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The current study examines the effect of chemical reaction mechanisms on prediction of thermal and dynamic fields in the combustion process. 
The computational domain is a confined combustor that is equipped with a coaxial swirling burner and radial fuel injection. The general aim 
is to enhance the numerical prediction of the swirling diffusion flames. Turbulence chemistry interaction is modulated by the RSM turbulence 
model, eddy dissipation, and PDF combustion models. The three-dimensional simulations are performed by a CFD tool and discredited by the 
finite volume method. The numerical results validated with experimental data indicate that the PDF model gives a more accurate prediction of 
maximum flame temperatures with a relative error of 1.07% versus 4.07% for the eddy dissipation model. These results demonstrate the ability 
of the RSM-PDF combination to resolve velocity, temperature, and species distributions and, hence, to contribute to more accurate combustion 
modeling for other industrial applications. 
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1. Introduction

In modern technology, non-premixed turbulent combustion 
is crucial in industrial furnaces, gas turbines, diesel engines, 
and burners [1]. In such kind of combustion two fluids are 
injected separately into the combustion chamber. The chem-
ical reaction takes place only at the interface, where they mix 
by molecular and turbulent diffusion. Diffusion flames have 
gained the interest of researchers to optimize the combustion 
process to address the current challenges in energy and envi-
ronment. Improvement of the combustion process can make 
the operation more stable and reliable, and it can increase the 
power output and reduce fuel consumption [2]. This diffusion 
flame is significant because it directly improves energy effi-
ciency and reduces polluting emissions. The Kyoto Protocols 
have increased the need to control the production of delete-
rious gases, especially pollutant emissions (carbon monoxide, 

nitrogen oxides and sulfur oxides) to protect the environment 
[3–5]. Numerical simulation tools are now an indispensable 
tool for reducing the cost and duration of studies, offering a 
reliable way to study complex combustion processes [6, 7]. The 
prediction of dynamic and thermal fields by means of CFD 
tools has been analyzed by several authors [8–12]. Frassoldati 
et al. [12] modeled a confined highly swirling non-premixed 
natural gas flame using Fluent 6.0, complying with Schmittel 
et al. [13]. Beck et al. [14] studied detailed chemical kinetics, 
especially the production of the CH radical, to determine re-
action zones and the formation of the pollutant species NO. 
The PDF methods have made considerable progress since the 
1980s and provide a suitable approach to modeling turbulent 
combustion [15,16]. These approaches lead to an improved 
performance as compared to simple conserved scalar formula-
tions for the treatment of nonlinear source terms in combus-
tion [17]. Repp et al. [18] studied the numerical prediction of 
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thermal and dynamic fields of confined methane swirling diffusion 
flame. The coupling of turbulence with chemistry was handled by 
two probability density function (PDF) methods (Monte Carlo 
composition and the assumed β function) together with simple 
chemical reaction schemes and second-order turbulence models. 
The authors proved the efficiency of the Monte Carlo PDF method 
connecting turbulence with chemical reactions. Khelil et al. [19] 
achieved 3D numerical prediction study of a swirling diffusion 
flame. The computational domain is gas turbine combustor. The 
flow and complex interactions between turbulence and chemistry 
have been studied using the RSM model, PDF, and laminar flamelet 
models. These calculations allowed the reproduction of thermal be-
havior and the evolution of concentrations of chemical species as a 
function of different variables. Finally, the study validates the com-
bination of these models (RSM, PDF and flamelet) for an accurate 
description of the dynamic and thermochemical fields. Zhou et al. 
[20] used the standard k-ε turbulence model with Rodi’s correction 
to simulate turbulent non-premixed hydrogen-air flames. They used 
the CHEMKIN-II code to calculate detailed chemical kinetics for 
the turbulence chemistry interaction. They found that numerical 
results are very sensitive to turbulent diffusion coefficients used in 
chemical species and energy equations. Khelil et al. [21] numerically 
investigated a confined natural gas diffusion flame. The flow is high-
ly turbulent. The authors combined the RSM turbulence model with 
the PDF method with the β function (chemically balanced reaction 
scheme of 9 species and 8 reactions). This was done to model the 
complex combustion process. The direct comparison with experi-
mental data allowed to quantify polluting emissions and to analyze 
the effect of different parameters on combustion. The RSM and K-ε 
turbulence models align well with experimental data, as demon-
strated by German et al. [22]. However, the RSM model was better 
in predicting some flow and flame characteristics. Boushaki et al. 
[23, 24] and Merlo et al. [25, 26] examined the  enriching oxygen 
in   the swirling diffusion flames of methane-air.  An experimental 
and numerical study by Mansouri and Boushaki [27] examined a 
turbulent, isothermal, reactive CH4/air flame with a global equiv-
alency ratio (ϕ) of 0.8 and high swirl number (Sn = 1.4). The study 
was related to the flow behavior by using RANS (Reynolds-Aver-
aged Navier-Stokes) equations and the DDES (Delayed Detached 
Eddy Simulation) model [28, 29]. Three-component volumetric 
velocimetry (V3V) was utilized for experimental measurements 
in a coaxial swirling burner. The present results on the flow field 
exhibit strong concordance with the stereo-PIV measurements 
performed earlier [30–33]. Recently industrial burner designs have 
been directed towards aerodynamic improvements for better com-
bustion systems. Techniques of geometric flame stabilization have 
been employed to intensification gas residence time of gas by taking 
advantage of wake effects or swirling reactive flows, such techniques 
as bluff-body burners [34-37] and swirl burners [38-45]. Mahmood 
and Saleh [46–48] in several experimental studies on premixed 
flames in swirl burners showed that the simultaneous optimization 
of several parameters leads to a significant improvement in flame 
stability. The parameters studied are the swirl number (S), the bluff-
body geometry and the composition of the liquefied petroleum 

