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Combustion instabilities of swirl combustion, with axial and radial air injection schemes, 
are subject of investigation in the present research. The computational studies are 
performed using the large-eddy simulation approach. The computational studies are 
performed for a Reynolds number 5107.5 eR .  The analysis reveals that the radial air 
injection scheme enhance the turbulent mixing and thus, the efficiency of the combustion 
process. Thus, higher temperature values were observed for the case of radial air injection 
versus axial air injection scheme. The study also revealed that the radial air injection scheme 
reduces the 2CO  

 

I. Introduction 
 
In gas turbine engines, the swirl combustors are commonly used. In swirl combustors, the flame stabilization is 
achieved with the central recirculation region generated by the flow interaction between swirler and fuel injection. 
The central recirculation region of the combustor has significant influence on the thermal efficiency because the 
flow characteristics of the central recirculation region would affect the flame propagation and air/fuel mixing rate. 
Enhancing the mixing rate is the major objective to provide a robust combustion and various factors, such as swirl 
intensity, swirler geometry, injection scheme, etc., could have dominant effects on the combustion efficiency. 
Different injection schemes, like radial injection and axial injection, are extensively studied in the past years. 
However, the combustion instability is now well understood. Moreover, the assessment of the temperature field, 
experimentally, inside the combustor is a challenging task.  
Therefore, numerical simulations are an alternative way to provide insight into the flow and combustion physics and 
thermodynamics. In the past decades, many experimental and computational studies, of backward facing step, have 
been performed. However, the combustion studies of backward facing step are still limited.  Majority of the fluid 
dynamics studies employed the Reynolds averaged Navier-Strokes (RANS) simulation with various turbulence 
models.  However, for highly turbulent and transient flows, the use of RANS poses significant challenges. RANS 
simulations are generally dissipative to capture weak pressure fluctuations and high-frequency tones. Accurate 
simulation of the radiated acoustic waves together with the unsteady turbulent shear-layer is needed to capture small 
amplitude of the acoustic field and their propagations over a long distance with little attenuation of numerical 
dissipation. Recently, large-eddy simulation (LES), detached-eddy simulation (DES), and RANS/LES hybrid 
methods were performed for supersonic cavities simulation with low-dispersive and low-dissipative numerical 
schemes. 12 Other studies employed the LES with a fourth-order compact difference scheme to investigate the 
efficiency and mechanism of the active noise suppression with pulsed mass injections. 
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Relatively recent work employed the DES for the computation of unsteady three-dimensional turbulent supersonic 
open cavity flow and results revealed the flow features of supersonic cavity flow, including the vortex shedding, 
shock waves, and coupling of the acoustic and vorticity fields.  
Previous studies used the hybrid RANS/LES approach to study the control mechanism and dynamic loading of 
cavity tones using a rod spoiler as a device of passive actuation. Other studies employed RANS/LES with a fifth-
order weighed essentially non-oscillation (WENO) scheme to investigate the two-dimensional supersonic cavity 
flows and the effects of inflow conditions and geometry structures on self-sustained oscillation characteristics.  
In spite of these extensive studies, the generation mechanism of cavity tones in supersonic cavity flow is still not 
well understood. A detailed discussion of each component of compression wave is important to clarify the 
mechanism of cavity tones and to suppress cavity tones. 
The aim of the present study is to provide a better understanding of the combustion instabilities, in backward facing 
step cavities.  
 
 

II. Governing equations and numerical method  
 

 
The main idea of LES is to separate the flow variable in two components, namely the mean )(xf or large scales 

and fluctuating component  xf '  or small scales. In LES, the large scales of the flow are completely resolved while 
the small scales are completely modeled using a sub-grid scale model. The governing equations of LES are the so-
called filtered Navier-Stokes equations, which are a result of spatial averaging. The filtered Navier-Stokes equations 
are: 
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where t is the time, p is the pressure,  the density,  kinematic viscosity, iS a source term and ij  the subgrid 
scale (SGS) tensor expressed as: 

                                                              jijiij uuuu                                                                            

 

(3) 
An eddy viscosity model is used to model the SGS tensor which is then expressed as: 

                                                           ijijkkij S 2
3
1
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(4) 

where ijS is the strain rate based on the filtered velocity iu  and   the eddy viscosity. 
In the present work we employ the dynamic Smagorinsky sub-grid scale (SGS) model. The model is presented 
briefly in the following. In LES, the SGS model represents the effect of small scale (smaller than the grid size  ) 
flow structures on the large ones (which are resolved). The large scale flow structures are obtained through a 
filtering process of the velocity and scalar fields at the grid scale such that 

                                                   ''' )()()(~ dxxxFxuxu                                                               

 

(5) 

where u~ is the filtered velocity and F is the filter function at scale  . 
In 1991 Germano et al., [9], proposed the so-called dynamic Smagorinsky model. In this model the selected features 
of the resolved scales of the flow field are dynamically analyzed during the simulation, to determine the unknown 
model coefficient instead of using some predefined values. One fundamental characteristic of the dynamic 
Smagorinsky SGS model is that the resolved scales can represent much better the flow dynamics phenomena such as 
stratification, coherent structures and complex flow interactions compared with other turbulence models. The 
dynamic Smagorinsky SGS model is based on the Germano identity given by: 

