.0349
Case 3 25.1 1.2594 0.1015
Case 7 52 0.0847 0.1026

Role of Oxygen Fraction on Oil and Gas

Production

Today’s most common topics of the technical, as well
as non-technical literature, are “CO, emissions”,
“greenhouse gases”, and “global warming” which is
generated because of oxidation of different
hydrocarbon component in the reservoir. It is well
known that greenhouse gases are one of the biggest
challenges in operating in-situ combustion, it becomes
necessary to identify and analyse their present to
generate a remedial measure of handling these gases
to enhance recovery economically and technically as
shown below.
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Figure 8: Effect of oxygen fraction on oil and gas
cumulative production

Role of Temperature in Combustion

It is necessary to envisage how temperature affects the
production and the entire system. Figure 9shows the
temperature profile of the heated section of the
reservoir, in which an external heater is used to raise
the temperature of the system to attain the HTO point.
As expected after the heater raised the temperature of
the heating zone, the heat transfer is being generated
and will continue to exchange heat within the system.

STARS TUBE MODEL
TEMPERATURE 1,1,6 (GRIDE BLOCK)
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2004 T T T
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Time (hr)

Figure 9: Temperature profile of the heated zone for
grid block 1, 1, 6

DISCUSSION OF RESULTS

Base Case

A base case was developed and the cumulative oil
production matches to some extent to those obtained
by Liu (2011) based on the same parameter
established by Belgrave et al., (1990). Although the
data plot of cumulative production did not 100%
match probably due to different injection rate and the
fluid phase equilibrium ratio (K-value). The analysis
on bhase case model shows a distinctive oil and gas
production profile (Figure 4) and later the oil recovery
with respect to pore volume injected. It is observed
that as the process started a typical trend of the high
production rate of oil is achieved which is attributed
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to gas dissolving into oil phase thereby reducing the
oil viscosity. As expected the oil production reaches a
decisive value (also known as production decline
region), and the gas breakthrough was observed after
22hr.

This implies that as the process continues it takes
around 22hr of production time before the high
mobile gases travel (breakthrough). The producer has
a lower temperature because of heat transfer within
the system before it reaches the producer. At this
point, a significant fraction of the volume produced is
gas, and thus the oil production rate decreased rapidly.
The volume of oil produced at the end of
displacement process in this run is 0.10193 m3
(0.00289ft3). Meanwhile, the initial oil in place was
0.00493m3 (0.174101 ft3) and the recovery factor of
0.59 was obtained for the base case.

Hence 0.41 of the oil was unrecovered, based on the
literature, an approximate value of 20% by mass of oil
will remain after pyrolysis and assuming 10% will be
consumed as the fuel for combustion. To give an
evidence of coke deposition as a function of
temperature and oxidisation reaction in the system, a
plot was generated for coke concentration as a
function of time as shown below.
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Figure 10: Effect of temperature and reaction kinetics
on coke formation for base case

This proved that combustion process took place
within the system, as indicated by this figure, coke
formation increases continuously at theregion of LTO
and drop immediately after HTO region is reached
signifies coke oxidation is taking place at HTO
region. This phenomenon can be traced back per coke
kinetic reaction model (see equation 4 and5). As the
coke oxidises more gaseous component are formed at
HTO. As shown in Figure 9, at the beginning of the
process the temperature at the grid block 1, 1, 1 to 1,
1, 6 is raised to about 1200°F (650°C) HTO. This
temperature rise is an evidence to HTO presence
within the system.
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Sensitivity Based on Injection Rate

Having generated a base case,a number of sensitivity
was established based on the air injection rate. 7
different cases were analysed as shown in Figure 5
and Figure 6 which gives the different profile. The
injection rate is varied from 0.1, 0.25, 0.50, 0.75, 1.0,
1.50, and 2.0ft*/hr compared to the base case injection
rate of 0.554ft3/hr. It is well known that the heavy oil
used in this model cannot be produced by a primary
recovery as already indicated by different research
work. Based on the sensitivity as shown in Figure 5
all the models developed has almost the same
recovery factor, ultimately, each model reaches
ultimate oil recovery at the different time. The reason
behind all these behaviour is obvious and can be
articulate to the concept of combustion process, it is
interesting to note that in each of the cases observed,
the initial oil production is the same due to the gas
drive and must do with the initial evaporation of the
lighter component of the oil, but not because of the
gas (CO, and CO) which are generated through the
process. Gas mobilization should do with the rate at
which coke oxidises. The presence of inert gas (N,)
helps maintain the pressure in the reservoir and
contribute to the mobilisation of steam and lighter
components towards the producer. As a recap, air is
injected to sustain in-situ combustion front. As
observed, each profile differs from the other for
specific injection rates and the higher the injection
rate is (e.g. case 7 with an injection rate of 2.0ft3/hr),
the higher the cumulative production of oil and gas is.
This is because a higher air injection rate permits
more oxygen to be present for combustion leading to
higher coke formation and higher oil production.
Coke formation is directly related to LTO while coke
oxidisation is related to HTO where most of the
gaseous components are produced. It is therefore
economically more beneficial during ISC process to
operate at a high rate of injection into an oil reservair,
as shown with an injection rate of 2ft3/hr (case 7) the
ultimate oil production is reached in an early period of
production with the highest oil plateau. Even though
there is a tendency to have high cumulative of gas
along compared to other cases, it is still economically
considered as the best case since recycling process is
possible and attract less financial commitment.

