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Abstract
The technical and economic validities of the toe-to-heel air injection (THAI) process for heavy oils upgrading and production 
are yet to be fully realised even though it has been operated at laboratory, pilot, and semi-commercial levels. The findings from 
Canadian Kerrobert THAI project suggested that there is no proportionality between oil production and air injection rates. How-
ever, this conclusion was reached without having to dig deeper into the dynamics of the transport processes inside the reservoir 
especially that efficient combustion was clearly taking place as the mol% oxygen in the produced gas was negligible. As a result, 
this study is conducted with aims of identifying the similarities and differences of the dynamics of the transport processes in 
lab-scale and field-scale reservoirs. For the first time, this study has found oil drainage dynamics inside the reservoir to be both 
scale-dependent and operation-dependent. For the laboratory-scale numerical model E, what is clearest is that all of the head of 
the oil flux vectors are either totally vertically directed or slightly inclined and pointing upward towards the heel. None of them 
is pointing backward towards the toe of the HP well. Thus, it is apparent that oil drainage pattern in this laboratory-scale model 
E is efficient as all the mobilised upgraded oil, including from the base of the combustion cell, is produced as the combustion 
front advances in the toe-to-heel manner. However, the combustion front has a backward-leaning shape which is an indicator 
that it is propagating even inside the HP well. This implies that the process is operating in an unstable, inefficient, and unsafe 
mode. These two opposing patterns at laboratory-scale must be resolved to ensure healthy combustion front propagation with 
efficient oil drainage and production rates are achieved. At the field scale (i.e. model F), this study has shown for the first time 
that there are actually two mobile oil zones: the one ahead of the combustion front with lower oil flux magnitude (i.e. MOZ) 
and the one containing large pool of mobilised partially upgraded oil at the base of the reservoir just behind the toe of the HP 
well. The above findings in model F show that there is conflicting dynamics about the goal of achieving large oil production 
rates downstream of the combustion front with the propagation of forward-tilting stable, safe, and efficient combustion front. If 
the combustion is to be optimally sustained, then most of the mobilised upgraded oil might be lost going in the wrong direction 
towards the region behind the toe of the HP well. In actual reservoir in the field, shale with very low permeability and porosity 
must be present behind the toe in order for the large pool of mobilised upgraded oil that is continuously draining from the vertical 
adjacent planes to be forced into the toe of the HP well. As a result, to balance these two conflicting dynamics of upward-tilted 
combustion front going longitudinally towards the heel of the HP well and the mobilised oil draining down at an angle towards 
the region behind the toe of the HP well, future studies are essentially required. These are proposed and also listed under the 
conclusion section in order to ensure thorough design and operation procedures for the THAI process are established.

Keywords In situ combustion (ISC) · Enhanced oil recovery (EOR) · Heavy oil/bitumen/tar sand · Reservoir simulation · 
Toe-to-heel air injection (THAI) · Thermal EOR

Introduction

No doubts that the world is transitioning to a decarbonised 
future even though no one knows how long it will take to 
reach there. Since it is not a step change, the readily available 
resources are essential for a smoothest transition. Although 
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technology is evolving rapidly and that the energy sector is 
seeing one of the fasted move towards greener future, there 
are certain sectors such as transportation and petrochemi-
cal that do not have substitute for a faster switch. Thus, oil 
and gas must continually be accessible to cater for the surg-
ing demand especially from the highly populated develop-
ing countries. However, accessible oil might not last long 
enough to see us to the fully carbon-free energy system era 
unless continual research and development of the currently 
non-producible reserves are sustained. Based on the United 
States Geological Survey (USGS) report, there are around 
8.901 trillion barrels of unexploited heavy oils and bitumen 
around the globe (Meyer et al. 2007). Most recent estimates 
conducted by the China National Petroleum Corporation 
(CNPC) put the total amount of heavy oils and bitumen 
globally as 1492.44 billion tonnes of oil originally in place 
(OOIP). However, the world-wide total recoverable reserves 
based on our present technological know-how is only 190.87 
billion tonnes of OOIP (Liu et al. 2019). According to the 
BP’s statistical review of world energy 2020, as at the end of 
2019, the world-wide total proven reserves of conventional 
and unconventional oils is 244.6 billion tonnes (British 
Petroleum (BP) 2020). However, the proven reserves of light 
conventional oils total to 53.73 billion tonnes only which 
surely will not be enough to last until fully decarbonising 
our energy system. That implies that heavy oils and tar sands 
reserves must be immediately developed to ensure a smooth 
supply is maintained. However, these resources are known 
to have very high viscosities and low API gravities which 
are determined by their asphaltene content. As a result, they 
are very difficult, environmentally polluting, and expensive 
to tap. Yet the applied commercial mobilisation and produc-
tion methods are steam-based. These include steam flood-
ing, cyclic steam stimulation, and the most popular method, 
namely steam-assisted gravity drainage, and they are charac-
terised of: (i) having low energy efficiency due to significant 
heat losses to the wellbore, overburden, and underburden, 
(ii) not effecting permanent upgrading since once the pro-
duced oil is cooled back to its initial reservoir temperature, 
its viscosity and density will increase and return back to 
their initial values, (iii) being applicable to limited number 
of reservoirs due to pressure limitations when the reservoir 
is thin, (iv) emitting large amount of greenhouse gases from 
the steam generation, (v) requiring complex surface upgrad-
ing facilities, (vi) in certain cases, being net energy con-
sumer as the produced chemical energy is less than the ther-
mal energy added, etc., (Gates 2010; Gates and Larter 2014; 
Ma and Leung 2020; Mokrys and Butler 1993; Paitakhti 
Oskouei et al. 2011; Shah et al. 2010; Shi et al. 2017; Turta 
and Singhal 2004; Zhao et al. 2014, 2013). Thus, steam-
based processes are not in line with the climate change miti-
gation strategies which have led oil industry into a search 
of best alternatives. One such alternative technology is the 

