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Abstract  

       Combustion physics is a vital challenge for the gas 

turbine designers. The requirement of reduced emission is in 

global demand by combustor manufacturers of both 

aeronautical application and power generation. Due to 

challenges of cost involved in combustor testing and 

measurement, it is imperative for a designer to use numerical 

simulation technique to get insight of the complex physics and 

ensure better design to meet low emission requirements. 

Here, attempt is made to investigate the effect of suitability of 

the numerical models for design analysis on achieving better 

fuel mixing efficiency on a scaled down model of gas turbine 

combustor. 
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Introduction:  
       Design of burners in gas turbine combustor play 

significant role in several industries. The burners need 

attention to operate at good efficiency while ensuring 

environment-friendly atmosphere. Stringent emission 

requirements are making the design of burners very 

challenging and pollution of combustors make one of the 

limiting aspects in optimization of the combustor. Numerous 

studies are in progress to evolve a design which provides low 

emission of NOx, CO, etc. 

     

       In-depth understanding of mixing of fuel species, 

turbulence, and recirculation are needed to understand the 

cold flow behaviour of the burner.  Study of the lean blow off 

performance using cold flow analysis by Hu et al [1] showed 

influence of load parameter (mr.vf) in relevance to burner 

design. Murlidhara et al [2] showed the simulation of cold 

flow in a typical annular combustor using commercial CFD 

code PHOENICS and validation of the predictions with the 

experimental results. G. K. Caetano et al [3] applied the use 

of ABAQUS CFD to study the reverse flow type combustor 

and analysed the mass flow rates, velocity profile with 

comparison of experimental data.  On the other hand, 

combustion analysis seeks more complicated understanding 

of chemical reaction, turbulence-chemistry interaction, etc. 

The hot flow analysis helps analysing the efficiency of 

combustion, and formation of emissions in detail. 

Computational fluid dynamics (CFD) is an essential tool to 

study the physics in relevance to combustion. Measurement 

of flow behaviour during combustion is extremely difficult 

and, in such areas, CFD helps significantly to understand the 

fundamental phenomenon. Dumrongsak et al [4] showed that 

the predictions of the mixture fraction, velocity by LES 

method are in agreement with experimental data. It is also 

emphasized that the results are influenced considerably by the 

grid resolution. Simulation of chemical kinetics mechanism 

with CFD is studied on commercial software FLUENT and 

showcased the usefulness of species transport model in 

computing temperature, NO, and concentration profiles, by 

Banger, et al [5]. Chen et al [6] showed the numerical 

simulation of homogeneous combustion characteristics of 

methane-air mixtures in micro combustors and they indicated 

the effect of wall thermal conductivity on controlled 

combustion thereby on the temperatures and hotspots. The 

chemical reaction was modelled using species transport and 

eddy dissipation concept available in FLUENT by Kalla et al 

[7].  The study confirmed the capability of combustion 

modelling and validation with experimental data. The 

phenomenon of NOx formation due to increase in residence 

time of product combustion gases at higher temperatures are 

modelled using FLUENT by Lima et al [8]. 

  

       The correlation of soot formation with fuel composition 

and temperature are studied by Naegeli et al [9] and also 

outlined that while soot concentration increased significantly 

as flame temperature increased, the increase in soot with fuels 

of lower H/C ratio was much stronger than could be attributed 

to associated increases in the flame temperature. Colket et al 

[10] studied experimentally and numerically the soot 

formation and they used a two-dimensional, detailed soot 

growth model in which the equations for particle production 

are coupled to the flow and gaseous species conservation 

equations has been used to investigate soot production in the 

flame along with finite rate chemistry model. They found that 

the radiation losses significantly affected predicted 

temperatures. Koo et al [11] found that LES simulation 

captures recirculation zones accurately. Also, the direct 

relationship between soot volume fraction and equivalence 

ratio are arrived. Besides, the result of soot field suggests that 

when secondary oxidation jets are present, inner recirculation 

region becomes fuel lean and the soot generations are 

suppressed. Soot field is highly intermittent suggesting that a 

very restrictive set of gas phase conditions promote soot 

generation. 

  

       In this paper, the model is described initially and then the 

cold flow analysis results are presented for mesh sensitivity, 

and different fuel port design using RANS. Subsequently, 

combustion results are discussed for one of the operating 

conditions.  
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Nomenclature:  

CFD      Computational Fluid Dynamics 

RANS   Reynolds Average Navier Stokes 

A*         Pre-exponential Factor 

Ea          Activation Energy 

A#         Mixing Rate Constant 

B# Mixing Rate Constant 

CO Carbon Monoxide 

NOx Nitro-oxides 

i  species 

 

Model Description:  

       A 3D coaxial burner model is employed for simulation. 

