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1. INTRODUCTION 
     Over the past years, environmental concerns about 
anthropogenic emissions of greenhouse gases (GHG) are 
significantly leading to global climate change [1]. The 
most important resource of these anthropogenic GHG 
emissions is carbon dioxide emission. Recently, fossil 
fuels are still providing around 85% of the world’s 
demand of electrical energy [2]. The most effective 
technique that can achieve the highest reduction in GHG 
emissions is to capture carbon dioxide from the 
conventional power generations. The electricity power 
plants are commonly represented as the largest source of 
CO2 amongst other commercial industries [3]. Therefore, 
the existing power plants have to be precisely 
investigated in order to overcome the extra cost of 
switching to CO2 capture plants and to improve their 
performance at similar operating conditions to those of 
non- CO2 capture plants. 
     Several techniques to capture carbon dioxide are 
being increasingly developed. The three main techniques 
that are developed for the capture of CO2 are 
pre-combustion capture, post-combustion capture, and 

oxy-fuel combustion. Oxy-fuel combustion technology 
has been widely considered as a viable option to control 
and reduce several types of gaseous emissions from PC 
power plants [1]. The oxy-fuel combustion is to burn 
fossil fuel with pure oxygen (produced in cryogenic air 
separation units) and recycled flue gas (RFG) to produce 
a high concentration of CO2 in the flue gas. This 
technique will lead to make its separation and 
compression processes easier and more cost-effective.  
     Using pure oxygen and RFG instead of air to burn fuel 
was firstly used by Abraham [4]. The purpose was to 
increase CO2 concentrations, which can be economically 
used for enhanced oil recovery by injecting CO2 
underground for permanent storage. In the last few years, 
many comparisons have been experimentally conducted 
on the solid fuel combustion in air and in mixtures of O2/ 
CO2 [5-7]. Oxygen concentrations in feed gas, heat 
transfer and flame characteristics in oxy-fuel combustion 
should be precisely studied to achieve similar 
combustion characteristics to the conventional 
combustion case. 
     The numerical calculation methods can extensively 
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provide a wide range of efficient information in furnace 
and burner’s design before making any expensive and 
time-consuming experimental studies. To our knowledge, 
there is still little research work conducted on the 
oxy-fuel combustion in numerical modelling. Therefore, 
this study is focused on the numerical solution to give a 
good insight in the physical and chemical mechanisms of 
oxy-fuel combustion technique. In the present study, 
temperature distributions, species concentrations, and 
velocity components are numerically calculated under 
air-fired and oxy-fuel combustion environments for a 
100 kW down-fired furnace. Therefore, the purpose of 
this work is to validate the CFD model, and to compare 
the above-mentioned variables for both the combustion 
cases. The same volumetric flow rates of fuel (propane) 
and reactants (O2/N2) or (O2/CO2) are used in feed gases 
based on the measurements set up.  
 
  
2. MATHEMATICAL MODELS 
     The commercial CFD, AVL Fire ver.2008.2 code is 
employed to analyze the computational domain system 
that includes chemical reaction, radiative heat transfer, 
fluid flow field, and turbulent models. It is important to 
accurately calculate and predict the temperature levels, 
turbulent flow fields, and species concentrations from 
combustion systems.  In order to illustrate the 
applications of CFD on the turbulent non-premixed 
gaseous combustion, it is necessary to define all the 
mathematical models associated with combustion 
phenomenon.      
 