toe-to-heel air injection (THAI) process which is an in-situ-
combustion-type method that uses horizontal producer (HP) 
well in place of vertical one used in conventional in situ 
combustion (ISC) method (Greaves et al. 2005, 1999; Xia 
et al. 2002) to recovery upgraded oil. The THAI process 
does not possess any of the disadvantages of the conven-
tional ISC. Rather, it falls into the group of the so-called 
short-distance displacement processes in which mobilised 
upgraded oil is produced immediately it drains down under 
the influence of gravity (Turta and Singhal 2004). This will 
lead to early realisations of return on investment and hence 
substantially lowering the exposure of oil businesses to the 
risks of the highly volatile oil market. Other advantages of 
the THAI process include (i) production of in situ heavy-to-
relatively-light upgraded oil, (ii) high energy efficiency as 
it generates its own heat by burning a small fraction of the 
immobile carbonaceous component of the heavy oils and 
bitumen, (iii) it can be made self-sustaining if waste heat is 
recovered with aim of running utilities, (iv) it has recovery 
factor of up to 85% OOIP as consistently shown by physical 
experiments, and (v) it can be converted to simultaneously 
thermal and catalytic upgrading process through emplace-
ment of an annular layer of commercially industrially hydro-
treating catalyst around the HP well, etc., (Ado 2021; Rabiu 
Ado 2017; Rabiu Ado et al. 2017; Xia and Greaves 2006, 
2002).

The THAI process was piloted in the field and was oper-
ated at semi-commercial scale as well. These two operations 
were conducted in Canadian Athabasca tar sand by a com-
pany formerly referred to as Petrobank. The first THAI pilot 
project which was conducted in the Whitesands recorded 
only partial technical validation of the process at the field 
scale (Petrobank 2009, 2008, 2007). The process was found 
to operate in a high-temperature-oxidation (HTO) mode, 
produce large concentration of hydrogen of up to 8 mol%, 
produce upgraded oil of several API points above the initial 
native reservoir value, etc. (Turta et al. 2020). Economi-
cally however, lots of money were lost due to low oil pro-
duction rates, excessive sand productions that led to many 
costly interventions, lack of well-detailed process design 
and operation procedures, lack of understanding of the com-
plex physicochemical and fluid dynamics processes inside 
the reservoir. In fact, even the models used to simulate the 
process were not up-scaled to handle field-size calculations 
and provide physically meaningful predictions. To digress 
a little, the preceding last point cannot be stressed enough 
because systematically and theoretically based upscaling 
procedure developed by Ado (2020a,b) has shown that 
laboratory-scale validated model is incapable of predict-
ing and thus cannot be used to predict, field-scale processes 
that are taking place inside the reservoir. However, due to 
being hopeful, Petrobank proposed two more THAI projects 
in Kerrobert and May River, respectively, at just the time 
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when the Whitesands’ project was stopped and considered 
completed. The May River project did not take place as it 
was cancelled. The Kerrobert THAI project was operated 
at semi-commercial scale with 12-well pairs all arranged in 
a direct line drive pattern. This was operated from 2011 up 
to, to the best of my knowledge, 2016 before it was declared 
by Touchstone, which took over the Petrobank, as uneco-
nomical to continue with (Petrobank 2013, 2014; Touch-
stone 2015, 2016). Part of the failure was the inability of the 
operators to establish a well-structured combustion front. 
This could be due to air channelling into the bottom water 
that is underlying the Kerrobert bitumen reservoir. It could 
also be due to reservoir heterogeneity since the reservoir was 
found to have many large shales that might have impeded 
proper combustion front expansion. It should be noted that 
the concentration of produced oxygen was not high enough 
to justify a conjecture that air was bypassing the combus-
tion zone. Oil production rates also were very low to the 
extent that Wei et al. (2020a, b) concluded that the THAI 
process is a low-oil-production-rate technology albeit that 
it is more energy-efficient than SAGD, they said. They also 
explained that there is an air injection rate limit above which 
no incremental gain in oil production rates can be realised. 
However, the low oil production rates might be caused due 
to the mobilised upgraded oil draining into the bottom water 
which is shown to be a thief zone (Ado 2020c). Furthermore, 
given that Petrobank had experienced excessive sand pro-
duction that might have also hindered and thus limited the 
flow rates of the mobilised upgraded oil into the HP well, 
lack of understanding of physicochemical and fluid dynam-
ics inside the reservoir could very well be to blame for the 
failure to establish the well-structured combustion front and 
to achieve high oil production rates. In fact, multiple studies 
(Ado 2020a, b; Kovscek et al. 2013; Nissen et al. 2015) have 
shown that laboratory-scale validated numerical models are 
incapable of predicting the physicochemical transport pro-
cesses in field-scale reservoirs. However, what these studies 
did not observe and show are the differences especially in 
terms of reservoir flow dynamics between the laboratory-
scale and the field-scale models. Given that the latter are 
necessary for successful process design and deployment, 
these differences must be fully delineated if optimal pro-
cess operation is the ultimate target. The problem of low 
oil production rates in the THAI process might have also 
been caused by the mismatch between process stability in 
form of optimally well-structured combustion front leaning 
forward and oil recovery efficiency in which the mobilised 
upgraded oil flux vectors are slanted with backward-pointing 
and simultaneously partly downward-pointing heads. This is 
because if the shales surrounding the reservoirs are porous 
and permeable enough to allow mobilised upgraded oil to 
flow through them, then that could be the reason for low oil 
production rates in the actual reservoir. It could well be that 

the mobilised upgraded oil was continuously lost going in 
opposite direction away from the HP well and outside the 
pattern. However, to test this supposition, numerical models 
at laboratory and field scales are conducted and two-dimen-
sional profiles having oil flux vectors at reservoir condition 
superimposed on them are compared. That is the main aim 
of this article. The other aim is to propose solution strate-
gies so that all the mobilised upgraded oil is captured and 
produced.

