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Abstract. Turbulent auto-igniting diffusion ϐlames are common in combustion 
systems, where the mixing of the fuel jet with the outer oxidant ϐlow is the 
fundamental mechanism for the ϐlame ignition and development. The paper 
presents a critical analysis on the Reynolds-Averaged-Navier-Stokes (RANS) 
simulation of a methane-air ϐlame, done with a two equations turbulence model, 
in comparison with detailed experimental data. In the ϐirst part, the non-reactive 
jet is simulated with the standard 𝑘 − 𝜀 model and a modiϐied version, obtained 
with motivated changes of the 𝐶ఓ and 𝜎௞ constants. In the second part the reactive 
jet is simulated, introducing a consistent modiϐication of the 𝐶ఊ constant, in the 
eddy dissipation concept (EDC) model. The comparison with experimental data 
conϐirms the validity of the proposed model and highlights the effect of the proper 
turbulent jet development on the mechanisms of the diffusive ϐlame ignition and 
propagation.  

1. Introduction  

Turbulent auto-igniting diffusion ϐlames are used in many industrial applications (e.g. 
furnaces [1]). These ϐlames result from the interaction of a turbulent fuel jet with an oxidant at 
high temperature, leading to spontaneous ignition and ϐlame propagation [2]. Within this context, 
the simulations accuracy is strongly dependent on the behaviour of the adopted models for 
turbulent mixing and turbulence-chemistry interaction which, if not carefully validated, can lead 
to high interacting errors, difϐicult to be distinguished. 

During last years, much work has been dedicated to the RANS simulations of Jets in hot 
Coϐlow (JHC), focussing on Moderate or Intense Low Oxygen Dilution (MILD) conditions.  

The Adelaide JHC [3] has been studied by Christo and Dally [4], Amiminian et al. [5], Parente 
et al.[6], Li et al. [7], while the Delft JHC [8] has been analysed by Oldenhof et al. [9], Lewandowski 
and Ertesvag [10, 11], Labahn et al. [12]. These works, being part of a wider bibliography on the 
subject, performed an extensive investigation on the inϐluence of the kinetic mechanism, the 
turbulence-chemistry interaction model and the turbulence model. Despite these efforts, the key 
aspect of properly modelling the initial region of the turbulent jet development seems to be left 
open. The experimental work of Cabra et al. [13,14,15], together with the complementary studies 
of Masri et al. [16] and Gordon et al. [17] provide measurements of species, temperature and 
velocity, suitable for a clarifying validation study. RANS simulations of the Cabra hydrogen ϐlame 
have been done by Cabra et al. [14], Masri et al. [18], Cao et al. [19],  Gkagkas and Lindstedt [20], 
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Benin and Pfeiffelman [21], while the methane-air ϐlame has been studied  by Cabra et al. [15] and 
Gkagkas and Lindstedt [22].   

In the present work, RANS simulations of the Cabra methane-air case, are carried out. The 
results obtained with the standard 𝑘 − 𝜀 model, on the non-reactive jet, are critically analysed and 
a modiϐied version is proposed, with physically motivated changes of the 𝐶ఓ and 𝜎௞  constants. 
The modiϐied model is satisfactorily tested on the reactive jet, introducing a consistent change in 
the EDC model. The results can be used to improve the reliability of RANS simulation for industrial 
applications, providing also a general information for further developments in the simulation of 
turbulent jets. 

2. The burner 

The Cabra burner (Figure 1) consists of a central fuel jet nozzle with an inner diameter of 4.57 
mm (o.d. 6.35 mm), surrounded by a coaxial ϐlow of hot combustion products (vitiated coϐlow), 
issuing from a perforated plate of 210 mm diameter. Gordon et al. [17] used a replica of the Cabra 
burner with a central nozzle of 4.45 mm inner diameter and a perforated plate of 190 mm. 

 
 

 
 
 
 
 
 

 

 

Figure 1. Schematic diagram of the Cabra burner [13]. 
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3 Numerical Model  

The simulations are performed using the Finite Volume Method code Ansys Fluent 17.1 [23], 
with the pressure-based solver and the Coupled solution method for the pressure-velocity 
coupling.  The advection terms are discretized with the second order upwind scheme.  The 
chemical kinetic mechanism DRM19 [24] is used, with 19 species and 84 reversible reactions. 
The Fluent Stiff Chemistry Solver is employed with an Absolute Error Tolerance of 1∙10ି଼ and a 
Relative Error Tolerance of 1∙10ିଽ. The ISAT method is used with the error tolerance set to 
0.001, after checking the accuracy with the tolerance reduced by two orders of magnitude. 
The ϐluid mixture is treated as incompressible ideal gas, with the thermodynamic and transport 
properties of each species calculated from the GRIMECH 1.2 dataset [25]. The mixture speciϐic 
heat, molecular viscosity and thermal conductivity are calculated with the mixing law, while the 
mass diffusivity is obtained with the kinetic theory. Heat transfer due to radiation is calculated 
using the P1 model, with the weighted-sum-of-gray-gases model for the absorption coefϐicient.  