2.1. Flow Field Model 
     To illustrate the turbulent non-premixed flame 
characteristics of propane (C3H8) combustion in air and 
O2/CO2 mixture, the three-dimensional governing 
equations of mass conservation, momentum, and energy 
transport equations in the transient conditions have been 
solved in the Cartesian tensor form: 
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-Energy transport equation 
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     where φ denotes enthalpy and concentration of 

species, while term φS represents the appropriate source 

of the variablesφ . The local density of the mixture is 
dependent on pressure, reactants, products 
concentrations, and temperature and determined through 
the equation of state: 
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     While the temperature values can be calculated from 
the enthalpy: 
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     The effective stress tensor and thermal conductivity 
are given by: 
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     Fuel and feed oxidizer gases (air or O2/ CO2) are 
non-premixed before entering into the furnace according 
to the burner’s design. In this numerical study, it is 
assumed that the swirl created by the primary and 
secondary registers. This can ensure better mixing 
conditions for reactants in order to avoid any external 
recirculation in the flame structure and to keep it in stable 
form during burning reactants. 
 
2.2. Species Transport Model 
     In order to reduce the number of equations to be 
solved, dimensional quantities are introduced to express 
the reactive system. The mass fraction, residual gas mass 
fraction, and mixture fraction are given by [8]:  
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     The solution of transport equations for the density 
weighted mean quantities fy fu , , and g is illustrated in 
the following equations: 
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     Where
.

. fufu rS ρ= , this term will briefly explain in 

the combustion model section. 
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     The chemical reaction system in this study consists of 
five species: C3H8, O2, CO2, H2O, and N2. With the 
following algebraic expressions, the mass fraction of the 
above-mentioned species can be calculated in terms of 
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the total mixture mass: 
 
 
 
 
 
               (14) 
 
 
 

     The parameters ia  are the mass fractions of ith 
species: O2, CO2, and H2O, S is stoichiometric air/ fuel 
ratio, while n and m are representing the number of 
carbon and hydrogen atoms in the hydrocarbon fuel 
(CnHm =C3H8).  
 
2.3. Combustion Model 
     The numerical simulation of the mean chemical 
reaction rates considers a main problem in the 
determination of chemical kinetic processes. This 
complicated calculation is due to non-linear functions of 
the local values of temperature and species 
concentrations. A single step irreversible reaction of a 
hydrocarbon fuel (C3H8) with air or O2/CO2 mixture is 
considered in this study. According to the experimental 
operating conditions of this gaseous combustion, the 
chemical reaction equations were with 15% excess air: 
 
Air-fired combustion chemical equation 

( ) 22222283 62.2175.04376.375.5 NOOHCONOHC +++→++     (15) 
-Oxy-fuel fired combustion chemical equation  
       222283 75.04375.5 OOHCOOHC ++→+         (16) 
     Turbulence controlled combustion model, Eddy 
Breakup (EBU) model, is used for these combustion 
simulations. The EBU model is a popular and an efficient 
model in combustion calculation, which was firstly 
proposed by Spalding [9] and modified later by 
Magnussen and Hjertager [10].  
   The mean reaction rate can be written according to 
[10]: 
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     The rate of consumption of fuel is specified as a 
function of local flow properties, thus it is dependent 
upon the turbulent time scale ( Rτ ). The first two terms of 
the minimum value of operator simply verify if fuel or 
oxygen is present in limiting quantity, and the third term 
is used for a reaction possibility. Cfu and Cpr are empirical 
coefficients, and the exact values for these coefficients 
are dependent on the fuel and the detailed structure of the 
turbulent flow field. More than twenty simulation tests 
were carried out to adjust and select the perfect values 
according to available experimental data [11]. The best 
results found out that by increasing the values of these 
coefficients lead to an intensification of the turbulent 
reaction rate. Therefore, under these special conditions of 
this study, Cfu and Cpr are set to 6.0 and 0.5 for air-fired 

case, and 3.0 and 0.5 for oxy-fuel fired.  Detailed 
information related to the mathematical models and 
computational method descriptions used in this study can 
be found in the previous preliminary CFD study [12]. 
 