Reservoir models development

In this work, both the experimental-scale (from here onward 
called E) and field-scale (from here onward called F) numer-
ical models are composed of Canadian Athabasca bitumen 
and reservoir properties. The model E is similar to that 
developed by Rabiu Ado (2017) which he then validated 
against physical experimental results reported by Xia and 
Greaves (2002). Both models E and F are developed and 
simulated using the Computer Modelling Group (CMG) res-
ervoir thermal simulator (i.e. the STARS). The dimensions 
of the models and the injector(s)/horizontal producer wells 
configurations can be seen in Fig. 1. However, because of the 
complexity of multi-components, multi-phase reactive trans-
port processes through porous media, many input parameters 
must be specified so that the targeted performance param-
eters of the THAI process can be predicted. Likewise, the 
initial and boundary conditions must be specified. However, 
all of these information has already been reported in previ-
ous works which partly form part of Rabiu Ado’s PhD thesis 
(2017). Nevertheless, the key input parameters are summar-
ily shown subsequently.

Petro‑physical and reservoir initial parameters

The Athabasca bitumen reservoir porosity, horizontal abso-
lute permeability, absolute permeabilities ratio kh∕kv , initial 
temperature and pressure, and initial oil, water, and gas satu-
rations respectively as used in each model can be seen from 
Table 1. For more information about the selection of the lab-
oratory-scale parameters which are validated against experi-
mental results, see Rabiu Ado (2017) and Ado (2020d). The 
oil/water and gas/oil relative permeability curves as used 
in both models can be found in Rabiu Ado (2017) and Ado 
(2020d), and consequently, they are not repeated here in 
order to conserve space.

Properties of the reservoir fluids and its rock

The effective formation compressibility of the reservoir is 
1.4 ×  10–5  kPa−1. The reservoir fluids and its rock thermal 
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properties are given in Table 2. All of these variables are 
used in both the laboratory- and field-scale models.

PVT properties of the Athabasca bitumen

Bitumen is composed of so many compounds to the extent that 
it is impractical to characterise it based on all the individual 
components that combined to make it. As a consequence, oil 
pseudo-components which are typically made up of many com-
pounds that fall within a specified boiling temperature range 
are used. In this work, the detailed validated pressure, volume, 
and temperature properties of each oil pseudo-component have 

been reported in the previous works (Rabiu Ado 2017; Rabiu 
Ado et al. 2018, 2017) and are not repeated here. Similarly, 
the mol% of each oil pseudo-component is reported there. 
Likewise, the temperature-dependent viscosity and the tem-
perature-and-pressure-dependent equilibrium K-values can be 
found there and hence are not repeated here.

Kinetics schemes and their parameters

The THAI process is reported to operate in a high-temper-
ature-oxidation (HTO) mode where the dominant reactions 
are thermal cracking and coke combustion reactions. Thus, 

Fig. 1  Three-dimensional res-
ervoir dimensions, injector(s)/
horizontal producer wells 
configurations in staggered line 
drive pattern, and the cardinal 
directions of i, j, and k. a Is for 
model E (i.e. laboratory-scale 
model) and b is for model F (i.e. 
field-scale model)
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they must be specified as input parameters in each model. 
For model E, a validated laboratory-scale kinetics scheme 
with its parameters reported by Rabiu Ado (2017) and Rabiu 
Ado et al. (2017) which used Phillips et al. (1985) thermal 
cracking kinetics scheme for Athabasca bitumen is used. 

Therefore, these are shown in Tables 3 and 4 even though 
the aforementioned references can be consulted for the extra 
details. For model F, field-scale frequency factors which are 
different from the laboratory-scale ones are used. These are 
shown in Tables 3 and 4 and can also be found in Rabiu 
Ado (2017) and Ado (2020a) where detailed information 
about how to calculate them based on sound theory is pro-
vided, and also, the assumptions in the calculations are 
explained there. However, to make it clearest, it is worth 
explaining more about the up-scaled frequency factors. 
Thus, in this work, the direct conversion kinetics scheme 
previously developed by Ado (2020a) in both the laboratory- 
and field-scale models is used. To reiterate, the only kinetics 
parameter that differs between the laboratory and field scales 
is the frequency factor which is mathematically shown to 
be scale-dependent due to the fact that the fuel availability 
in the laboratory scale is the same as that in the field scale, 
thereby making the Damkhöler number to be independent 
of the scales. These imply that

where k is the frequency factor and � is the space-time which 
is the time taken for material to be reacted within a given 
grid block. Since the time to produce a given reservoir in 
the laboratory is many orders of magnitude lower than that 
in the actual field reservoir, the only way that the fuel avail-
ability and hence the Damkhöler number can be independent 
of the scales is if the frequency factor is scaled. That is why 
model E has different frequency factors compared to those 
of model F. This is despite the fact that they have the same 
reactions schemes and activation energies. 

(k�)lab = (k�)field

Table 1  Petro-physical and reservoir initial parameters

Reservoir property Laboratory-
scale values

Field-scale values

Reservoir porosity 0.34 0.34
Horizontal absolute permeability, 
kh (mD)

11,500 6400

Absolute permeabilities ratio kh∕kv 3.3333 1.8551
Initial oil saturation, So 0.85 0.80
Initial water saturation, Sw 0.15 0.20
Initial gas saturation, Sg 0.00 0.00
Reservoir initial pressure (kPa) 290 2800
Reservoir initial temperature (°C) 27 20

Table 2  Reservoir fluids and its rock thermal properties

Reservoir rock and its fluids thermal 
properties

Values

Heat capacity of rock 2600 kJ  m−3 °C−1

Thermal conductivity of rock 458.3333 J  m−1  min−1 °C−1

Oil thermal conductivity 7.9861 J  m−1  min−1 °C−1

Gas thermal conductivity 3.4722 J  m−1  min−1 °C−1

Water thermal conductivity 37.1528 J  m−1  min−1 °C−1

Table 3  Athabasca bitumen 
thermal cracking reactions 
and their Arrhenius kinetics 
parameters

Note that the activation energies are the same regardless of the model being laboratory scale or field scale

Bitumen pseudo-components 
thermal cracking reactions

Model E reactions fre-
quency factors  (min−1)

Model F reactions fre-
quency factors  (min−1)

