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ABSTRACT 
A comparative study using three-dimensional in-situ 

combustion experiments shows that chemical catalytic 
ignition (GO-1120-Fe) greatly improves combustion 
efficiency compared to electric ignition. Chemical 
ignition increases the oxygen diffusion coefficient by 
35%, reaching 4.6×10⁻8 m²/s, and boosts thermal 
conduction power by 29%. The combustion chamber 
expands in an irregular serrated elliptical shape at a rate 
of 35.2 cm³/min, which is 43% faster than with electric 
ignition. Additionally, the coke zone grows 2.6 times 
faster under chemical ignition (7.14 cm³/min) than with 

electric ignition, permeability (1822-1962 10-3μm2). This 
research confirms that chemical ignition effectively 
optimizes mass and heat transfer, improving the coke 
zone structure and providing valuable theoretical 
support for the application of in-situ combustion 
technology. 

Keywords: in-situ combustion (ISC), electric 
ignition, chemical ignition, combustion chamber 

NONMENCLATURE 

Abbreviations  
 ISC in-situ combustion  
3D three-dimension 
 GO  Graphene oxide  
A-1120 Silane coupling agent   

GO-1120-Fe  
synthesize graphene-

ferrocene nanocomposites  

1.INTRODUCTION 
In-situ combustion technology is a potential method 

for heavy oil recovery. It reduces the viscosity of crude 
oil by injecting air into the oil layer and igniting crude oil. 
At the same time, the gas produced can also play a role  

in driving crude oil, thus improving the recovery of 
heavy oil[1-2]. The ISC technology has the advantages of 
high oil displacement efficiency and wide application 
range [3], which is considered to be an important 

 
# This is a paper for the 17th International Conference on Applied Energy (ICAE202 5), December 8-12, 2025, Bangkok, Thailand. 

development direction of heavy oil exploitation in the 
future. 

The ignition mode is a key factor affecting 
combustion efficiency and front propagation 
characteristics [4-6]. At present, the common ignition 
methods mainly include electric ignition and chemical 
ignition. The electric ignition is to convert electric energy 
into heat energy, so that the oil layer reaches the ignition 
point and causes combustion. The chemical ignition is 
the use of chemical catalysis, instantaneous release of a 
large amount of heat energy to ignite the oil layer [7-11]. 
he expansion morphology of the combustion chamber 
and the evolution of the coking zone differ significantly 
owing to their different energy release mechanisms. 

The expansion shape of the combustion chamber is 
directly related to the size and shape of the combustion 
area, which in turn affects the heating range and 
displacement effect of crude oil [12-13]. The reasonable 
expansion of the combustion chamber can ensure that 
the crude oil in the oil layer is fully heated and displaced, 
and the recovery rate is improved. The evolution law of 
coking zone not only affects the permeability and pore 
structure of oil layer [14-15], but also affects the stability of 
combustion and the advance speed of fire front. If the 
coking zone is too thick or the permeability is too low, it 
may lead to combustion instability, and the fire front 
propulsion is blocked, thereby reducing the ISC effect. 

Although a lot of research has been carried out on 
ISC technology, there are relatively few systematic 
studies on the effects of electric ignition and chemical 
ignition on the expansion of combustion chamber and 
coking zone. Most of the existing studies focus on the 
evaluation of the effect of a single ignition mode, or on a 
certain aspect of the ISC process. There is a lack of 
comparative analysis of the expansion characteristics of 
the combustion chamber and the coking zone under the 
two ignition modes. Therefore, it is of great theoretical 
and practical significance to study the influence of 
electrical ignition and chemical ignition on the expansion 
of combustion chamber and coking zone for optimizing 
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the ignition scheme of ISC technology and improving the 
ISC efficiency. 

In this study, through ISC experiments of 3D model, 
the expansion morphology, development rate, evolution 
law of coking zone and pore characteristics of 
combustion chamber under electrical ignition and 
chemical ignition were compared and analyzed. This 
study provides a scientific basis for the field application 
of ISC chemical ignition technology and promotes the 
further development of heavy oil recovery through this 
method by quantifying the influence of chemical catalyst 
ignition on the propagation characteristics of the 
combustion front and coking zone.  

2.EXPERIMENTAL MATERIALS AND METHODS 

2.1Experimental materials 

The heavy oil used in the experiment is from the 
Tuha oilfield in China. The density of the dehydrated 
crude oil is 0.95g/cm³ under standard ambient 
temperature and pressure conditions. 