The solution convergence is evaluated with the residuals (below 10ିହ for all the equations) 
and with monitor points of relevant variables (i.e. temperature, velocity and O2 mole fraction) 
along the jet axis.  

3.1 Turbulence modelling 
 The two equations k-ε turbulence model is used [26], with the following form : 
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The standard values of 𝜎௞ and 𝜎ఌ are 1 and 1.3 respectively, based on two-dimensional 

shear ϐlows results. 𝐶ఌଶ is 1.92, evaluated from the decay of isotropic turbulence, 𝐶ఌଵis 1.44 and 
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Experimental and numerical works, taking into account contained uncertainties and ϐlow setup 
dependency, provide the following reference values :  

It is well known and widely documented the diffusion excess produced on a turbulent round jet 
by the standard 𝑘 − 𝜀, which is usually tackled acting on the turbulent dissipation levels. This is 
mainly done by modifying the production and destruction terms in the dissipation rate equation 
[33, 34], tailored on the basis of data related to self-preserving jet region. 

This work analyses the inϐluence of the  𝐶ఓ constant, particularly in the initial region  (i.e. jet 
ϐlow establishment zone) whose behaviour is brieϐly described. Where the turbulent boundary 
layer leaves the pipe walls, the shear intensity is high and, relating to Table 1,  𝐶ఓ can be as low 
as 0.01. The velocity gradient is then reduced by the shear stress action, leading to a medium 
shear intensity region, with a corresponding  𝐶ఓ value below 0.09. These ϐlow features are 
emphasized by the density difference between the jet and the coϐlow [35, 36]. Based on these 
arguments, a compromise value of 0.03 is used for 𝐶ఓ in the modiϐied 𝑘 − 𝜀 model, and a  𝜎௞  
value 0.75 is set to avoid an excessive reduction of turbulent diffusion (Eqs. (2) and (3)). This 𝐶ఓ 
modiϐied value aims to simulate accurately the initial zone, considering that, though being too 
low for the self-similarity zone of a non-reactive jet, it allows the necessary accuracy when the 
ϐlow is dominated by ϐlame-induced velocity gradients. In the following, the standard 𝑘 − 𝜀 
model is referred to as STD, and the modiϐied version as MOD. 

3.2 Turbulence/chemistry interaction 
The EDC [37] model is employed to represent the interaction between turbulence and 

chemical reactions which are assumed to occur inside the small turbulence structures. The 
volume fraction of the ϐine scales and the reaction time scale are modelled respectively using the 
length scale 𝛾∗ and the mean residence time  𝜏∗:  

𝛾∗ = 𝐶ఊ ቀ
𝜈𝜀

𝑘ଶ
ቁ

ଵ
ସൗ

 (6) 𝜏∗ = 𝐶ఛ ቀ
ఔ

ఌ
ቁ

ଵ
ଶൗ
  (7) 

 
 
 

Table 1. 𝐶ఓ in different ϐlow regimes 

Shear intensity Example 𝑆∗ 𝑏ଵଶ 𝐶ఓ 𝑃௞
𝜀ൗ  Reference  

Low-medium Log-law region of 
fully developed 

boundary layer (BL) 

~3 ~0.15 ~0.1 1 [28,29] 

Medium  
 

Log-law region in flat 
plate BL 

≥  5 ~0.16 ~0.05 1 <
𝑃௞

𝜀ൗ < 2 [30,31] 

High  Overlap region in BL  ≥  10 ~0.1 ~0.01 ≥ 2 [32] 
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The mean reaction rate, providing the source-term in the conservation equation for the 
mean species i , is deϐined as: 
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(𝑌௜

∗ − 𝑌௜) 

 
where  𝑌௜  is the mean mass fraction of the species i between the ϐine structure and the 
surrounding ϐluid and 𝑌௜

∗ is the ϐine-scale species mass fraction after reacting over the time 𝜏∗. 
𝑌௜

∗ is computed, in the Fluent implementation [23], by integration of a Plug ϐlow Reactor (PFR) 
using the instantaneous formation rate provided by the kinetic mechanism.   
The EDC model constants are deϐined by the following relations : 
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The EDC values of  𝐶஽ଵ and 𝐶஽ଶ are 0.135 and 0.5 respectively [37, 38]. 
The  𝐶஽ଵ value is related to the turbulent viscosity :  

𝜈௧ =
2

3
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As discussed by Estersvag et al. [37], a change in the turbulence model constants must be 
accompanied by consistent modiϐications of the EDC model constants 𝐶ఊ and 𝐶ఛ. 
Based on Eqs. (9) and (11), a reduction of 𝐶ఓ has to be followed by a proper variation of 𝐶ఊ, as 
analysed in the subsection 4.2.1.  