It contains inlet boundary for air flow, swirler blade in air 

flow path to provide efficient mixing. Fuel flow is made 

possible through fuel pipe with nozzle and it mixes with air 

downstream. The extreme boundary is outlet. All solid 

boundaries including the swirler blade set are set as wall, 

assumed to be adiabatic and impermeable. Figure 1 shows the 

fluid domain employed for the study. The wire frame picture 

shows the fuel pencil, swirler blade in the combustor, refer 

Figure 2 Swirler blade ensures circulation to support mixing. 

 

 
 

FIGURE 1: FLOW DOMAIN. 

 

 
 

FIGURE 2: WIREFRAME OF THE MODEL. 

 

       As shown in Figure 1, the rear extension domain is made 

longer by five times the diameter of the outer surface to 

ensure no reverse flow effect in the simulation. 

   

Governing Equation:  

The general form of Navier Stokes equation for turbulent flow 

can be expressed as follows: 

        (1)  

where Ф=1, U j, T, we can respectively get continuity 

equation, momentum equation and energy equation. The 

substitution of Ф with T, k, ω, and y yields respectively the 

equations of energy, turbulent kinetic energy, dissipation rate 

of turbulence, species transport. 

   
Finite Rate/Eddy Dissipation Model:  

       The reaction flow simulation is carried out using finite 

rate/eddy dissipation model. For homogeneous reactions, a 

combined model of finite rate and eddy dissipation are used 

together. There model computes both the Arrhenius rate and 

the eddy dissipation rate and uses the lower of the two. 

   

       In the EDC model, the total space is divided into smaller 

spaces to account for reaction, called fine structures. The 

reactions are assumed take place in these fine structures. 

These models are described in more detail in theory guide of 

the commercial code FLUENT [12]. The net source of 

chemical species i due to reaction [12] is computed as the sum 

of the Arrhenius reaction sources over the NR reactions that 

the species participate in, 

                       (2) 

Where, Mw,i is the molecular weight of species i, Ri,r is the 

Arrhenius molar rate of creation/destruction of species i in 

reaction r. 

                          (3) 

where Ar is pre exponential factor, βr is the temperature 

exponent, Er is the activation energy for the reaction 

(J/kgmol) and R is the universal gas constant (J/kgmol-K). 

Numerical Scheme and Grid:  

       The computational model uses a 3D steady state solver in 

single precision setup. Least squares cell-based method is 

used which helps in evaluating gradients. Table 3 summarizes 

the solver settings. A second order upwind scheme is used for 

the discretization of conservative equations of species, 

energy, and momentum. Quantities at the cell faces are 

determined by assuming that the cell centre values represent 

an average value and hold throughout the cell [7]. First order 

upwind scheme is used for turbulence equations. Standard 

scheme is used for pressure interpolation. Realisable K-

epsilon turbulence model [12] is used for simulation. 

  

       The numerical grid is constructed as 3D structured mesh. 

For mesh sensitivity analysis, three different mesh model of 

2.05 million cells, 3.02 million cells, 7.43 million cells are 

made. For detailed analysis with various boundary condition 

of non-reacting flow and reacting flow, the model of 3.02 

million cells is used. Minimum orthogonal quality of all the 

mesh is ensured to be 0.4 and above. Maximum aspect ratio 

is ensured to be less than 39. 
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Simulation Conditions:  

       All of the simulations are carried out as steady state flow 

process. In this paper, the simulation is carried out in three 

different approaches. Firstly, the model is tested for mesh 

sensitivity with three different type of meshes such as coarse 

mesh, medium fine mesh and fine mesh. The air inlet 

boundary condition specified corresponds to a velocity of 14 

m/s and fuel inlet boundary condition with velocity of 4.5 m/s 

specify fuel mixture of methane and ethane with mole fraction 

of 0.95 and 0.05 respectively. The fuel stream composition is 

defined by selecting appropriate species and setting their 

mole fractions. Temperature boundary condition of air is 450 

K and fuel is considered as 300 K. The operating pressure of 

the combustor is 1.8 Mpa. RANS solution is obtained for 

several design cases in order to study the fuel mixing 

phenomena which in turn helps in understanding the emission 

(NOx, CO) formation and also soot formation. 

  

       Chemical reaction is carried out using finite rate eddy 

dissipation method. Chemical kinetics used here is based on 

a global reduced mechanism, with the following equations: 

 

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂                                 (R1)  

            

𝐶2𝐻6 + 3.5𝑂2 → 2𝐶𝑂2 + 3𝐻2𝑂                             (R2)  
  

The table 1 below shows the Arrhenius rates used for the 

reactions,   

            

Reaction  A*  Ea 

(j/kgmol)  

a#  b#  

R1  2.119.1011  2.027.108  4  0.5  

R2  6.186 .109  1.256.108  4  0.5  
 

TABLE 1: PARAMETERS FOR REACTION. 

   

Results and Discussions:  

       The computational fluid dynamics calculation for all the 

design cases in study are carried out using FLUENT version 

14.5. Workstation with capacity of 24 cores is employed in 

the study. 