Reactions activation 
energies (kJ  mol−1)

IC → 2.0471 MC 3.822 ×  1020 8.186 ×  1016 239.01
MC → 0.4885 IC 3.366 ×  1018 7.209 ×  1014 215.82
MC → 2.3567 LC 1.132 ×  1015 2.425 ×  1011 184.88
LC → 0.4243 MC 1.524 ×  1015 3.264 ×  1011 180.45
IC → 77.4563 COKE 2.320 ×  1015 4.969 ×  1011 180.88

Table 4  Athabasca bitumen pseudo-components combustion reactions and their Arrhenius kinetics parameters

Note that the activation energies are the same regardless of the model being laboratory scale or field scale

Athabasca bitumen pseudo-components combustion 
reactions

Model E frequency fac-
tors (kPa min)−1

Model F frequency fac-
tors (kPa min)−1

Activation energy 
(kJ  mol−1)

Heat of 
reaction 
(kJ  mol−1)

IC + 98.869  O2 → 77.456  CO1.947 + 46.904  H2O 1.812 ×  108 2.772 ×  103 138.00 4.00 ×  104

MC + 49.069  O2 → 37.075  CO1.947 + 25.953  H2O 1.812 ×  109 2.772 ×  104 138.00 1.60 ×  104

LC + 32.025  O2 → 14.600  CO1.947 + 35.623  H2O 1.812 ×  1010 2.772 ×  105 138.00 4.91 ×  102

COKE + 1.22  O2 →  CO1.875 + 0.565  H2O 1.000 ×  1010 1.530 ×  105 123.00 3.90 ×  102
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Boundary conditions

Both models have no flow boundary condition assigned to 
them with the exception of the wells via which fluids are 
injected and produced respectively. The horizontal producer 
(HP) well in model E was assigned a minimum bottom hole 
pressure (BHP) of 170 kPa and a maximum liquid produc-
tion rate of 25  cm3  min−1 as the boundary conditions. The 
simulator automatically selects either one of them based 
on which targeted one is violated. In the case of model F, 
2800 kPa and 60  Sm3  h−1 are respectively assigned as the 
minimum BHP and maximum liquid production rate as the 
boundary conditions. In the case of the HI well of model E, 
for the first 30 min, electrical heating was carried out at a 
rate of 2115 J  min−1 per grid block before switching to an air 
injection rate of 8000  Scm3  min−1 which was assigned for 
the first 160 min of combustion period before subsequently 
being increased to 10,667  Scm3  min−1 for an additional time 
of 130 min. In the case of model F, saturated steam at a pres-
sure of 5500 kPa and with a quality of 80% was injected at a 
rate of 495 bbl  day−1 cold water equivalent (CWE) through 
the two VI wells for a period of 104 days before switching 
to air injection which is injected at a rate of 20,000  Sm3 
 day−1 for a period of 2 years. To initiate the combustion, 
electrical ignitor was used once air injection in both models 
are commenced. With regard to heat crossing the reservoir 
boundary in form of heat loss, conductive parameters are 
specified to account for that by assuming that the heat loss 
takes place via the overburden and underburden only. Fur-
thermore, it is worth highlight at this stage that the CMG 
STARS models source terms (i.e. the injectors) either as 
line sources in which ‘‘wellbore frictional pressure drop and 
liquid holdup effects’’ are neglected or using the discretised 
wellbore model option which is ‘‘suited where frictional 
pressure drop or liquid holdup effects are important’’ (CMG 
2012). The first method was applied to the vertical injector 
(VI) wells of model F because only steam and air flowed 
through them. Similarly, the first method was applied to the 
horizontal injector (HI) well of model E because only air 
flowed through it.

Selection of optimum grid‑blocks dimensions

Sensitivity analysis is thoroughly conducted as can be seen 
in Table 5, Figs. 2 and 3. It is found that for the laboratory-
scale numerical model, a total of 38,500 grid blocks are 
sufficient to capture the dynamics of the combustion front 
and provide near accurate prediction of the key performance 
indicators of the THAI process, and as a result, small grid 
blocks can be used. Furthermore, to additionally enhance 
the computational time while ensuring the accuracy of the 
results is maintained, small dynamic grid blocks are used. 
The dynamic gridding option is a built-in function called 
DYNAGRID in the CMG STARS (CMG 2012). It dynami-
cally changes from identifying the parent grid blocks and 
solving the algebraic equations based on them after meeting 
set criteria to identifying the child grid blocks when other 
conditions are met. For the full details, see the previous work 
of Rabiu Ado (2017).  

Table 5  Grid blocks, their numbers, and the simulation run time

S no Grid blocks Numbers of 
grid blocks

Simulation run time

1 Large grid blocks 12,000 26 min
2 Medium grid blocks 19,000 1 h 8 min
3 Small grid blocks 38,500 3 h, 48 min
4 Small dynamic grid blocks 38,500 2 h, 24 min
5 Smaller grid blocks 50,000 5 h, 29 min
6 Smaller dynamic grid 

blocks
50,000 2 h, 53 min

Fig. 2  Peak temperature as a function of time for the various grid-
blocks sizes

Fig. 3  Cumulative oil production as a function of time for the various 
grid-blocks sizes
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Note that the number of grid blocks in Table 5 is approxi-
mated to the nearest thousand except for the small and small 
dynamic grid blocks which are approximated to the nearest 
hundred.