3.3 Computational domain and mesh sensitivity 
Figure 2a shows the simulated domain, consisting of an axisymmetric 2D geometry, with the 
inlet boundary conditions (velocity-inlet) indicated in blue and the outlet conditions in red 
(pressure-outlet), with a focus on the jet exit zone in Figure 2b. 

 

 
 

 
(8) 

(11) 

 

(a)                                                                      (b) 
 

 Figure 2. Computational domain: (a) complete domain, (b) Jet focus 
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The fuel jet boundary conditions (i.e. velocity, turbulence kinetic energy and dissipation 
proϐiles) are obtained from an axisymmetric simulation of a fully developed boundary layer in a 
pipe , validated against DNS data [39]. The simulation is carried out on a 1 m axisymmetric pipe, 
with a y+ of about 30 for the ϐirst cell near the wall. This approach has two advantages: one is to 
avoid the approximation resulting from using data not measured at the exact jet exit location and 
not including the TKE dissipation, the second is the possibility to modify the turbulence model 
constants without compromising the jet exit proϐile. For the sake of compactness, the results of 
the pipe simulation are not shown here. All the boundary conditions are summarised in Table 2.  

 

For the burner model, a structured mesh is used with a reϐinement in the exit area of the pipe 
and along the axis of the fuel jet.  In order to assess the mesh independency, simulations are done 
with 3 meshes having respectively 11000, 30000 and 60000 nodes.  

Results of mesh sensitivity study are shown in Figure 3, where the non-dimensional velocity 
on the jet axis and the distribution along the section at 15 diameters away from the jet exit are 
shown (𝑈 is the velocity magnitude and 𝑈௝  the average jet velocity). The mesh with 30000 nodes, 
(460 nodes along the symmetry axis, 15 nodes on the fuel inlet, 60 nodes on the coϐlow and 30 
nodes on the external ϐlow) is used in the following.  

Table 2. Boundary conditions 

Name Type Velocity [m/s] Temperature [K]  Pressure [Pa] Species (mole 
fractions), 

sum up to 1 
with N2  

CH4/Air jet Velocity-inlet 2D simulation 
profile 

320 - CH4=0.33, 
O2=0.15, 

H2O=0.0029 

H2/Air coflow 
 

Velocity-inlet 5.3 1420 - O2=0.12, 
H2O=0.15 

Outlet Pressure-outlet - 300 101325 O2=0.21 

Ambient air  Velocity-inlet 0.5 300 - O2=0.21 

 

 

(a) (b) 
 

            Figure 3. Mesh sensitivity study: (a) axial decay of velocity, (b) velocity distribution at ϐifteen diameters. 
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4 Simulation analysis 

The simulation campaign is divided into two parts: the ϐirst series is dedicated to the simulation 
of the non-reactive ϐlow, to assess the turbulence model ability to reproduce the main ϐlow 
features, while in the second series the reactive jet is simulated. 

4.1 Non-reactive jet 
In this section the simulated velocity and shear stress distributions, taken at different axial 
positions, are compared with the corresponding measurements [17]. The results are shown in 
Figures 4 and 5 in dimensionless terms, using the average jet velocity as reference.  
With the 𝑘 − 𝜀 STD, the velocity spreading rate is clearly overestimated, while with the 𝑘 − 𝜀  
MOD there is a reasonable agreement with the experimental data. This behaviour can be 
understood, in the light of the above subsection 3.1, analysing the evolution of the shear stress 
distribution (Fig. 5a) and of the TKE production (Fig. 6a). In Fig. 5a the 𝑘 − 𝜀 STD 𝐶ఓ value gives 
a high narrow peak of the shear stress (not resolved by measurements) which, in turn, is 
responsible for a strong local TKE production (Fig. 6a).  As a consequence, an excess of turbulent 
diffusion is produced which, at the downstream locations, leads to shear stress proϐiles greatly 
overestimated and shifted. This behaviour is still evident at 40 diameters, where, for the reactive 
case, the ϐlame evolution is expected to be signiϐicantly impacted.  
With the 𝑘 − 𝜀 MOD, the initial peaks of the shear stress (Fig. 5b) and of the consequent TKE 
production (Fig. 6b) are mitigated, leading to a much better agreement with the experimental 
data. Consequently, it can be inferred that the 𝑘 − 𝜀 𝑀𝑂𝐷 provides a good basis on which the 
ϐlame structure can be modeled with higher coherence. 