gas (LPG). These results emphasize the importance of a systemic 
approach, integrating aerodynamic parameters and fuel chemical 
properties, for the advancement of more robust combustion sys-
tems. Eldrainy et al. [49] numerically simulated the dynamic flow 
in a novel burner for the gas turbine combustion chamber. They 
confirmed the idea of variable swirl numbers at constant mass flow 
rates. Gang et al. [50] Compared a novel design of lobed injector 
with a standard swirl burner. They determined that the new injector 
was better at stabilizing the flames, reducing the flame volume and 
shifting the main flame front downstream. The accurate prediction 
of the complex turbulence chemistry interaction and heat release 
in highly turbulent diffusion flames remains a significant difficulty, 
despite the advances in turbulent combustion research. Most studies 
so far have been limited to low-turbulence flows or have ignored 
the complexity by using simplified models. In doing this they of-
ten ignore the contribution using advanced turbulence models like 
(RSM) models together with detailed combustion schemes. More-
over, there are few studies comparing the combustion models, for 
example the eddy dissipation model, with the PDF approach for the 
confined and high-intensity natural gas burners. This study fills this 
gap by evaluating the predictive performance of these two combus-
tion models in combination with RSM models against experimental 
data, providing new insights into temperature distribution, species 
concentration and recirculation dynamics. The results contribute to 
the improvement of the reliability of the model for industrial furnace 
and boiler applications, where flame stability and energy efficiency 
are critical. Reactive turbulent flows in a restricted rapidly whirling 
natural gas diffusion flame are studied in this work. With a 25-kW 
combustion chamber, simulations and analysis are done. This paper 
examines how reaction processes affect numerical estimates of flow 
parameters, temperature, and chemical species concentrations. To 
achieve the precision of the numerical model, the 3D simulations 
were rigorously validated against experimental data, comparing the 
combustion models the (EDM and PDF), coupled with turbulence 
model (RSM). This work relates to industrial furnaces and boilers. 
The work suggests possible improvements to combustion models for 
energy efficiency and flame stability in industrial applications.

