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1 Introduction 

The development of the combustion systems is mainly based on the burner configuration, the type of 

fuel injection and the dynamic parameters. Many studies have focused on the effect of inlet velocity, the 

flow rate and global equivalence ratio on the combustion characteristics [1]. Mergheni et al. [2] studied 

numerically the effect of equivalence ratio on oxy-flame characteristics in a burner with three separated 

jets under stoichiometric and lean conditions. The results show that the equivalence ratio influences the 

mean longitudinal velocity of flow near to the burner. Chakchak et al. [3] studied numerically the effect 

of velocity ratio of non-premixed flame stabilized over a swirler coaxial burner. They concluded that 

increasing the velocity ratio improves the mixing and reduces the CO emissions caused by the 

temperature variation. Their results showed also that the radial fuel injection results a partial premixing 

between reactants, which affects the flame behavior, in particular the flame stabilization. Zouhaier et al. 

[4] investigate experimentally the non-premixed flame generated by a simple coaxial burner constituted 

with a central natural gas jet surrounded by annular oxygen jet. They found that the variation of 

equivalence ratio effects the velocity fluctuations, the turbulence intensity and the kinetic energy. 

Studies focusing on the effect of global equivalence ratio on dynamic behavior of the flame are very 

limited. However, these effects on turbulent diffusion flame provided by a coaxial swirl burner with 

radial fuel injection have not been investigated numerically in the literature.  

The aim of this paper is to study numerically the effect of global equivalence ratio (0.5, 0.8,1, 1.2 and 

1.3) on the dynamic characteristics of a turbulent non-premixed flame in a coaxial burner stabilized by 

a swirl with a radial fuel injection. Simulations are performed using the ANSYS-Fluent CFD 

(computational fluid dynamic) code. Reynolds averaged Navier-Stokes (RANS) is used to capture the 

turbulence and the eddy dissipation combustion model (EDM) to resolve the turbulence/chemistry 

interaction. 

2    Numerical modeling 

Simulation was performed using the ANSYS-Fluent CFD software. It bases on the finite volume method 

to solve the governing equations. The realizable K-ε used as the turbulence model in order to close the 
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system of Reynolds Navier-Stokes equations. The eddy dissipation combustion model is used to study 

the reaction rate and take account of the turbulence-reaction interaction.  

2.1 Governing equations 

The numerical modeling of turbulent reactive flow is carried out by the resolution of the partial 

differential equation of conservation of mass, momentum, energy and species [5]. 

The mass conservation equation is written as follows: 
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Where  represents the density and 
j

V  is the component of the instantaneous velocity in the three 

directions (j=1, 2, 3). In the general case. 

The momentum conservation equation can be given by: 
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Where P  is the pressure, 
ij

 represents the stress tensor and 
i j

V V   is the component of the tensor of 

Reynolds stresses. 

The energy equation is written as follows: 
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 represents the thermal diffusivity,

i j
V V    is the correlation term between the 

velocity fluctuation and h is the specific enthalpy.  

The equation of species conservation is given by: 
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 Where
K

Y  , 
K

j
J  and 

K
W represent respectively the mass fraction, the mass diffusion flux k in the j 

direction and the production rate of the species k. 

2.2   Boundary Conditions 

In this study, the equivalence ratio ɸ varies from 0.5 to 1.3 as shown in the Table.1.  A detailed 

description of the burner configuration and the combustion chamber was reported by Chakchak et al. 

[4]. At the fuel inlet, the CH4 is supposed enter with a constant mass flow �̇�fuel (0.00017 Kg/s) and 

fixed velocity V (4.98 m/s).   At the air inlet, a mass flow boundary condition �̇�air is used. This variable 

depends on the variation of global equivalence ratio as indicated in Table 1. 

 

Table 1: Boundary conditions 

 
ɸ Qair 

(Nl/min) 

Qfuel 

(Nl/min) 
�̇�air 

(Kg/s) 

�̇�fuel 

(Kg/s) 

Vair 

(m/s) 

Vfuel 

(m/s) 
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1.3 115.38 15.75 0.0024 0.00017 2.16 4.98 

1.2 125 15.75 0.0026 0.00017 2.34 4.98 

1 150 15.75 0.0032 0.00017 2.8 4.98 

0.8 187.5 15.75 0.004 0.00017 3.5 4.98 

0.5 266 15.75 0.0056 0.00017 4.98 4.98 

3 Results and discussion 

3.1 Validation  

The results of experimental and numerical investigations are presented. The computed results of axial 

and tangential velocity are compared to the experimental data obtained using Stereo-PIV technique 

under stoichiometric conditions (ɸ=1) at Z=20 mm downstream the burner exit (Figure 1). Globally, a 

satisfactory agreement is assigned. A difference is observed in particular in the central region of the 

flow.  
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Figure 1: computations vs. measurement: radial profiles of mean axial velocity a) and mean tangential 

velocity b) at Z=20mm 

The Central Recirculation Zone (CRZ) and the Swirling Jet region (SJ), due to the presence of the swirl, 

are well predicted by the simulations (see Figure 2.a). The CRZ is represented by the minimum value 

of axial velocity and due to the vortex breakdown phenomena. The swirl jet is represented by the 

maximum velocity value. The numerical peak positions are in good agreement with the Stereo-PIV 

peaks. The numerical and experimental profiles of the tangential velocity show in figure 2.b) are in good 

agreement. Comparison of the computed results and the experimental data showed that the RANS results 

were capable of predicting the swirling flow. 