In either model, the selected number of grid points in all 
the three respective directions is: 30 in the ith-direction × 19 
in the jth-direction × 7 in the kth-direction. In order to fully 
capture the physics of the combustion front, the parent grid 
points in the ith- and jth-directions were, respectively, fur-
ther discretised into 3 child grid points, thereby making the 
number of grid blocks in each model to be 90 × 57 × 7 which 
is equal to 35,910. However, to capture the transient nature of 
fluid, heat, and material transport in the horizontal producer 
(HP) well, a discretised wellbore model option called WELL-
BORE which is a built-in function available in the STARS 
software is used. The parent grid blocks to be discretised by 
the WELLBORE function are specified. Once discretised, 
the resulting grid blocks are then added to the reservoir grid 
blocks, thereby making the total number of grid blocks to 
be 38,500 which is in accordance with the previous studies 
(Ado et al. 2019; Rabiu Ado 2017). The resulting algebraic 
equations of the discretised reservoir and wellbore models 
are solved using parallel processing solver option referred to 
as PARASOL which used quad-core out of the computer’s 
16-core parallel processors. Furthermore, to repeat again, in 
order to minimise numerical diffusion, the small dynamic 
grid blocks are used. Also, the relative material balance error 
in each timestep was set to be 1 ×  10–5, thereby resulting in 
very small overall error at the end of the simulations.

Summary of the solution method in the simulator

The highly nonlinear PDEs that mathematically described 
the THAI process are usually discretised using central finite 
difference method with the time discretised using backward 
finite difference method so that a fully implicit solution is 
sought. The discretised basic mass conservation equations 
are solved together with the momentum conservation equa-
tions, energy balance, and phase constraint or mole fraction 
equations. The resulting fully implicit discretised equations 
are solved by the CMG STARS using the Newton’s method.

Results and discussion

After successfully developing kinetics upscaling procedure 
based on sound theoretical calculations and simulating the 
THAI process at field scale, Rabiu Ado (2017) discovered 
that the dynamics of the processes in the reservoir are either 
(i) scale-dependent or (ii) that the validated laboratory-scale 
model showed that the process was operated in a pseudo-sta-
ble state or both. Given the field findings about the oil pro-
duction rates in the THAI process being supposedly rather 

than justifiably low, it becomes apparent that the dynamics 
of the transport processes taking place inside the reservoir 
merit comprehensively detailed investigations. Accordingly, 
the experimental-scale model E will be studied first and then 
the field scale model F will come second before finally com-
paring them and drawing decisive conclusions. Doing so 
requires the two-dimensional profiles of some of the key 
parameters with oil flux vectors superimposed on them.

Dynamics of oil production inside laboratory‑scale 
combustion cell

Temperature distribution profiles, especially in 2-dimen-
sions, provide the extent of oxidation mode that is dominat-
ing the in-situ-combustion-type processes. From Fig. 4, it 
can be seen that at the two different times, the temperatures 
in the combustion zone are generally higher than 496 °C, 
thereby implying that model E operates in the high-temper-
ature-oxidation (HTO) mode which is in accordance with 
even field findings (Turta et al. 2020). This means that the 
rate of heat generation is high to the extent that thermal 
cracking, which takes place immediately downstream of the 
combustion zone but upstream of mobile oil zone (MOZ), 
is the dominant reaction that is resulting in coke deposi-
tion. The MOZ can be identified by the oil flux vectors at 
reservoir condition that are superimposed on the tempera-
ture (Fig. 4), oil saturation (Fig. 5), fuel or coke (Fig. 6), 
and oxygen (Fig. 7) profiles respectively. The larger the oil 
flux vectors, the higher the rate of mobilised oil draining 
and/or getting into the HP well. It is worth pointing out at 
this point that just ahead of the combustion front, there is 
the presence of immobile component which is the precursor 
to coke. However, since it is not in large concentration as 
shown in Fig. 6 and that the oil saturation there is less than 
0.13 (Fig. 5), the oil flux vectors there are too small in size 
to the extent that they are not observable without excluding 
the larger vectors and/or having to zoom in the region. The 
MOZ is quite thick in length, and its thickness increases with 
time due to uninterrupted heat transfer combined with the 
advancement of the combustion front towards the heel of the 
HP well (i.e. by comparing Fig. 4a, b).   

From the temperature distribution in the MOZ, regard-
less of the process time [i.e. at either 150 min (Fig. 4a) or 
320 min (Fig. 4b)], four distinct areas can be identified. Sim-
ilarly, from the oil saturation profiles (i.e. either Fig. 5a or b), 
also four distinct regions can be identified. The first which is 
closer to the combustion front has a temperature of at least 
342 °C (Fig. 4), and that means the thermal cracking of the 
heavier immobile and small amount of moderately mobile 
component which in total have saturation of less than 0.13 
(Fig. 5) is taking place there. That is the place where coke is 
deposited (see Fig. 6) which is then subsequently consumed 
by the advancing combustion front (Fig. 7). The second 
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zone has a temperature range of 188 to 342 °C which indi-
cates that mild thermal cracking of the relatively medium 
and light components is taking place in the zone. It has oil 
saturation ranging from 13 to 50%, and it is the main zone 
where the oil flux vectors are largest which indicates intense 
gravity drainage and kinetic energy forced flow from below 
the HP well (Figs. 4, 5). The third zone is at a temperature 
range of between 111 and 188 °C (Fig. 4) and oil saturation 
range of 50% to 88% (Fig. 5) and it is the distillation zone. 
Therefore, in the distillation zone, the light components are 
driven out into vapour phase before condensing and mixing 
with the relatively low temperature oil in the leading edge of 
the mobile oil zone (MOZ). The MOZ is also characterised 
of having most of its vectors downward-directed but also 
inclined and partly pointing towards the heel of the HP well. 
In fact, some are even nearly horizontally pointing towards 
the heel of the HP well. These, again, are indications that 
the components leaving that zone are mostly lighter and in 
vapour phase. Then finally, there is the fourth region which 
has temperatures of lower than 111 °C and has oil satura-
tions of greater than 88%, and it is here that the gaseous 

hydrocarbons from the distillation region condense and mix 
with the relatively cold oil and drain under gravity. Figures 4 
and 5 also show that oil production also takes place from 
below the HP well as indicated by the upward-directed vec-
tors located in the bottom horizontal layer of the combustion 
cell. The driving force for oil flowing upward is the transfer 
of kinetic energy from oil draining from the vertical planes 
that are adjacent to the vertical middle plane. However, 
what is clearest from observing these profiles is that all of 
the head of the vectors are either totally vertically directed 
or slightly inclined and pointing towards the heel. None of 
them is pointing backward towards the toe of the HP well.