  

Mesh Sensitivity:  
       The cold flow results of coarse mesh, refine mesh are 

compared and it is observed that the results don’t vary 

significantly. Hence, with perspective of time saving, mesh 

count model of 3 million elements is selected for further 

study. The Fig 2 shows the velocity plot which were measured 

downstream of burner. Fig 3 shows the fuel mass fraction 

pattern in similar fashion as mentioned above. 

 

 
 

FIGURE 2: VELOCITY CURVE. 

 

 
 

FIGURE 3: FUEL MASS FRACTION CURVE. 

 

Results Without Chemical Reaction:  
       The cold flow species analysis is carried out using three 

different designs. Fuel pencil have two ports, three ports, and 

four ports in three different designs and are referred as design-

A, design-B, design-C respectively as shown in Fig 6, 7, 8. 

The results comparison indicate the design C provides good 

fuel mixing efficiency. The radial section is made through a 

section plane several mm down stream of fuel burner and fuel 

mass fraction contour through radial section shown in Fig 9, 

10, 11 indicates species mixing pattern for all designs. 

 

 
 

FIGURE 6: TWO FUEL PORT (‘A’). 

 

 
 

FIGURE 7: THREE FUEL PORT (‘B’). 

 
 

FIGURE 8: FOUR FUEL PORT (‘C’). 

 

       The velocity magnitude plot shown in Fig 12, 13, 14 is 

made using longitudinal plane passing through centre axis of 

burner. The flow with symmetrical pattern can be observed 

for design case A and design case C whereas the velocity 

pattern shows asymmetry in design case B due to geometrical 

effect. 
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           (9)         (10)                            (11) 

 

FIGURE 9: FUEL MASS FRACTION (‘A’).     

FIGURE 10: FUEL MASS FRACTION (‘B’).     

FIGURE 11: FUEL MASS FRACTION (‘C’). 
 

       The results of fuel mass fraction along the longitudinal 

plane is shown in Fig 15, 16, 17 for the three designs. The 

plots also indicate symmetrical behaviour for design case (A) 

and design case (C) and asymmetry in design case (B). The 

plot is clearly indicating the mixing pattern and efficiency 

along the flow path downstream of the combustor. 

 

 
 

FIGURE 12: VELOCITY MAGNITUDE (‘A’). 

 

 
 

FIGURE 13: VELOCITY MAGNITUDE (‘B’). 

 
 

FIGURE 14: VELOCITY MAGNITUDE (‘C’). 

 

 
 

FIGURE 15: FUEL MASS FRACTION (‘A’). 

 

 
 

FIGURE 16: FUEL MASS FRACTION (‘B’). 
 

 
 

FIGURE 17: FUEL MASS FRACTION (‘C’). 
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Results with Chemical Reaction:  
       The chemical reaction calculation is carried out using 

volumetric reaction concept available in FLUENT software. 

The temperature contours are made through longitudinal 

section plane for all three cases and the combustion results 

show the temperature rise in the combustor for all design 

cases, as per Arrhenius equation for the given equivalence 

ratio and reaction constants. Temperature contour show 

symmetrical behaviour for design (A) and design (C). 

 

 
 

FIGURE 18: STATIC TEMPERATURE (‘A’). 
 

 
 

FIGURE 19: STATIC TEMPERATURE (‘B’). 
 

       The results are in line with the contours shown in paper 

by Dumrongsak, et al [4] and Chen, et al [6]. Symmetric flame 

by RANS method is as expected, refer Fig 18 and Fig 20. 

Asymmetric flame of design case (B) is due to geometrical 

limitation, refer Fig 19. 

 

 
 

FIGURE 20: STATIC TEMPERATURE (‘C’). 
 

       Corresponding product mass fraction contour plots are 

shown in Fig 21, 22 and 23. More products can be seen near 

the upstream region in proximity to burner fuel port than the 

downstream region which is consistent with mixture fraction 

predictions. Empirical relation of the mass fraction also 

indicates the region of soot formation similar to the pattern 

shown in Fig 23. 

 

 
 

FIGURE 21: PRODUCT MASS FRACTION (‘C’). 
 

 
 

FIGURE 22: PRODUCT MASS FRACTION (‘C’). 
 

 
 

FIGURE 23: STATIC TEMPERATURE (‘C’). 

 

Conclusions:  

       The cold flow analysis of combustor is studied for several 

design and the results showed the design which provide best 

fuel mixing efficiency. Fuel mass fraction of the combustor 

downstream of the burner port showed the mixing pattern 

decays with distance. Combustion characteristics of the three 

designs are also successfully accomplished using commercial 

software FLUENT. The results using RANS simulation 

showed similar pattern as observed by past researchers. The 

combustion results obtained from methane-ethane fuel shows 

good mixing and reaction for design ‘C’. Contours of 

products and fuel mass fraction indicate the region of soot 

formation which are confirmed through simple empirical 

equation method. Research will be continued in future with 

more detailed soot model and also using LES method.  
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