2. Problem description and mathematical modelling

The CFD has become a tool of indispensable, providing a predictive 
insight, as well as an economic way to optimize the design of com-
bustion systems. This study reports on a 3D modeling of a confined 
swirling turbulent flow configuration (25 kW power), whose experi-
mental configuration was analyzed in previous work [23, 25 and 27]. 
The experimental setup consists of a coaxial burner featuring swirl-
ing radial injection, designed for realistic operating circumstances. 
[25]. The associated experimental data provides a strong basis for 
validation of numerical models, and thus, enhances the credibility 
of numerical simulations in combustion process. [27].
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2.1. Burner and combustion chamber

The configuration chosen is a coaxial swirl burner, previously used 
in the experimental works of Olivani et al. [51] and Merlo et al. [25, 
26]. The burner consists of two coaxial tubes (Figure 1a). The ox-
idizer (air) flowing in the annular passage at the position h = −60 
mm upstream of the outlet generates a swirl generator in the annular 
passage and thus a rotational flow. The annular section has an out-
er diameter of 38 mm. The middle tube has an outer diameter of 
15 mm and an inner diameter of 12 mm and carries the methane 
to the injector head at its end (Figure 1b). The injector head has 
eight radial holes, equally distributed, with diameter 3 mm and 1 
mm before the burner exit plane (see Figure 1b). The holes in the 
tube periphery to optimize the fuel-oxidant mixture and to improve 
the combustion efficiency. Figure 1c shows 3D view of the swirled 
burner. It is equipped with eight guide vans inclined at. The thickest 
guide vans have been reduced to 1mm to minimize the blocking 
effect on the flow.

Figure 1. Coaxial swirl burner configuration [24, 25, 27] (a), 2D 
view of burner dimensions (b) and 3D view of the swirled burner 
(c)

The rotational intensity, a key parameter for controlling swirling 
flows, is typically expressed using the swirl number, denoted as Sn. A 
higher Sn value implies a greater rotational intensity of the flow. The 
swirl number relates the tangential momentum fluxes Gθ and axial 
momentum fluxes Gx, according to the following formula [25]:
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where R is an equivalent radius.

The geometric swirl number (Sn) corresponding to this swirler con-
figuration permitted to generate swirl intensity defined as follows 
[25]:
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Where:

α0 is the blade angle and ψ is the blockage factor. R and Rh corre-
spond to both nozzle and vane pack hub radii respectively [23-27]. 
For instance, Sn = 1.4 corresponds to: R=17.5 mm, Rh= 8.8 mm, α = 
60° and ψ= 0.23. The blocking factor (ψ) depends on the thickness 
and the number of blades, as defined [30]:
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where s is the blade thickness and z is the number of blades.

Three-dimensional numerical predictions are performed in a con-
fined combustion chamber with a nominal power of 25 kW at atmo-
spheric pressure. The chamber has a square cross-section of 48 × 48 
cm² and a height of 1 meter. Merlo et al. [25,26], Boushaki et al. [24], 
and Mansouri et al. [27] have all provided extensive descriptions of 
the burner and combustion chamber. The calculations are carried 
out with a swirl number Sn of 1.4 and an overall equivalence ratio 
Φ of 0.8.

2.2. Turbulence modeling

Modeling turbulent flows demands using appropriate methodol-
ogies to account for the impact of velocity fluctuations and scalar 
variables on conservation equations. The density-weighted Fa-
vre-averaged equations, which present the conservation of momen-
tum and mass in steady turbulent flows, are given below [21,49]:
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The terms uiK and uill  respectively represent the components of 
the Favre-averaged velocity (density-weighted average) and the 
associated fluctuations in the direction. The quantities Pr  and tr  
correspond to the unweighted mean pressure and density (classical 
time-averaged values) of the mixture, while μ denotes the laminar 
viscosity [12]. The terms '' ''u ui jtr , which represent the Reynolds 
stresses (also known as turbulent momentum flux), are determined 
using the RSM turbulence model [52,53].
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2. 2. 1. The RSM turbulence model

The RSM turbulence Model is an advanced methodology for mod-
eling turbulent flows. The approach involves explicitly solving a 
transport equation for each individual term of the Reynolds stress 
tensor '' ''u ui jtr . Unlike models based on the turbulent viscosity hy-
pothesis, such as the k−ε model, the RSM abandons the assumption 
of turbulence isotropy, allowing for a more accurate representation 
of anisotropic phenomena and complex interactions in turbulent 
flows. The RSM turbulence model determines the Reynolds stresses  
'' ''u ui j using transport equations. The individual Reynolds stresses 