 

(a) (b) 
 

 Figure 4. Dimensionless velocity proϐiles: (a) 𝑘 − 𝜀 STD, 𝑘 − 𝜀 MOD 

 

(a) (b) 
 

 Figure 5. Dimensionless Reynolds tangential stress proϐiles: (a) 𝑘 − 𝜀 STD, (b) 𝑘 − 𝜀 MOD 
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4.2 Reactive jet  
The following set of simulations involves the use of the chemical kinetic mechanism DRM19 and 
the EDC turbulence chemistry interaction model. Notably, the experimental data pertaining to 
the reactive ϐlow are available up to 70 diameters from the fuel exit, thus enabling a 
comprehensive analysis of the ϐlow and ϐlame structure and their respective responses to the 
turbulence model. 

 
Results of the reactive jet with the STD and the MOD version of 𝑘 − 𝜀 are shown in Figures 7 

and 8, regarding the temperature and CO2 mass fraction proϐiles. With the 𝑘 − 𝜀 STD an early 
ϐlame ignition is produced, shown by temperature and CO2 mass fraction peaks at 30 diameters. 
Then, a too large ϐlame radial development is evident. As expected, the 𝑘 − 𝜀 MOD with the 
default EDC constants leads to a late ignition, due to a lower reaction rate.  

 

(a) (b) 
 

 Figure 7. Temperature proϐiles in reactive jet: (a) 𝑘 − 𝜀  STD, (b) 𝑘 − 𝜀 MOD.  

 

(a) (b) 
 

 Figure 6. Turbulence kinetic energy production contours: (a) 𝑘 − 𝜀 STD, (b) 𝑘 − 𝜀 MOD 
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4.2.1 Simulations with modiϔied EDC 
In this section, we show the results obtained with the EDC model, modiϐied following the 
analysis of the subsection 3.2. Strictly applying Eqs. (9) and (11), a 𝐶ఓ value of 0.03 implies a 𝐶ఊ 
value of 3.69, signiϐicantly higher than the default value of 2.1377 [37,38]. 

Since the 𝐶ఓ reduction affects in a complex way the 𝑘 and 𝜀 distributions, entering the ϐine 
turbulent length scale in Eq. (6), a better 𝐶ఊ value can be obtained from a sensitivity analysis, 
based on simulation results. For this purpose, simulations are carried out with 𝐶ఊ values of 3.69, 
3, 2.5 and 2.3, giving respectively an ignition point located at 15 (for the ϐirst two 𝐶ఊvalues), 40 
and 50 diameters away from the jet exit. The detailed results obtained with 𝐶ఊ 3.69 (𝑘 − 𝜀 
MODA) and 2.3 (𝑘 − 𝜀 MODB) are presented in Figures 9 and 10.  
In Figures 9a and 10a, the temperature and CO2 proϐiles, for 𝑘 − 𝜀 MODA, show an early ϐlame 
ignition point and consequent ϐlame development. The 𝑘 − 𝜀 MODB (Fig. 9b and 10b), with a 𝐶ఊ 
value slightly higher than the default, shows an ignition point and a ϐlame development more 
consistent with the experiment, at around 50 diameters from the jet exit.  

 

(a)         (b) 

 Figure 9. Temperature proϐiles of modiϐied EDC models: (a) 𝑘 − 𝜀 MODA, (b) 𝑘 − 𝜀 MODB. 

 

(a) (b) 
 

 Figure 8. CO2 Mass fraction proϐiles:  (a) 𝑘 − 𝜀 STD, (b) 𝑘 − 𝜀 MOD. 
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5. Conclusions 

This study analyses the performance of RANS simulations for a turbulent fuel jet development, 
and its impact on a auto-igniting methane-air ϐlame.  

The results obtained using a two-equation turbulence model are compared with 
experimental data to validate and improve the model accuracy. 

The standard 𝑘 − 𝜀 model with 𝐶ఓ equal to 0.09 shows a signiϐicant over-diffusion in the 
non-reactive jet simulations, which has the root cause in the overprediction of the shear stress 
in the initial region. 

The proposed modiϐied 𝑘 − 𝜀 with  𝐶ఓ 0.03 and 𝜎௞ 0.75 reduces these effects, resulting in 
more accurate velocity and turbulence ϐields. 

In the reactive jet simulations, the standard 𝑘 − 𝜀 causes early ignition and incorrect ϐlame 
development. The modiϐied 𝑘 − 𝜀 model with the default EDC shows an expected late ignition 
due to a reduction of the reaction rate.  

 Based on a sensitivity study, a consistent modiϐication of the EDC model constant 𝐶ఊ to 2.3, 
allows to achieve more accurate ϐlame ignition and development prediction. 

The results address the importance of properly modelling the jet ϐlow establishment region, 
in order to obtain an accurate prediction of auto-igniting diffusion ϐlames and turbulent jet ϐlows 
in general. 
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 Figure 10. CO2 Mass fraction proϐiles: (a) 𝑘 − 𝜀 MODA, (b) 𝑘 − 𝜀 MODB. 
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