It is clearly observed that case 1 and 2 with the lowest
injection rate of 0.1 and 0.25ft}hr produce no gas
within 48hr production and achieved lowest ultimate
oil recovery of about 0.03494ft> for case 1 and
0.09252ft* for case 2. These cases are not considered
to be economically profitable when narrowing the
benefit of the project on the net present value of oil
production, even though no greenhouse emission is
observed considered as advantage environmentally
but the optionis available for recycling. As expected,
the case with the highest injection rate of 2.0ft°/hr has
an earlier gas breakthrough at about 5hr of production,
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however this case attain it ultimate oil production
value after 5hr of production, this implies this case is
10 times better than case 1 which produced 0.0394ft®
oil after 48hr compared to a case where 0.10264ft* is
achieved in just 5hr of oil production (this
phenomenon will be more interesting when the
system is scale-up where the 5hr can be scale-up to 50
or 50 years of production). Other cases with an
injection rate of 0.5, 1.0 and 1.5ft%hr also reached
their maximum plateau value with almost the same
cumulative production compared to the base case and
case 7, although they are still better than case 1 and 2
but less effective economically when compared to
case 7 with regards to maximum cumulative
production. Therefore, it is recommended to do a tube
combustion experiment with an increase air injection
rate as this revealed to be economically profitable and
technically sustainable.

Sensitivity Based on Fraction of Air Injection

From the literature, it is well comprehended that air
injection supports the combustion process, the oxygen
fraction in air undergo 3 different chemical reactions
in-situ as indicated by equation 3, 4 and 5. This
denotes that a very small amount of oxygen during the
ISC process is very vital as it contributes to the
reaction kinetics in-situ, some amount of the oxygen
injected to react with maltene to produce asphaltene in
the same way asphaltene reacts with oxygen to
produce coke. The produced coke will be utilized as
fuel for combustion and sequentially produces
greenhouse gases in the present of oxygen (such as
CO,, CO, and H,S)and water. It is realized that
increase in front velocity with an increase in oxygen
mole fraction is due to the increase in the rate of
oxygen supply. The rate of combustion in the thermal
simulator is assumed to be limited by the rate of
oxygen supply. It is, therefore, essential to control the
amount of oxygen in the reservoir to support the
combustion and to avoid production of the excessive
gaseous component.

Different models were developed and run with a
different fraction of oxygen (0.95, 0.75, 0.50and 0.10)
for a clear understanding of the effect of the ISC
process. Higher oxygen availability leads to more
hydrocarbons to be oxidized per unit time, causing the
combustion front to move faster. However, a small
difference was observed in the cumulative oil
production compared to the base case (with standard
oxygen fraction 79%:21%), net present value of oil
and time to reach the ultimate plateau point of
production.  Nevertheless, it generates clear
differences in respect to the gas breakthrough time
and cumulative production of gas after the whole
period of production (as shown in fig 8). In the
process, it is obviously shown that, as the amount
oxygen reduces, the quantity of coke formed
decreased and decreases the combustion front thereby
making gas to breakthrough. At the same time the
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reduction in oxygen fraction will not stop the process
completely but control the exothermic reaction as
negative temperature is developed, when gas with no
oxygen is injected, it implies the only fuel for
combustion in the reservoir that will be utilized during
the process is due to the initial heating of the
reservoir. Hence, a case with 95% oxygen did not run
in the model probably due to the activation energy of
the reaction.

CONCLUSION

This research work is committed to the contents of
extracting active heavy oil reserves with emphasis on
simultaneously enhancing the recovery by addressing
their energy and environmental attributes to avoid
carbon dioxide emissions “greenhouse gases”, and
“global warming” are nowadays common topics of the
scientific and well as non-scientific literature.
Numerical simulator CMG STARS was used to study
the influence of certain parameters on combustion
tube runs. The parameters studied included: Injection
rate of air/gas, oxygen mole fraction injected,
temperature propagation and pore volume Injected. At
the end of the research work, it was concluded that the
combustion front velocity is directly proportional to
the air injection; the higher injection rate is in favour
of gaining high cumulative oil production in a short
period and a maximum plateau region. This growth is
affected by the influence of heat propogation that
transfer from the tube to the accumulated reservoir
fluid. Therefore, raising the rate at which air is
injected shows to support in-situ combustion while
decreasing the injection rate can have a general
consequence on the results, this shows that not all
reactions have the same significance during the
combustion reaction.

RECOMMENDATION

A complex process generates a complex problem and
these problems required sophisticated approaches to
be solved successfully. It is critical to position ISC
mechanisms as a function of oil composition and rock
mineralogy. Thus, the extent of the chemical reactions
between crude oil and injected air, as well as the heat
generated, depends on the rock oilmatrix system.
Therefore, with regards to this research work, the
following are recommended for future work:

Lacks of full experimental data is considered as
impairment in this research work. Hence, in future
work, a complete experimental data is
recommended

A field-scale simulation should be done; however,
the up-scaling of various input parameters such as
the Kinetic parameters is difficult and needs to be
studied separately.

It is also recommended to use a more complicated
ISC model to account for the physical and
chemical changes of the oil

For given oil recovery, as oil production increased
at high injection rate, eventually, give rise to
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greenhouse gas (most especially CO,) emission, it
is therefore recommended to carry out this
research work with an emphasis on CO, recycling.
Other recommendation to facilitate future research
on this subject matter includes:

Enhancing the computational performance of 1SC
simulation.

Incorporating compositional modelling.
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