                                                     ijijjijiij TuuuuL  ~~~~                                                                     (6) 
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where ijL is the resolved stress tensor and ijT is the subgrid stress tensor, at the test filter scale. For more details in 
the dynamic Smagorinsky SGS the reader is referred to Germano et. al [9]. 
The improved delayed detached-eddy simulation (IDDES), as the name suggests, it is an improvement of the 
delayed detached eddy simulation (DDES). The improvements of the IDDES arise from the fact that addresses 
favorably some of the drawbacks of the original DDES model. This is achieved by introducing a log-layer mismatch 
model as well a model that minimizes the effect of the separation induced by the grid. For more details on the 
development of DES models, the reader may refer to [5].  The model employed the present work is based on the 
SST-IDDES model proposed by Shur et. al [23]. This model offers the advantage that it is straightforward to 
implement, and it is explained in the following. The equation of the turbulence kinetic energy (TKE), for RANS, is 
given by: 
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where k is the TKE that is modeled. The main idea of IDDES is that the length scale of RANS )( RANSL is replaced 

by the length scale of IDDES )( IDDESL . Thus,  

    LESdRANSedIDDES LfLffL ~11~
                                                 (8) 

where 
)/(   kLRANS                                                         (9) 

In equation (9),  is a constant in SST model 09.0  and   is the specific turbulence dissipation rate. The 

length scale for LES )( LESL  is given by equation (10) 

                                                   DESLES CL                                                        (10) 

In SST-IDDES DESC  is the blending of the k  and k . DESC  is a constant calibrated by the decay of 

homogeneous isotropic turbulence, and thus 61.0, kDESC 78.0, kDESC .  In equation (10)  represents the 
grid scale, and it is defined as 

  maxminmax ,,maxmin  dCC ww                                    (11) 

where 15.0wC and d  is the distance from the cell center to the nearest wall. The minimum and maximum grid 
scales are defined as  

 zyx  ,,minmin                                                      (12) 

 zyx  ,,maxmax                                                     (13) 

The function df~ in equation (8) is defined as 

  Bdtd fff ,1max~
                                                         (14) 

where Bf is a function of geometry, while  dtf1 is a function of flow physics.  From equation (8) it can be seen 

that when 0ef  

  LESdRANSdIDDES LfLfL ~1~
                                               (15) 

while, when 0ef and Bd ff 
~

 

    LESBRANSeBIDDES LfLffL  11                                    (16) 
For more details on the reader is referred to [23]. 
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III. Computational model  
 

Computational studies of combustion phenomena, in swirl combustor, are performed to study the effect air mass 
injection scheme on the combustion instabilities.  The computational domain consists of 4.8 million grid points. For 
all of the computations in this paper, a dimensionless time step ctUt / = 5x10-5 is chosen, where U∞ is the 
free- stream velocity.  The time-step is determined with respect to the explicit time-marching scheme and temporal 
resolution requirement of LES (CFL   1).  In the present investigations a value of Courant–Friedrichs–Lewy (CFL) 
number of 0.9 was chosen.   
   

 

 
a. Iso-view b. Cross-section view 

Figure 1. Computational domain of swirl combustor 
 
 
 

IV.   Results and Discussion 
 
 

Figure 2 presents the comparison of the time-dependent velocity field from LES computations, for the two types of 
swirl combustors. Thus, Figure 2a presents the velocity field for swirl combustor with axial flow injection. Figure 2 
presents the velocity field for swirl combustor with radial flow injection. The analysis of the velocity field for the 
two swirl combustors reveals that the radial air mass injection improves the turbulent mixing which is desired for 
increased efficiency of the combustion process. An important observation is the axial air mass flow injection causes 
a more confined velocity distribution. This is well-illustrated by the comparison of the velocity fields, at instant 
t=0.08s. The analysis that, in the case of radial air mass flow injection, there is a larger recirculation region inside 
the combustor. 
It is expected that the turbulent mixing, inside the combustor chamber, would enhance the combustion efficiency 
which may be assessed by the temperature values. Thus, Figure 3 presents the time-varying temperature variation 
inside the combustor. The analysis of the temperature shows that the temperature is higher in the case of radial air 
mass injection, reaching a maximum value of 2,000[K].  
. It is worth to notice that the radial air mass flow injection reduces the combustion instabilities, and this is 
illustrated by the less fluctuations of the temperature field. The analysis of the temperature field reveals that there 
are high fluctuations of the temperature, due to the interaction between and turbulence and combustion.  
 
The analysis of the turbulence kinetic energy (TKE) shows that there is a significant increase of the turbulence 
kinetic energy for the case when the air injected radially. The turbulence kinetic energy is a god indicator of the 
turbulent mixing, as well the interaction between the turbulence and combustion. The high turbulent mixing, in the 
combustor with radial air injection, ensures a better combustion efficiency and therefore, less 2CO . The 
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comparison of the 2CO , for the two air injection schemes, shows that the swirl combustor with radial air mass 

injection performs better in term of 2CO products. 
 
 
 

                
 

 

 

 

 

  

 

  

 

  

 

  
 a. Axial b. Radial 

                                                      Figure 2. Time-dependent velocity 
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 a. Axial b. Radial 

                                                          Figure 3. Time-dependent temperature  
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 a. Axial b. Radial 
 

                                                            Figure 4. Time-variation of TKE 
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 a. Axial b. Radial 

 
                                                            Figure 5. Time-variation of 4CH   
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 a. Axial b. Radial 

 

                                                 Figure 6. Time-variation of 2CO  
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V. Conclusions 
 
Combustion efficiency and instabilities are studied for swirl combustor, with two different schemes of air injection, 
namely axial and radial schemes, respectively. The analysis shows that radial air injection schemes performs better 
than the axial air mass injection scheme, for the case of swirl combustor. The radial air injection scheme is 
associated with higher turbulent mixing and thus, higher combustion efficiency. Therefore, higher overall 
temperature and less 2CO values are observed for the case of radial air injection scheme.  
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