 
3. BOUNDARY CONDITIONS AND MESH 
     The inlets of fuel and other oxidizers in primary and 
secondary registers are located in the central position of 
the top-wall of furnace. The initialization information is 
kept constant for both combustion cases such as an initial 
temperature (298.15 K) and initial pressure (101325 Pa). 
The velocities of primary and secondary registers of 
oxidizers (air or O2/CO2) are affected by the fin angles 
450 (normal velocity Vn = 8.46 m/s) and 150 (normal 
velocity Vn = 3.32 m/s), respectively in order to stabilize 
the flame structure of combustion. 
     For precise modelling, the wall of furnace is divided 
into two parts: top-wall and vertical-wall. For both parts 
of wall, no-slip condition (u, v, and w = 0) and wall 
emissivity ( ε = 0.41 for air-fired case and ε = 0.52 for 
oxy-fuel firing case) are applied, but the temperature 
value was only constant for top-wall (925 K) and 
changeable for vertical-wall. Two second-degree 
polynomial functions are used to calculate the 
temperature distribution along the vertical-wall in order 
to match the real values of experimental data in that 
region of the furnace wall. 
     A higher mesh concentration is used along the 
centerline axis of furnace, while the mesh size is 
gradually increased away nearby the wall and outlet 
boundaries as shown in Fig.1. 
     Three different non-uniform structured grid systems 
are used for grid independence test with 224000, 480000, 
and 595200 cells. The grid independence test indicated 
that the grid number (480000) satisfies more accurate 
results amongst the other grid systems. It made a good 
balance between the computational accuracy and the 
computing cost. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1. Grid system of computational domain 
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4. RESULTS AND DISCUSSION  
     The composition of feed gases for both primary and 
secondary registers of oxy-fuel combustion case was 
composed of 21% vol. of O2 (similar to that of air-fired 
case) and 79% vol. of CO2. This change in combustion 
media led to a significant impact on the combustion 
characteristics and flame structure. Fig. 2 shows 
temperature distributions of air-fired flame and oxy-fuel 
flame at the vertical cut of the furnace. The air-fired 
flame exhibits a more bright aspect than the oxy-fuel 
flame. This feature of flame luminous appearance can 
highly be attributed to the capability of CO2 to absorb 
radiation in the latter flame, which has the higher 
concentration in the flue gas compared to air-fired case. 
On the other hand, the oxy-fuel flame, which has the 
same oxygen concentration in the feed gases, showed 
that the flame was obviously concentrated in the central 
position, and it was not spread inside the furnace 
compared to the air-fired flame. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

     In addition, the peak flame temperature level of 
combustion was drastically decreased from 1853 K for 
the air-fired case to 1518 k for the oxy-fuel case. This 
drop in the flame temperature is significantly affected the 
combustion delay in oxy-fuel case. These numerical 
results of combustion delay in the oxy-flame were 
extremely consistent with the recent study of Ref. [13].  
     However, these differences in the flame shapes 
between air-fired flame and oxy-fuel fired flame are 
principally due to the differences in the thermodynamics 
properties between nitrogen and carbon dioxide, and 
radiative properties of gas mixture.  
     Fig. 3 illustrates the validation and comparison of the 
temperature profiles at 553 mm from burner exit plane 
for the air-fired and the oxy-fuel combustion cases. The 
overall agreement was achieved in this challenging 
location except for oxy-fuel case. Peak  temperature was 
occurred between central point of the furnace and 0.1 m 
in the radial direction. This can be firstly explained due 
to the intensive region of combustible gases; secondly 
because of the concentration of flame in this radial 
distance of the furnace that led to a slight increase in the  

 
 