are used to close the equation (5), which takes the following general 
form [22]:
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Convection, diffusion, production, pressure-strain correlation, vis-
cous dissipation, and extra stress production are listed from left to 
right. Convection and production are accurate, while all other pa-
rameters need modeling. The production termPij , can be written as 
follows [21]:
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The turbulent diffusion term is modeled using a standard gradient 
diffusion hypothesis, assuming an isotropic turbulent viscosity. [22]. 
The turbulent viscosity μt is expressed by the following relation [21]:
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Where ε is the dissipation rate of k, '' '' /k u u 2i j=u  is the turbulent 
kinetic energy, and .C 0 09=n  is an empirical constant. The dissipa-
tion rate and turbulent kinetic energy are calculated by solving their 
modeled transport equations. The viscous dissipation stress term is 
approximated by the isotropic dissipation rate of turbulent kinetic 
energy as follows [21]:
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The pressure deformation correlation term, ijP , can be expressed as 
[19,21]:
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Where C1 and C2 are empirical constants of the model, with values 
taken from [48] and equal to 1.8 and 0.6, respectively. The contribu-
tion of the additional stress production term ( )Gij is small compared 
to the other terms in equation (6) and is therefore neglected in this 
study according to Khelil et al. [21] and German et al. [22]. Consis-
tent with the RSM turbulence model framework, the dissipation rate 
fu , is computed via its corresponding transport equation. Conversely, 
the turbulent kinetic energy ku , does not require a separate transport 
equation, as it is extracted directly from the trace of normal stresses.

2. 3. Combustion models

The modeling of non-premixed flames relies on solving transport 
equations for one or more conserved scalars, such as the mixture 
fraction. Unlike explicit methods, the equations governing individ-
ual chemical species are not solved directly. Instead, the turbulence 
chemistry interaction   is captured using two combustion models: 
the Eddy Dissipation Model (EDM), which ties reaction rates to tur-
bulent scales and the PDF model, which statistically describes local 
fluctuations in chemical composition. These models are detailed in 
the subsequent section.

2. 3. 1. Eddy Dissipation Model (EDM)

The EDM is founded on the notion of Eddy Break-Up (EBU) devel-
oped in the 1970s by Spalding [54] for calculating premixed flames. 
Magnussen et al. [9,55] later extended in this concept to non-pre-
mixed flames. The model presents a one or two-step reaction, involv-
ing a reasonable calculation time and the reaction rate is controlled 
by turbulence. The average reaction rate is inversely proportional 
to the mixing time. This characteristic of large-scale turbulence is 
independent of chemical kinetics. The average net production/de-
struction rate of species i in reaction r can be given as follows: [27]:
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Where ,i ro  Stoichiometric coefficient of species  in reaction r, M ,j~  
is the molecular weight of species i, ,R ro  Stoichiometric coefficient of 
the limiting reactant, ρ is the density of the mixture, YC is the mass 
fraction of a reactant species c, YP is the mass fraction of any product 
species P, ε turbulent dissipation rate , k turbulent kinetic energy and 
The model constants A=4 and B=0.5.

2. 3. 2. Probability Density Function

The PDF approach is founded on the concept of mixture fraction. 
The fuel and the oxidizer mix once injected into the chamber. The 
final distribution is then represented by the fraction f The mixing 
fraction measures the quality of mixing between the two compo-
nents of the fuel and the oxidant [19,52]:
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Here, Yi : i species mass fraction. and f = 1 in the initial fuel jet and f 
= 0 in the oxidizer jet. fr  : mean mixture fraction and f

2ro  :the mixture 
fraction variance is given by [19]:
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the constants .0 85tv = , .C 2 86g =  , .C 2 0d =  and S 0f =  (see 
[52]).

2. 4. Chemical models

In this study, methane (CH4) combustion is analyzed using two dif-
ferent chemical kinetics models, which are compared. The simpli-
fied two-step chemical kinetics model is adopted in this first study, 
which is based on volumetric reactions. This scheme includes an 
initial irreversible step of fuel oxidation because of the creation of 

H2O and CO, followed by a reversible step representing the CO/CO2 
equilibrium [19]:

CH O CO H O2 3 2 44 2 2$+ + 			                     (16)

CO O CO2 22 2"+ 				                      (17)

The quasi-global reaction scheme is adopted in the second model 
developed by Westbrook et al. [56]. The species compositions an-
alyzed in this part of the study and detailed comparison of both 
combustion models are presented in Table 1 and table 2 respectively. 
Our choice of these two models for the study of chemical kinetics is 
primarily based on evaluating the impact of chemical complexity on 
the results, as well as the need to identify the model best suited for 
turbulence-chemistry interactions.