This could be for two reasons: (i) there is significant pres-
sure drop between the MOZ and the heel of the HP well 
to the extent that rate of oil mobilisation is far lower than 
its production rate or that the producer back pressure is so 
low that large pressure force being transferred by combus-
tion gases and draining oil has created a large pressure dif-
ference between the MOZ and the HP well; (ii) the con-
centration of laid down coke is so low that the combustion 
front propagated faster than it should, thereby becoming 

Fig. 4  Profiles showing temper-
ature distribution at a 150 min 
and b 320 min along the vertical 
middle plane. The superim-
posed arrows are oil flux vectors 
at reservoir condition. They 
indicate the location via which 
mobilised upgraded oil drains 
and enters into the HP well
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backward-leaning and leading near the base of the com-
bustion cell (Figs. 6, 7). The latter is much more physically 
meaningful and hence is highly likely the case. Thus, it is 
apparent that oil drainage pattern in this laboratory-scale 
model E is efficient as all the mobilised upgraded oil, includ-
ing from the base of the combustion cell, is produced as the 
combustion front advances in the toe-to-heel manner. How-
ever, the combustion front has a backward-leaning shape 
which is an indicator that it is propagating even inside the 
HP well. This implies that the process is operating in an 
unstable, inefficient, and unsafe mode in the sense that either 
the oxygen reaching the HP well will lead to excessive corro-
sion and hence well damage or that the combustion front will 
propagate up to the surface section of the HP well, thereby 
leading to well failure and hence uncontrollability of the fire 
front which could even lead to explosion. These two oppos-
ing patterns must be resolved to ensure healthy combustion 
front propagation in combination with efficient oil drainage 
and production rates are achieved. Consequently, suggested 
future studies to address these are given in “Comparison 
of flow patterns in the laboratory and field scales” section.

Oil production dynamics inside field‑scale reservoir

To understand the oil drainage dynamics inside field-size 
reservoir, one vertical plane at the lateral edge of the reser-
voir, two vertical adjacent planes, and the vertical middle 
plane are considered (Fig. 8a–d). Observing all the 4 planes, 
it can be seen that most of the oil flux vectors, especially 
those at the upper horizontal planes and those in the mobile 
oil zone of the vertical middle plane (Fig. 8d), are nearly 
vertically downward-directed. However, there are some that 
are nearly horizontal with their heads pointing backward.

However, the rest of the oil flux vectors are downward-
directed but at angles such that they have both vertical and 
horizontal components. These latter ones can be described 
as similar to a ball rolling down an inclined plane with their 
horizontal components pointing to the lower edge of the 
plane and the vertical components pointing directly verti-
cally downward. Thus, in all the planes, it is observed that 
the mobile oil zones (MOZs) at the upper layers lead those at 
the lower layers thereby making them as a whole slanting. On 
each vertical plane, especially the adjacent ones, the overall 

Fig. 5  Profiles showing oil satu-
ration distribution at a 150 min 
and b 320 min along the vertical 
middle plane. The superim-
posed arrows are oil flux vectors 
at reservoir condition. They 
indicate the location via which 
mobilised upgraded oil drains 
and enters into the HP well
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dynamic is that of oil draining down at an angle heading lon-
gitudinally in a heel-to-toe manner which is completely the 
opposite of the intended goal (i.e. to produce the mobilised 
upgraded oil in a toe-to-heel manner) of the process operation 
design. This hence implied that there must be a mechanism 
that has to change the flow direction of the mobilised oil to 
force it towards the HP well. Otherwise, only the mobilised 
upgraded oil closer to the vertical middle plane will drain into 
the HP well while those laterally far away from the vertical 
middle plane will be lost to porous and permeable shale sur-
rounding the reservoir, which in turn will result in low oil 
production rates. Hence, to change the flow direction, the 
shale behind the toe of the HP well must be impermeable 
so that when the mobilised upgraded oil hits the rock, it will 
turn back due to its kinetic energy which it derived from 
the gravitational potential energy when it was draining. To 
further support the above interpretations, horizontal plane 
that is just above the bottom-most horizontal plane is shown 
in Fig. 9, and it can be seen that all the vectors are pointing 
backward at angle in the longitudinal direction of the HP 
well. The oil flux magnitude at reservoir condition indicates 

that high drainage rate takes place around and in the neigh-
bourhood of the vertical middle plane where the HP well is 
located. Laterally at the two edges and their nearby areas, the 
oil mobilisation rate is quite low that the oil flux vectors did 
not appear there. Discussing about the afore-explained three-
identified drainage dynamics, it can be seen that the mobile 
oil zone (MOZ) that lies ahead of the combustion front has 
different thicknesses depending on the vertical plane it is on 
(Fig. 8). Similar conclusion can be derived from observing 
Fig. 9 as detailed just above. Therefore, for example, the lat-
eral edge vertical plane (i.e. J-plane 1) has thicker MOZ than 
that in the J-plane 4 which in turn is thicker than that in the 
J-plane 7, etc., up to the vertical middle plane after which 
element of symmetry is seen with the J-plane 13 having the 
same dynamics as J-plane 7, etc.

Figure 10 shows that the largest oil flux vectors enter the 
HP well via its toe. This mobilised upgraded oil majorly 
comes from vertical planes adjacent to those at the two lat-
eral edges as can be seen in Fig. 10a. Due to conversion of 
gravitational potential energy to kinetic energy and due to 
relatively small pressure difference, they intensely moved 

