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Abstract: Non-premixed turbulent reacting flow in a methane-fuelled coaxial jet combustor has been studied numerically 
employing Reynolds Averaged Navier-Stokes (RANS) models. A Finite Element Method (FEM) based solver and Eddy 
Dissipation Concept (EDC) is used to simulate the methane air reaction inside the combustor. Simulations were carried 

out using the 
 
k  (k-omega) turbulence model to handle the fluid flow simulation along with heat transfer and chemical 

reaction. The results were compared to available LES numerical results and experimental data for predicting velocity, 
and temperature fields. Velocity, temperature and concentration of the different species are also plotted at different cross 
sections of the methane burner.  
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1. INTRODUCTION  

Combustion is an interdisciplinary topic which 

combines the most sophisticated phenomena of fluid 

dynamics and chemical reactions. Combustion involves 

many complex phenomena, such as turbulence, 

recirculation, mixing, fuel chemistry, turbulence 

chemistry interaction and heat and mass transfer. The 

chemical reaction takes place in a turbulent 

environment where the highly unsteady fluid motions of 

a wide range of length and time scales are present. 

Turbulent combustion [1-6] interaction is one of the 

most complicated products of this combination. Study 

of turbulence effect on chemical reaction is challenging 

in many aspects. Comprehending of the complex 

effects of a macro level phenomenon (turbulence) on a 

molecular lever phenomenon (chemical reaction) is the 

main challenge [7-9]. Of particular interest is non-

premixed combustion in a coaxial jet combustor 

configuration. It is simple yet manifests many complex 

flow features which are similar to those in a real gas 

turbine combustor. Due to increasing environmental 

concerns and stringent emission regulations, modern 

combustion engineers designing a gas turbine 

combustor have to face the challenge of the 

optimization of environmental emissions, combustion 

efficiency and stability. Accurate predictions of impor-

tant physical and chemical properties of the com-

bustion process are necessary in order to achieve imp-

roved combustor design with high efficiency and low 

emissions. As the rate of the reaction in combustion 
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depends on the mixing rate, numerical models 

employed must be able to capture the mixing and 

unsteady flow behaviors accurately to provide an 

insight into the combustion process, which is of 

practical and technical importance. Computational Fluid 

Dynamics (CFD) plays an important role in designing 

and optimizing flow processes, especially in cases 

which experimental studies are not able to provide 

sufficient flow information due to the expensive setup 

cost or limitation in the measurement technology. In 

CFD, the combustion process is described by 

governing transport equations for fluid flow and heat 

transfer, along with models for combustion chemistry, 

radiation and other important sub processes. The 

complexity of turbulent reacting flows has led the 

researchers to develop various physical models. Eddy 

Dissipation Concept (EDC) [10,11] is one of those 

models for turbulence-chemistry interaction modeling in 

CFD. The EDC has been successfully applied to the 

numerical simulation of combustion for a longer period 

of time [12,13], and it is implemented in most 

commercial CFD codes available. In this work k Omega 

turbulence [14-16] models has been employed in 

modeling of turbulent reacting flow in a methane-fuelled 

coaxial jet combustor. Simulations have been 

performed in Finite Element Method based commercial 

software, COMSOL Multiphysics [17], and chemical 

reaction kinetics and combustion process is handled 

using Eddy Dissipation Concept (EDC). 

2. GOVERNING EQUATIONS AND TURBULENCE 
MODELING 

The compressible formulation of Reynolds Average 

Navier-Stokes (RANS) equations is used in this work. 

The governing equations at steady state are: 
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Continuity Equation: 
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Energy equation: 
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Species transport equations: 
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Turbulent energy transport and dissipation rate 

equations vary based on the applied turbulence model 

in each simulation. 

3. THE EDC FOR TURBULENT COMBUSTION 

The Eddy Dissipation Concept (EDC) model [11] 
assumes that chemical reactions occur where the 
dissipation of turbulence energy takes place, that is, in 
the fine structures, which have characteristic 
dimensions that are of the order of the Kolmogorov 
scales. These structures are concentrated in certain 
regions (fine-structure regions) that occupy a fraction of 
the flow but not evenly distributed in time and space. In 
the model expressions below, different superscripts 

refer to states within fine structures ( ), surroundings 

( ), and mean values of the computational cell ( ). 