Table 1. Chemical reaction mechanism

Fuel species Oxidizer species Reactions, Westbrook et al. [56]

95.5% CH4, 1.7% C2H6, 0.1% C3H8, 0.1% 
C4H10, 0.3% CO2 and 1.3% N2

21% O2 and 79% N2

( ) / ,1 1 2 2CH O CO H4 2 2"+ +
CO OH CO H( )2 2)+ +
H O O OH( )3 2 )+ +
O H H OH( )4 2 )+ +
H OH H O H( )5 2 2)+ +
OH OH O H O( )6 2)+ +
O M O O M( )7 2 )+ + +
H H M H M( )8 2)+ + +

Table 2. Detailed comparison of both combustion models

Criteria
EDM

(6 species and 2 reactions)
PDF 

(9 species and 8 reactions)

Basic principle Reaction is controlled by turbulent mixing 
(vorticity)

Uses a probability density function to model scalar 
fluctuations.

Number of reactions 2 reactions (1 irreversible, 1 reversible). 1 global reaction + 7 detailed reactions (total: 8)

Species included , , , ,CH O CO CO H O4 2 2 2

(5 species).
 ( , , , , , , , ,CH O CO CO H H O OH O H4 2 2 2 2

9 species, including radicals). 

Chemical detail Ignores radicals (OH,O,H) and reactive 
intermediates.

Includes critical radicals (OH,O,H) to describe 
elementary combustion mechanisms.

CO / CO2 Equilibrium Modeled via a simplified reversible reaction 
(thermodynamic approach)

Described by elementary radical-dependent reactions 
(e.g., CO OH CO H2"+ + ).

Accuracy Underpredicts radical-dependent processes (e.g., 
flame speed, NOx formation).

Better captures intermediate steps (e.g., CO oxidation 
via OH), improving species predictions.

Computational Cost Low (ideal for rapid simulations or simple 
systems).

Moderate to high (requires more resources for 
elementary reactions and radicals).

Typical applications Preliminary studies, laminar systems, major 
species analysis ( ,CO H O2 2 ) 

Turbulent flames, pollutant prediction (CO, NOx), 
flame stability analysis.
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3. Calculation procedure

In this investigation, the CFD is employed to examine the reactive, 
non-premixed, swirling turbulent flow in a combustion chamber 
(25 Kw). The governing equations describing this reactive flow are 
solved using ANSYS-FLUENT. This code offers a variety of solution 
methods, combustion and turbulence models. To predict the com-
bustion process, the RSM turbulence model is combined with the 
Eddy Dissipation (ED) approach, and the PDF β-function combus-
tion models have been tested. The latter requires generating a look-
up table via the prePDF preprocessor, incorporating the complete 
chemical kinetic mechanism and relevant thermodynamic data. In 
addition, the concentrations of O and hydroxide OH are calculated 
by using a predetermined PDF in temperature and a partial equi-
librium.

The fuel is approximated as consisting of 100% CH4, with negligi-
ble contributions from other components (C2H6, C3H8, C4H10). The 
thermal properties of the chemical species are expressed as functions 
of temperature. Additionally, the PRESTO and SIMPLE algorithms 

we used for pressure-velocity coupling and pressure interpolation, 
respectively. Finally, the inlet pressure was set to 101,000 Pa (1atm).

3. 1. Computational boundary conditions

When it comes to the computational domain, the boundary con-
ditions that are described are determined by the nature of each 
boundary, which may be either a fluid intake, a fluid outlet, or a solid 
wall and pressure outlet (see Figure 2). At the fluid inlets, specific 
values are imposed for absolute velocity, temperature, composition, 
and turbulence characteristics, with predefined turbulence intensity 
values. Based on the Reynolds number (Re) calculation for air, the 
turbulence intensity values (Itur in %) for the oxidant and fuel were 
determined (see Table 2). Through the utilization of the relation that 
is shown in the Fluent 6.0 User’s Guide [52], it is possible to estimate 
the intensity of turbulence for pipe flows.