Fig. 6  Profiles showing fuel (or 
coke) distribution at a 150 min 
and b 320 min along the vertical 
middle plane. The superim-
posed arrows are oil flux vectors 
at reservoir condition. They 
indicate the location via which 
mobilised upgraded oil drains 
and enters into the HP well
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towards the toe after hitting the left longitudinal edge of 
the reservoir that is behind the toe of the HP well where no 
flow boundary condition is assumed in this study. Observing 
Fig. 10a carefully, it can be discerned that the toe location 
has the largest oil flux magnitude of between 1391 and 1546 
 cm3  min−1 (2.00 to 2.23  m3  day−1). This is then followed 
by the area behind the toe region of the HP well and a zone 
ahead of the combustion front along the HP well where the 
magnitude of the oil flux in each of the two locations is up 
to 1237  cm3  min−1 (1.78  m3  day−1). This is a difference 
between the toe and the other locations by up to 20%. This 
study has shown for the first time that there are actually two 
mobile oil zones: the one ahead of combustion front with 
lower oil flux magnitude (i.e. MOZ) and the one containing 
large pool of partially upgraded oil at the base of the reser-
voir just behind the toe of the HP well (Fig. 10a). Therefore, 
it is reasonably accurate to conclude that the relatively mod-
erate oil rate entering the HP well in the MOZ that is located 
ahead of the combustion front comes from the vertical mid-
dle plane and its immediate adjacent vertical planes on its 
either side. However, the mobilised upgraded oil draining 

down at an angle from the vertical planes that are laterally 
at the two edges and their immediate adjacent ones is forced 
to flow down until it hits the no flow boundary behind the 
toe of the HP well at which locations it turns and gets into 
the well via the toe (Fig. 10b). Another critical finding in 
this study is the fact that within two years of the combustion 
period, the temperature of the mobilised upgraded oil around 
the toe of the HP well has reached up to 359 °C, thereby 
leading to produce higher-temperature oil compared to that 
in the MOZ region. This finding is critical to in situ catalytic 
upgrading processes since an annular layer of catalyst can be 
emplaced around the toe of the HP well where temperatures 
are up to 359 °C to effect further upgrading via catalysis. 
This temperature is far higher than the catalyst bed tem-
perature of 325 °C used by Abu et al. (2015) to catalytically 
upgrade the Athabasca bitumen. In fact, in that study, sub-
stantial hydrodenitrogenation in combination with consider-
able increase in API gravity and decrease in viscosity was 
observed in both the dry and the wet modes of the in situ 
combustion coupled with in situ catalytic upgrading process.

Fig. 7  Profiles showing oxygen 
distribution at a 150 min and 
b 320 min along the vertical 
middle plane. The superim-
posed arrows are oil flux vectors 
at reservoir condition. They 
indicate the location via which 
mobilised upgraded oil drains 
and enters into the HP well
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In actual reservoir in the field, shale with very low perme-
ability and porosity must be present behind the toe in order 
for the large pool of mobilised upgraded oil to be forced 
into the toe as we have just seen from the simulation. As a 

result, to have thorough design, there have to be multiple 
studies, for example, about (i) the ability of the shale in the 
toe region to transmit fluids outside the reservoir, (ii) opti-
mum length of HP well so that the excessive sand production 
that might have also hindered the flow of oil from the MOZ 
into the HP well does not take place, (iii) cut-off time beyond 
which continuation of operation is either uneconomical or 
unsafe or both so that full dynamics of the reservoir can 
be conclusively understood, (iv) optimum HP wells spacing 
must be completely determined especially that this study has 
shown that oil draining from the vertical middle plane and its 
immediate adjacent planes is easily captured in the HP well 
which is unlike that from behind the toe, etc.

Comparison of flow patterns in the laboratory 
and field scales

To further enhance our understanding of the dynamics of the 
THAI process inside the reservoir, the conditions for com-
bustion front stability and its efficient burning must first be 
outlined. At both scales (i.e. models E and F), the injector well 
(be it vertical or horizontal) is typically located in the top part 
of the reservoir as shown in Fig. 1. Steam or electrical heater 
is used to condition the outlet region of the injector well(s) in 

Fig. 8  Profiles showing oil saturation distribution for vertical planes 
at the a lateral edge (J-plane 1), b adjacent plane where VI 1 is 
located (J-plane 4), c adjacent plane which is 3-planes away from the 
middle plane (J-plane 7), and d middle plane where the HP well is 

located (J-plane 10) of the reservoir. The superimposed arrows are 
oil flux vectors at reservoir condition. They indicate the location via 
which mobilised upgraded oil drains and enters into the HP well or 
moves to behind the toe region of the HP well

Fig. 9  Profiles showing oil flux magnitude distribution on a horizon-
tal plane that is just overlying the bottom horizontal plane. The HP 
well is located at the bottom horizontal plane which directly underlies 
this one. The superimposed arrows are oil flux vectors at reservoir 
condition. They indicate the location via which mobilised upgraded 
oil drains and enters into the HP well or moves to behind the toe 
region of the HP well
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preparation for initiation of combustion. Therefore, the heat 
being added will have to travel both vertically downward and 
horizontally along the longitudinal direction (i.e. in a toe-to-
heel manner). Furthermore, the combustion is started at the 
outlet region of the injector(s) which implies that as it expands 
in the three direction, the front at the upper part of the reser-
voir will lead that at the lower portion of the reservoir. Thus, 
both the heat flow and advancement of combustion front will 
be tilted at an angle such that the lower regions lag the upper 
regions of the reservoir as both move in a toe-to-heel manner. 
This means it will take longer time before the combustion 
reaches the toe of the HP well and starts to propagate along 
the HP well which will result in premature oxygen produc-
tion that could ultimately result in its early breakthrough. As 
a consequence, one of the key performance indicators for the 
stability and efficiency of the combustion in the THAI process 
is the shape of the combustion front. Longitudinally, if it is 
leaning forward with the top part leading while the bottom 
part is lagging, then it can be characterised as stable combus-
tion front propagation which is exhibited by the field-scale 
model F. Finally, Fig. 6 shows that the laboratory-scale model 
has the combustion front at the lower portion of the reservoir 
leading while that at the upper part lags. In this case, the com-
bustion front is backward-leaning and thus is unstable because 

it has already started propagating inside the HP well which 
can lead to early oxygen production leading to uneconomical 
or unsafe or both operating situation.