Fig 2. Temperature distributions (K) for the air-fired 
flame (left) and the oxy-fuel flame (right) at the vertical 
cut (X - Y plane) of furnace. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
flame temperature level. These numerical results 
revealed that the mixture fractions were closer to 
Stoichiometric (theoretical STξξ = ) characteristics. 
This means that the entire oxygen and fuel were 
completely consumed, and as a result the flame 
temperature was at a maximum value. 
     Fig. 4 shows the velocity vectors of the primary and 
secondary swirl registers of the burner at the inlet of the 
furnace. This swirl ensures that the fuel is completely 
burnt in the closest region to the burner exit, and 
therefore eliminates undesirable gases such as carbon 
monoxide (CO), smoke, soot, etc. In Fig. 5, the effect of 
swirl numbers (S) on the stability of flame in three 
different recirculation zones is showed. The recirculation 
zones of the flow field were divided into three different 
separate zones: internal recirculation zone, reaction zone, 
and external recirculation zone. The swirl numbers were 
0.79 and 0.21 for the primary and secondary registers, 
respectively. These swirls are used to enhance mixing 
zone between the fuel and oxidizer (air or O2/CO2) 
streams.  Due to this swirl effect, well-mixing conditions 
were achieved in the closest region to the burner exit, and 

Fig 3. Temperature distribution at 553 mm from burner exit for air-fired and oxy-fuel combustion cases. 
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therefore it might avoid the gases travel downstream of 
the furnace to a well-mixing point. In addition to the 
well-mixing conditions, the aerodynamic effect of swirl 
can shorten the flame length. 
     At the most intense combustion location (port 1), Fig. 
6 shows a comparison between the experimental data and 
the predicted results for the mass fraction distribution of 
carbon dioxide for both combustion cases in wet basis.  
     For the air-fired case, over-prediction was noticed; 
while the oxy-fuel case showed relatively better 
predictions except from the central point of the furnace to 
~0.08 m in the radial direction. However, this location of 
the furnace is obviously showed increasing carbon 
dioxide concentrations for the oxy-fuel combustion case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     As the nitrogen is replaced by CO2 in the feed gases, 
carbon dioxide concentration is highly increased from 
around 15 % (kg/kg) to 76 % (kg/kg) under wet basis in 
flue gas. This result reveals that the carbon dioxide 
concentration was increased by approximately 5 times in 
wet basis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 4. Velocity vectors (m/sec) of primary (A) and 
secondary (B) swirl registers at the burner exit plane. 

Fig 5. Inlet velocity vectors (m/sec) of three 
different recirculation zones.

Fig 6. Mass fraction distribution of carbon dioxide at 384 (mm) from burner exit plane for the air-fired and the 
oxy-fuel combustion cases in wet basis. 
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5. SUMMARY AND CONCLUSIONS 
     A three-dimensional Computational Fluid Dynamics 
(CFD) model has been developed to simulate the 
air-fired and oxy-fuel combustion cases. The temperature 
distribution levels, species concentration, and velocity 
distributions were investigated at the most intense 
combustion locations of the furnace. An efficient 
combustion model (EBU) with the most appropriate 
empirical coefficients is used in this study. Primary and 
secondary swirl registers are employed to enhance an 
internal recirculation mechanism of flames and to ensure 
a well-mixing condition for turbulent non-premixed 
gaseous reactants. 
     Slight over-predictions of temperature levels and 
species concentration levels are noticed compared to the 
measurements. These over-predict may be occurred 
because of neglecting the multi-step chemical reactions, 
which lead to dissociate carbon dioxide and water vapour 
in the combustible products into several intermediate 
species. The numerical results showed that the flame is 
clearly concentrated in the central position in oxy-fuel 
case, and it is not spread inside the furnace compared to 
the air-fired flame. The combustion delay in oxy-fuel 
case is evident.  This delay is likely happened due to 
insufficient oxygen consumption at the near-burner 
region compared to the reference case. The residence 
time of combustible reactants is considerably increased 
due to adopting the swirl injection system that leads to 
enhance flame stability. The carbon dioxide 
concentration rises up by ~ 5 times for oxy-fuel 
compared to air-fired case under wet basis.  
     Finally, even though there are some discrepancies 
between the measured data and numerical results, the 
CFD results are considerably showed the same 
qualitative trend as the experiments. However, this study 
represents the second stage of the entire simulation of 
oxy-fuel combustion. The next step of this project will 
comprehensively focus on the brown coal combustion in 
the full-scale tangentially-fired furnace under oxy-fuel 
combustion technique.  
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