3.2 Axial velocity 

Figure 2 shows the mean fields of axial velocity for different velocity ratios ranging from 0.5 to 1.3. The 

variation of the global equivalence ratio modifies the axial component of the velocity and more 

particularly on the Central Recirculation Zone region. The axial recirculation velocity, which is 

represent by the negative values, increase with the increment of ɸ. In lean regime (ɸ=0.5 and ɸ=0.8), 

the decrease of equivalence ratio leads to a greater radial expansion.  

Figure 3 illustrates the radial profile of mean axial velocity for various equivalence ratios at two different 

positions Z=10mm and Z=60mm. three configurations are presented in this section; two configurations 

under lean conditions (ɸ= 0.5 and ɸ=0.8), one configuration in the stoichiometric condition (ɸ=1) and 
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two configurations at the rich combustion mode (ɸ= 1.2 and ɸ=1.3).The global equivalence ratio does 

not modify the profile of axial velocity, it remains symmetrical from the burner axis (r=0 mm) for the 

different configurations and at the two positions (Z=10 mm and Z=60 mm). However, the decrease of 

equivalence ratio leads to an important increase in the maximum value of the axial velocity. At the 

height Z=10mm, the axial velocity varied from 6 m/s for ɸ=1.3 to 12 m/s for ɸ= 0.5. The radial profile 

of mean axial velocity shows an increase of 50% of the maximum velocity. The increasing of the mean 

velocity is caused by the variation of the mean density of the mixture. Further downstream from the 

burner exit (Z=60mm), the variation of equivalence ratio modifies the peak position of axial velocity 

which result by the modification of CRZ (Figure2). Figure 3.b shows that the decrease of equivalence 

ratio leads to an important increase in the maximum value of the axial velocity even for positions far 

from the burner exit. 

 

 

 

 

 

 

 

 

 

Figure 2: Simulated mean fields of axial velocity (V) for different equivalence ratios (0.5-1.3). 
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Figure 3: Radial profiles of mean axial velocity for different equivalence ratios ( 1.3, 1.2, 1, 0.8 and 0.5): 

a)  Z=10 mm, b) Z=60 mm 

 

3.3 Tangential velocity  

 
The mean field of tangential velocity for different equivalence ratios ranging from 0.5 to 1.3 at two 

positions Z=10 mm and Z= 60mm are presented in Figure 4. The mean fields of tangential velocity are 

symmetrical from the axis of the burner. The variation of equivalence ratio does not affect this behavior. 

However, the value of tangential velocity is gradually increase by the decrease of equivalence ratio.  
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Figure 4: Mean fields of tangential velocity (W) for different equivalence ratios (1.3, 1.2, 1, 0.8 and 0.5) 

 

Figure 5 shows the radial profile of mean tangential velocity for different equivalence ratios (1.3, 1.2, 

1, 0.8 and 0.5) at Z=10 mm and Z=60 mm.   
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Figure 5: Computed radial profiles of mean tangential velocity for different equivalence ratios (1.3, 

1.2, 1, 0.8 and 0.5) obtained at Z=10 mm, and at Z=60 mm. 

 
At a position near of the burner exit (Z=10mm), the maximum tangential velocity varies from 3 m/s for 

ɸ= 1.3 to 8 m/s for ɸ=0.5. However, the influence of global equivalence ratio diminishes moving away 

from the burner exit. Figure 5.b shows that the maximum tangential velocity varies from 2 m/s for ɸ= 

1.3 to 4 m/s for ɸ=0.5. 

 

3.4 Turbulent kinetic energy 

 
Figure 6 illustrates the turbulent kinetic energy for different equivalence ratios at Z=10mm and 

Z=60mm. The TKE is proportional to the fluctuations, since it is calculated based on the following 

equation: 

2 2 21
( ) ( ) ( )

2
TKE U V W      

 

(5) 

 

The fluctuations reflect the degree of interaction between the different jets. They are generated by the 

velocity gradient between the different jets [3]. The maximum in the profile of turbulent kinetic energy 

(TKE) represents the interaction zone between the two jets. This maximum decrease when the height 

along Z increases. The maximum value of TKE has in important increase for ɸ=0.5 and reaches 28 

m2/s2.  The increase of global equivalence ratio leds to an increase of TKE and hence increases of the 

velocities fluctuation.  

ɸ=1.3 ɸ=0.5 ɸ=1 ɸ=1.2 ɸ=0.8 
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Figure 6: Turbulent kinetic energy for different equivalence ratios (1.3, 1.2, 1, 0.8 and 0.5):  a)  Z=10 mm, b) Z=60mm 

4 Conclusions 

This work presents a numerical investigation of turbulent diffusion flame provided by a swirl coaxial 

burner with radial fuel injection.  The study consists in the influence of global equivalence ratio under 

lean, stoichiometric and rich conditions on the dynamic behavior of non-premixing swirling flame. The 

results of mean axial and tangential velocities and turbulent kinetic energy are presented for various 

equivalence ratios (0.5, 0.8, 1, 1.2, 1.3) at two different positions (Z=10mm and Z=60mm). The decrease 

of equivalence ratio affects the Central Recirculation Zone and leads to an important increase in the 

maximum value of mean axial velocity by around 50% at the two positions downstream from the burner 

exit. However, decreasing the equivalence ratio entrains an increase of mean tangential velocity near to 

the burner exit. The results of turbulent kinetic energy show the mixing zone between the two jets. The 

decrease of global equivalence ratio increases the TKE and hence increases the velocities fluctuations.  
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