The ratio of the mass of the fine structure regions to the 
total mass is expressed as 
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where the model constants are 
1

0.134
D

C =  and 

1
0.5

D
C = and is the kinematic viscosity of the fine-

structure mixture. The ratio of the mass of the fine 

structures to the total mass is modeled as = . 

Hence, the residence time in the fine structure 

homogeneous reactor is given as 1 m= . The 

expressions for ,  and m
i follows from the 

cascade model, which models the energy transfer from 
large to smaller scales. The mass-averaged mean 
reaction rate according to the EDC can be given as 
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and the relationship between the mass-averaged mean 

state, fine-structure state and surrounding state is 

expressed as 

  

= + 1( ) o          (7) 

Here,  is the reacting fraction of the fine structures, 

which depends on three aspects: probability of 
coexistence of the reactants, degree of heating and a 
limiter to the reaction due to lack of reactants. The fine-

structure mass fractions Y
k

must be computed. In this 

work the local the EDC approach is used with a global 
one-step reaction: 
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4. GEOMETRY AND BOUNDARY CONDITIONS 

Numerical simulations have been performed on a 

methane-air burner using a 2D asymmetry model. The 

grid configuration is shown in Figure 1. The geometry 

and boundary conditions for the coaxial jet combustor 

is similar to that in the experiment of Owen et al. [18].  

The domain extends to 3 cm upstream and the 

length of the combustor is 100 cm. The central inflow is 

methane with a velocity of 0.9287 m/s. The annular 

inflow is a non-swirling air with a bulk velocity of 20.63 

m/s. The operating pressure of the combustor is 3.8 

atm. The temperature of the fuel and air are 300 K and 

750 K respectively. The two inflows are separated by a 

thin splitter plate with the thickness of 0.018 cm. The 

center radius, annular outer radius and combustor 

radius are 3.157 cm, 4.685 cm and 6.115 cm 

accordingly. For turbulence conditions, hydraulic 

diameter and turbulent intensity have been chosen as 

inlet turbulent inflow conditions. In the present study, a 

value of 10% has been chosen for turbulent intensity.  

The hydraulic diameter values for air and fuel inlets 

are 0.01528 m and 0.06314 m. For k and Omega, 
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species and temperature the zero gradient boundary 

condition is applied at the outlet. The calculations were 

performed using steady RANS equations. 

5. GRID STUDY AND VALIDATION OF NUMERICAL 
RESULTS 

A mesh testing procedure was conducted to 

guarantee the grid-independency of the obtained 

results. Various meshes were examined for the present 

case as shown in Figures 2a and b. As seen from the 

figure the total grid cell of 17820 ensures a grid-

independent solution. 

Figure 3 shows the comparison between the 

present work and previous LES [19-21] and 

experimental [18] results. As seen in this figure the 

 

Figure 1: The geometry and grid configurations. 

 

       

     a       b 

Figure 2: Variation of (a) temperature and (b) velocity profiles for different numbers of grid cells. 
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applied model in the FEM based solver could predict 

both temperature and velocity profile inside the 

combustor well. 

6. RESULTS AND DISCUSSION 

Steady turbulence RANS simulations results have 

been presented for contours of temperature, velocity in 

x-direction, reactant mass fractions, contours of 

combustion products and radial temperature and 

velocity profiles using COMSOL Multiphysics software.  

Reactant mass fractions contours for Methane and 

Oxygen are shown in Figure 4. As seen through the 

figures, the CH4 concentration at the fuel inlet and 

Oxygen concentration at air inlet are very high. As the 

combustion occurs inside the combustion chamber, the 

concentration of both species decreases when the 

reactants convey further downstream of the chamber. 

The Oxygen concentration contour also indicates that 

the mass fraction of O2 remains high adjacent to the 

burner’s wall up to the middle of the chamber. This is 

because of the existence of non-reacting region near 

the wall where the methane does not reach these 

areas. The methane mass fraction contour shows that 

the rate of CH4 consumption is high near the inlet 

where the mixing of Oxygen and Methane is high.  

Figure 5 presents the temperature distribution and 

velocity in x-directions inside the chamber. At the inlet 

the value of temperature is same as reactants inlet 

temperatures and as the species flow downstream the 

chamber, combustion happens due to the mixing of air 

and CH4 resulting in increase in temperature 

dramatically. The maximum temperature obtained at 

the interface of the fuel and air where the combustion 

has been occurred. As seen in Figure 5a the 

temperature increases up to 2271 Kelvin.

