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Abstract 
The present work is devoted to the study of non-premixed combustion within a vertical cylinder using a 
turbulence model. A study of the effect of inlet gas angle on methane/air combustion is performed. The 
results show that an increase in angle of inlet gas enhances the mixing rate, peak temperature, and 
water and carbon dioxide volume fraction inside the middle region of the chamber. The locations of the 
maximum temperature and product concentration shift closer to the combustor inlet with an increase in 
inlet angle. 
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1. Introduction 
In coal furnaces, diesel internal-combustion engines and pool fires there is non-premixed 
combustion, in which there are two distinct streams of fuel and oxidizer before burning [1]. 
Generally the non-premixed combustion flames contain locally fuel-rich regions where 
because of lack of oxidizer is the all set for the pollutant productions. At those regions 
products yield larger hydrocarbons instead of being to carbon dioxide and water [2-3]. The 
soot formation is sturdily hooked on in the fuel concentration and temperature [4-5].  
In some combustion chambers in laminar and simple turbulent jet diffusion flames the 
injectors located in the manifold and the fuel are injected along with the angle of the injector 
and the spray characteristics of the injector is important to obtain the optimum combustion 
performances. The results of numerical modeling of direct axisymmetric turbulent methane-
air simple jet (without swirl) flames are present in many numerical studies which normally 
have shown good agreement with the experimental measurements [6]. Effect of fuel flow 
direction is useful in many technical applications, particularly in furnaces and gas turbines to 
improve flame stabilization, ignition stability, mixing enhancement, pollutant reduction and 
blow-off characteristics [7]. Although the effect of many parameters on combustion of 
air/methane mixtures in has been investigated by many investigators, but few researches are 
performed the influence of the injection angle strategies on combustion processes have been 
reported [8-10]. Also the effect of surface thermal radiation effects which is important in other 
fields are not considered [11-14]. The aim of this paper is to study the effect of fuel injection 
angle on fluid, mass transfer, and thermal characteristics of a methane/air flame in turbulent 
diffusion flames at vertical cylindrical combustor.  
 
2. Computational domain 
A common fuel injection valve of a combustion chamber, including a concave conical 
surface, fuel injection holes in its surface, and a portable needle valve. But here that valve is 
not modeled through the combustion chamber and just its effect on the fuel injection angle is 
considered. As shown in the Figure 1 a vertical combustor with a circular cross-section is 
assumed to confine the flame and prevent gas composition fluctuations subsequent from the 
ambient air. The combustion chamber is 25 cm in diameter (D) and 100 cm in length (L) that 
a one cm diameter (d) hole at the center is used to deliver the fuel (CH4) with the velocity 
magnitude of 80 m/s to the burner and the air (0.23 O2 0.77 N2) is entered from the annular 
between that hole and burner with the velocity of 20 m/s. The fuel injection angle is 
measured from the axis of symmetry of the combustion chamber. The wall and inlet hold at 
environment temperature (300 K).  
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Fig 1: Schematic of the vertical cylinder combustion chamber and the computational mesh. 
 

 
2.1 Mathematical Modeling 
In this study the combustion will be modeled assuming 
complete conversion of the fuel to CO2 and H2O. The mass, 
momentum, energy, and species conservation equations are 
where the turbulent stresses are calculated from an 

algebraic stress model and wall-function approach is used 
in the near-wall. The computational mesh of the half of the 
burner with boundary layer meshes the inlet and the axis of 
symmetry is illustrated in figure 1.
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3. Results and Discussion 
The conservation equations are solved using the 
OpenFOAM with the method described in [15]. Figure 2 
shows the simulated contours of axial and radial velocities, 
stream function, water (H2O), carbon dioxide (CO2), and 
nitrogen (N2) mass concentrations inside the combustor for 
fuel injection parallel to the axis of the burner. As shown 
the radial velocities are in the one tenth orders of the axial 
velocities, and stream function generally is parallel to the 
axis of the combustion chamber. The mass concentrations 
of the oxygen (which is not shown here) are similar to the 
nitrogen and generally divided to the two regions of inlet 
and chemical reactions. The most of the nitrogen exited 
from the cavity near the wall and the minimum amount was 
occurring at the axis of its. The fuel is consumed in the 
small region near to the inlet and for the products of the 
reaction (water and carbon dioxide) there are three regions 
in the chamber which are zero at air inlet and a maximum 
at the outlet near the wall of the chamber and in moderate 
concentration in other sides. The results show that an 

increase in injection angle cause to create the four regions 
for the water and carbon dioxide in the chamber which are 
zero at air inlet and a maximum in the middle of the 
chamber and in moderate concentration in other sides. 
Because there are not a great change in the pressure inside 
the chamber that contours are not presented here. 
The figure 3 shows the temperature distribution caused by 
heat release at various fuel injections. Because the in 
cylinder pressure is mostly constant, that is not shown here. 
As illustrated the increase of the inject angle increases 
combustion efficiency, due to enhancement of mixing rates 
between the fuel and oxidant and augment the combustor 
peak temperature. However, the variation for the first 
injection is slightly higher. Furthermore, the increase of the 
inject angle causes the combustion zone of the diffusion 
flame enlarged and the location of the maximum 
temperature shifts inside the chamber. In addition, for the 
narrower-angle injector, fuel jets are restricted in a smaller 
region than the wider-angle injectors, and the mixing would 
be less homogeneous.  
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Fig 2: Axial and radial velocities, stream function, H2O, CO2, N2 mass concentrations. 
 

 
 

Fig 3: Temperature contours at various fuel injection angle a) α=0 b) α=45º c) α=80º 
 

 
Fig 4: Vorticity contour at α=0 

 
 
The figure 4 shows the vorticity distribution at fuel 
injection parallel to the combustion chamber axis. As 
illustrated the maximum of the vorticity occurs in the 
methane inlet because of the high mixing of the fuel and 
oxidizer.  
 
4. Conclusions 
Burning behaviors of non-premixed methane-air flame are 
studied for different fuel injection angles. As shown the 
fuel injection angle is an efficiency parameter to control the 
fluid flow and combustion characteristics through the 
combustion chamber. 
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