 
Nano-graphene oxide (GO) was purchased from 

Beijing Bailing Wei Technology Co., Ltd.. Silane coupling 
agent (A-1120) was obtained from Beijing Huawei Ruike 
Chemical Technology Co., Ltd., while ferrocene and 
acetic acid were supplied by Aladdin Reagent Co., Ltd. 

2.2 Preparation of catalytic combustion promoter 

Graphene oxide (GO) was ultrasonically dispersed in 
ethanol (2mg/ml). The ethanol solution of silane 
coupling agent (KH-1120) was added to the graphene 
oxide dispersion. Amino-functionalized graphene oxide 
was obtained by washing and drying. Then, Amino-
functionalized graphene oxide was ultrasonically 
dispersed in ethanol (1mg/ml) and mixed with ferrocene 
acetic acid solution to synthesize graphene-ferrocene 
nanocomposites (GO-1120-Fe) at 60 °C for 8 h. The 
synthetic route of GO-1120-Fe is shown in Fig.2 and 3. 

 

 

2.3Experimental equipment 

The large model device of ISC experiment is shown 
in Fig.4. The experimental device consists of an air 
compressor, a high-pressure gas cylinder, a gas flow 
meter, a flow control valve, an outlet pressure valve, a 
pressure gauge, a gas-liquid separator, a gas filter dryer, 
a gas composition analyzer, a 3D model and a computer.  

The overall experimental workflow is following: 
Initially, heavy oil and quartz sand were thoroughly 
mixed. A catalytic combustion promoter was then 
prepared using graphene oxide and ferrocene. This 
catalyst was blended with the oil sand at predetermined 
ratios and loaded into the large-scale model. The 
assembly was sealed, evenly compacted, and connected 
to pipelines before preheating commenced. Ignition was 
initiated upon completion of preheating. After the 
experiment, the coke zone was mapped and analysis. 

 

 
Fig. 1 The oil sand used in the experiment 

Fig. 2 Catalyst preparation process 
 
 
 

Fig. 3 Synthesis formula of catalytic combustion 
promoter 

 
Fig. 4 Experimental device flow chart 
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3.lRESULTS AND DISCUSSION 

3.1Characteristics of gas production concentration 

The variation curves of produced gas 
concentrations during the experiment are shown in 
Figure 5. The changes in O₂, CO, and CO₂ concentrations 
in the produced gases serve as the most direct and 
crucial real-time indicators for evaluating downhole 
combustion conditions.  

After injecting air with electric ignition, the oxygen 
concentration quickly rose to 9.81% within the first 100 
minutes, with an average oxygen utilization rate of 
68.4%. By 360 minutes, the oxygen level stabilized at 
around 9.1%. This indicates that combustion was 
inefficient in the early phase of the experiment, as a large 
portion of the injected oxygen did not fully participate in 
the combustion process and was instead released with 
the exhaust gases. Meanwhile, carbon monoxide levels 
stayed near 1.9%, and carbon dioxide concentrations 
settled at about 6%. These gas patterns suggest that the 
initial stage of electric ignition was characterized by 
unstable combustion, mainly driven by low-temperature 
oxidation (LTO). 

 

3.2Dynamic expansion characteristics of temperature 
field 

The electric ignition and chemical catalyst ignition 
temperature curve of the latest temperature 
measurement well T3 of the gas injection well is shown 
in Fig. 6. The heating rate of electric ignition and chemical 
ignition T3 is 3.5 °C / min and 4.6 °C / min, and the heat 
conduction power of electric ignition and chemical 
ignition reservoir is 1171w and 1514w respectively. The 
oxygen diffusion coefficient for electric ignition is 
3.4×10⁻8m²/s, while for chemical ignition it reaches 
4.6×10⁻8m²/s. This comparison clearly demonstrates that 
the mass and heat transfer efficiency with chemical 
catalyst ignition is significantly higher than that of 
electric ignition. 

The electric ignition forms a dense, low-porosity 
coking zone that severely impedes oxygen diffusion 
toward the combustion front, resulting in a lower 
effective diffusion coefficient and reduced oxygen 

utilization efficiency. In contrast, chemical catalysts 
facilitate the formation of a loose, porous coking zone. 
This type of coking zone provides more and improved 
pathways for oxygen diffusion, allowing oxygen to reach 
the reaction zone more efficiently and react with the 
fuel, thereby significantly enhancing utilization rates. 

By optimizing the combustion reaction pathway, 
chemical catalysts alter the microscopic pore structure of 
the coking zone, which substantially reduces the 
resistance to oxygen diffusion. This effectively addresses 
the critical issue of oxygen transport during the in-situ 
combustion process. 