       

 

Figure 3: Comparison of the present work with previous LES [18] and experimental [17] results. 



Finite Element Simulation of Jet Combustor Using Local Extinction Journal of Advanced Thermal Science Research, 2014, Vol. 1, No. 2      61 

 

a 

 

b 

Figure 4: The contours of reactant mass fractions for (a) Methane, (b) Oxygen. 

 

  

a 

 

b 

Figure 5: The contours of (a) temperature and (b) velocity in x-direction. 
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Figure 6: The contours of combustion products for (a) Carbon dioxide (CO2) and (b) water (H2O). 

The contours of combustion products for Carbon 

dioxide and water have been displayed in Figure 6a 

and (b). As the mixing of inlet air and CH4 occurs, 

combustion happens which leads to the production of 

CO2 and H2O. Their formation trend is similar to each 

other as they produce after mixing of the inlet species; 

they also have a similar trend of temperature contour 

since the temperature increment has been occurred at 

the interface of the fuel and air in which species 

products (CO2 and H2O) form.  

Figure 7 shows the concentration of different 

species at various cross sections of the combustor. As 

seen in Figures 7a and b the concentration profiles of 

combustion products, CO2 and H2O, show a similar 

trend. Near the inlet of combustor the maximum values 

occurs in a small region which is the narrow reaction 

zone in this area where the Oxygen and Methane 

combustion results in the production of CO2 and H2O. 

As the flow conveys toward the outlet of the combustor, 

diffusion and mixing of the species make the 

concentration profiles of CO2 and H2O more uniform. 

Moreover maximum value of the profiles is greater at 

the end of the combustor compared to the inlet due to 

more reactive processes and formation products at 

upstream of the outlet area. Figures 7c shows the 

concentration of Oxygen at different cross section of 

the combustor. This figure indicates that the Oxygen 

concentration decreases near the outlet of combustor.  

Figure 8 depicts the variation of temperature and 

velocity profiles at different axial locations. As seen in 

Figure 8a the temperature profiles show similar trend 

as those in CO2 and H2O concentration profiles. Near 

the inlet of combustor the maximum temperature 

occurs in a small region which is the narrow reaction 

zone. As the flow conveys toward the outlet of the 

combustor the temperature profiles become more 

uniform. The maximum value of the temperature 

profiles is greater at the end of the combustor compare 

to the inlet area. Figure 8b shows the velocity profiles 

at different cross section of the combustor. The velocity 

profile has its maximum value near the inlet area. In 

addition, as the flow approaches to the end of the 

combustor the maximum velocity reduces and the 

velocity profiles become more flat.  

7. CONCLUSIONS 

Turbulent reacting flow in a methane-fuelled coaxial 

jet combustor has been studied numerically employing 

steady RANS models in a finite element model based
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    a       b 

 
       c 

Figure 7: Concentration profiles of (a) CO2 (b) H2O and (c) O2. 

 

    
    a      b 

Figure 8: Temperature and velocity profile at various cross section of combustor. 

solver. To simulate chemical reaction kinetics the Eddy 

Dissipation Concept (EDC) has been used. Results 

were presented for temperature, velocity in x-direction, 

reactant mass fractions, combustion products and 

radial temperature and velocity profiles. Results 

revealed the applicability and employed model in 
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prediction of heat transfer [22-39] and fluid flow field 

inside the combustor. As results showed, RANS 

models’ prediction of temperature and velocity are in 

good agreement with experimental data and even with 

much lower number of grids compared to LES model.  
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NOMENCLATURE 

 mean density (kg/m
3
) 

μ  molecular viscosity [kg/(m s 
-1

)] 

t
μ  turbulent viscosity [kg/(m s 

-1
)] 

E  total energy per unit mass (J/kg) 

T  temperature (K) 

chem
S  chemical source term in the energy equation 

(W/m
3
) 

t
Sc  turbulent Schmidt number 

D  molecular diffusivity (m
2
/s) 

Y  mass fraction of species 

pC  specific heat at constant pressure [J/(kg K
-1

)] 

 kinematic viscosity of the fine-structure mixture 

S
ij

 mean strain rate tensor 

 ch
 chemical time (s) 

 reacting fraction of the fine structures 

m  mass transferred between the fine structures and 

the surroundings 
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