The above findings show that there is inconsistency about 
the goal of achieving large oil production rates with the 
propagation of stable, safe, and efficient combustion front. 
If the combustion is to be sustained optimally, then most of 
the mobilised upgraded oil might be lost going in the wrong 
direction. Therefore, how to adjust the conventional THAI 
process in order to have relatively larger oil production rates 
must be answered. Some of the ways that the author thought 
might help address that dilemma include: (i) use of two inline 
horizontal producers with two vertical injectors arranged in a 
staggered line drive configuration as shown in Fig. 11, while 
at the same time maintaining an optimally propagating com-
bustion front. This will mean regardless of the direction with 
the highest oil drainage rates, the mobilised drained upgraded 
oil is going to be captured by either of the two HP wells, (ii) 
use of two HP wells on the same line with a single verti-
cal injector in a direct line drive configuration as shown in 
Fig. 12 while simultaneously sustaining efficient, stable, and 
safe combustion front. However, this option ii will be prone 
to early oxygen production or breakthrough since all the wells 
are on the same plane and therefore the combustion front does 
not have to travel laterally before it can reach the toe of each 
HP well, (iii) decreasing the HP wells’ lateral separation so 
that the distance between the vertical middle planes along the 
longitudinal direction, where there is relatively moderate oil 
drainage into the HP well, is reduced to take advantage of hav-
ing multiple vertical middle planes and their immediate adja-
cent ones, so that most of the mobilised oil is captured, etc. 

Conclusion

The technical and economic validities of the THAI process 
are yet to be fully realised even though it has been operated 
at laboratory, pilot, and semi-commercial levels. The find-
ings from Canadian Kerrobert THAI project suggested that 
there is no proportionality between oil production and air 
injection rates. However, this conclusion was reached with-
out having to dig deeper into the dynamics of the transport 
processes inside the reservoir given that simulation studies 
which are not about them have shown them to be different. 
In fact, for the first time, this study has found them to be 
both scale-dependent and operation-dependent. Oil flux vec-
tors at reservoir condition were superimposed on multiple 
parameters distributed, respectively, on two-dimensional 
profiles. For the laboratory-scale numerical model E, what 
is clearest from observing the two-dimensional profiles is 
that all of the head of the vectors are either totally vertically 
directed or slightly inclined and pointing towards the heel. 
None of them is pointing backward towards the toe of the 

Fig. 10  a Profile showing oil flux magnitude distribution on the bot-
tom horizontal plane where the HP well is located and over its whole 
axial length, and b is a profile showing temperature distribution on 
the zoomed in area of the toe of the HP well on the bottom horizontal 
plane. The superimposed arrows are oil flux vectors at reservoir con-
dition. They indicate the location via which mobilised upgraded oil 
drains and enters into the HP well or moves to behind the toe region 
of the HP well
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HP well. Thus, it is apparent that oil drainage pattern in this 
laboratory-scale model E is efficient as all the mobilised 
upgraded oil, including from the base of the combustion cell, 
is produced as the combustion front advances in the toe-to-
heel manner. However, the combustion front has a backward-
leaning shape which is an indicator that it is propagating 
even inside the HP well. This implies that the process is 
operating in an unstable, inefficient, and unsafe mode. These 
two opposing patterns at laboratory scale must be resolved to 
ensure healthy combustion front propagation in combination 
with efficient oil drainage and production rates are achieved.

At the field scale (i.e. model F), this study has shown for 
the first time that there are actually two mobile oil zones: 

the one ahead of the combustion front with lower oil flux 
magnitude (i.e. MOZ) and the one containing large pool 
of mobilised partially upgraded oil at the base of the reser-
voir just behind the toe of the HP well. The above findings 
in model F show that there is conflicting dynamics about 
the goal of achieving large oil production rates downstream 
of the combustion front with the propagation of forward-
tilting stable, safe, and efficient combustion front. If the 
combustion is to be optimally sustained, then most of the 
mobilised upgraded oil might be lost going in the wrong 
direction towards the region behind the toe of the HP well. 
In actual reservoir in the field, shale with very low perme-
ability and porosity must be present behind the toe in order 

Fig. 11:  Three-dimensional 
reservoir control volume which 
consists of two inline horizontal 
producers with two vertical 
injectors arranged in a stag-
gered line drive configuration. 
The injectors are located at the 
top of the reservoir, 7 m offset 
distance away from the toe of 
each horizontal producer P2A 
and P2B respectively

Fig. 12:  Three-dimensional 
reservoir control volume which 
consists of two inline horizontal 
producers with a single vertical 
injector arranged in a direct 
line drive configuration. The 
injector is located at the top of 
the reservoir, 7 m offset distance 
away from the toe of each hori-
zontal producer P2A and P2B 
respectively
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for the large pool of mobilised upgraded oil to be forced into 
the toe as we have just seen from the simulation. As a result, 
to balance these two conflicting dynamics of combustion 
front going upward and longitudinally and the mobilised 
oil draining down towards the region behind the toe of the 
HP well at an angle, future studies are proposed in order to 
ensure thorough design and operation procedures are partly 
established. These include about studying (i) the ability of 
the shale in the toe region to or to not transmit fluids out-
side the reservoir, (ii) optimum length of HP well so that 
the excessive sand production that might have also hindered 
the flow of oil from the behind-the-toe mobile oil zone into 
the HP well does not take place, (iii) cut-off time beyond 
which continuation of operation is either uneconomical or 
unsafe or both so that full dynamics of the reservoir can 
be conclusively understood, (iv) optimum HP wells spac-
ing must be completely determine especially that this study 
has shown that oil draining from the vertical middle plane 
and its immediate adjacent planes is easily captured in the 
HP well which is unlike that from behind the toe, (v) use of 
two inline horizontal producers with two vertical injectors 
arranged in a staggered line drive configuration as shown in 
Fig. 11. This will mean regardless of the direction with the 
highest oil drainage rates, the mobilised drained upgraded 
oil is going to be captured by either of the two HP wells, 
(vi) use of two HP wells on the same line with a single ver-
tical injector in a direct line drive configuration as shown 
in Fig. 12 while simultaneously sustaining efficient, stable, 
and safe combustion front. However, this last option will be 
prone to early oxygen production or breakthrough.
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