 

The temperature subsurface of the combustion 
chamber is set at 370 °C, and the geometric shape 
changes with time as shown in Fig.7 and Fig.8. The 
geometry of the electric ignition combustion chamber is 
radial and evenly expanded, and the chemical ignition 
combustion chamber presents an irregular serrated oval 
shape. The growth rate of the combustion chamber in 
the early stage of electric ignition is 16.3cm3/min, and 
the development rate of the combustion chamber 
gradually tends to be gentle from 500min to 
1950min.After chemical ignition and air injection, the 
combustion chamber developed rapidly, with a growth 
rate of 35.2 cm3 / min, and then gradually increased to 
21008 cm3. It can be seen that the development rate of 
the combustion chamber in the early stage of chemical 
ignition is significantly higher than that of electric 
ignition, and the high temperature gas preferentially 
advances along the high permeability channel to form a 
flame tongue. The catalyst is locally enriched with the gas 
flow, and the reaction heat release is uneven, resulting 
in asymmetric expansion of the combustion chamber. 

 
Fig.5 Variation diagram of output gas 

concentration 

 
Fig.6 Temperature-time curve of temperature 

measuring well T3 
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3.3Coke zone distribution and pore characteristics 

After the experiment, the coking zone is mapped, 
and the final distribution of the coking zone is shown in 
Figures 9. The volume of the coke zone produced by 

chemical ignition is 4625cm3, with an expansion 
coefficient of 3.2%. Chemical ignition results in a volume 
75% smaller than that of electric ignition and a width less 
than 15% smaller. Due to slow heat conduction and poor 
oxygen diffusion, the rate of coke formation exceeds its 
consumption rate, leading to a larger volume. 

Subsequently, coking core samples were drilled as 
shown in Figure 10, and their physical parameters were 
measured and presented in Table1. The permeability of 
the electric ignition coking zone ranged between 1622–

1752 10-3μm2. In comparison, the chemical ignition 
coking zone exhibited higher permeability (1822–1962 
10-3μm2). This discrepancy arises because electric 
ignition generates a larger amount of coke, whose 
particles fill the pore spaces, resulting in a dense coking 
zone and a significant reduction in both porosity and 
permeability. In contrast, chemical ignition utilizes 
catalytic combustion accelerators to enhance 
combustion efficiency. By accelerating coke 
consumption and intensifying gas convection, it forms a 
loose, porous coking zone with improved permeability, 
which is more conducive to maintaining the stable 
advancement of the combustion front. 

 

 
10 min                50min     

 
       900min         1910min  

Electric ignition 

 
10min                400min 

 
     900min               1100min 

Chemical ignition 
Fig.7 Combustion chamber expansion diagram in 
different periods 

 
Fig.8 Combustion chamber expansion curve with 
time 

 

 
Electric ignition 

 
 Chemical ignition    

Fig.9 Distribution diagram of coking zone 
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4 CONCLUSIONS 
The effects of electrical ignition and chemical 

ignition on combustion chamber expansion and coking 
zone evolution characteristics were compared in this 
study, and the mechanism and difference of the two 
ignition methods were revealed. The main conclusions 
are as follows: 

(1) The mass and heat transfer efficiency of 
chemical ignition was significantly improved due to the 
catalyst (GO-1120-Fe). The oxygen diffusion coefficient 
was 4.6 × 10-8m2 / s, which was 35 % higher than that of 
electric ignition. The heat conduction power reaches 
1711 W, which is 29 % higher than that of electric 

ignition. The chemical ignition promotes deep cracking of 
crude oil and efficient combustion of coke, and the 
consumption rate of coke is accelerated. 

(2) The electric ignition releases energy through 
heat conduction, the combustion chamber is radial, the 
temperature gradient is continuous and the fire front is 
stable. The chemical ignition triggers the instantaneous 
high temperature, which is dominated by convective 
heat transfer. The speed of the fire front is significantly 
higher than that of the electric ignition, but it is affected 
by the multiphase flow to form an irregular serrated 
elliptical combustion chamber. 

(3) The carbon content of electric ignition coke is 
high, and the density and thickness of coking zone are 
larger than those of chemical ignition, which is easy to 
cause pore blockage and hinder oxygen diffusion. The 
chemical ignition coke has low carbon content, good 
pore connectivity, high oxygen mass transfer efficiency, 
and generates loose porous coke, which is conducive to 
oxygen diffusion. 

(4) The pore structure of coke can be optimized by 
chemical catalysts to reduce the amount of coke 
produced, which alleviates the problem of permeability 
reduction caused by dense coking zone in traditional 
electric ignition, and provides a new idea for the stable 
advancement of fire front and long-term efficient oil 
displacement in ISC technology. 
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