Re.I 0 16 /
tur Dh

1 8= -^ h 				                      (18)

For each type of boundary, several variations of conditions exist. 
Only those relevant to our study are described in Table 3.

Table 3. Summary of boundary condition parameters [27 and 30]

Parameters Air Methane CH4 

Hydraulic diameter, Dhyd (m) 0.023 0.012

Turbulent intensity, Itur  (%) 5 6

Velocity inlet (m/s) 4.6 6.0

Reynolds number 7000 1220

Temperature inlet (K) 300 300

Global equivalence ratio, Φ 0.8

Swirl number, Sn 1.4

Walls Constant temperature for the chamber walls  
( . )T K573 15wall =  with no-slip conditions.

Outlet Pressure outlet

Underrelaxation Pressure = 0.3, Density = 0.8, Energy = 1,
Other parameters =0.7

Convergence criteria Energy=10-6, Other parameters=10-3
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Figure 2. Schematic of the swirled non-premixed burner with 
Boundary conditions

3. 2. Mesh generation

The mesh was generated using a four-node tetrahedral mesh com-
prising a total of 2,938,901 cells. Special refinement was applied in 
the areas near the burner outlet (38,901 cells) to predict the various 
physical phenomena in these regions (see Figure 3a), particularly 
velocity and temperature gradients where needed. This approach 
also helps optimize computational effort and time (see Figure 3b).

Figure 3. Computational domain grid: (a) Mesh refinement visual-
ization near the coaxial burner exit, (b) Combustion chamber

3. 2. 1. Mesh independency

This mesh convergence study examines four grid refinements (see 
table 4), showing axial velocity stabilizes at approximately  from 
Grid 2 onward, closely aligning with experimental data (7.94 m/s). 
The error decreases from 8.94 % for Grid 1 to approximately 5.5% 
for Grids 2–4. Tests with up to 3.5 million cells show no significant 
improvement in prediction accuracy beyond Grid 2, confirming 
mesh independence (≅5.5% error). Grid 1’s coarse mesh yields 

high errors, while Grids 3 and 4 provide negligible improvements 
over Grid 2, which offers optimal balance of accuracy (5.53% er-
ror) and computational efficiency (2.9 million cells). The solution’s 
insensitivity to further refinement beyond Grid 2 validates mesh 
independence, making Grid 2 or Grid 3 the cost-effective choice for 
simulations. Additional refinement increases computational cost 
without improving results. Analysis across different meshes (see 
Figure 4) confirms that the axial velocity solution remains stable at 
approximately 5.5% error, solidifying the conclusion of mesh inde-
pendence. 

Table 4. Mesh independence test

No. Cases Cells Nodes
Axial 

velocity 
(m/s)

Error 
percentage 

(%)

1 Mesh 1 2,2985,97 497,642 8.650 8.94

2 Mesh 2 2,938,901 618,505 7.501 5.53

3 Mesh 3 3,462,881 715,987 7.500 5.54

4 Mesh 4 3,528,289 733,845 7.498 5.56

X [mm]

U
[m

/s
]

-45 -30 -15 0 15 30 45-2

0
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12 EXP. [27 and 30]
Grid 1
Grid 2
Grid 3
Grid 4

Z/D = 0.3

Figure 4. Mesh independency of the solution for the variation of 
axial velocity determined by the RSM model

4. Results and discussion

4. 1. Mean flow field

The mean velocities (axial U, radial V, and tangential W) at the 
burner outflow for the station’s Z/D = 0.3, 0.6, 0.8, 1.0, 1.2, and 1.4 
are distributed radially in Figures 5a, 7a, and 8a. The radial velocity 
(V) is obtained at the station’s Z/D = 0.25, 1.0, 1.75, and 2.50. The 
calculation results are simulated by the RSM turbulence model, 
combined with the Eddy Dissipation combustion model and the 
PDF model. Figure 5b dipects the mean axial velocity contours, 
calculated by the turbulent dissipation combustion model and the 
RSM turbulence model with a two-step reaction scheme (RSMR2) 
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on the X=0 plane. Without a doubt, this proves that the presence of 
the center recirculation zone is responsible for the stabilization of 
the flame. This flame stabilization is achieved by recycling hot gases 
and providing a continuous source of radicals (OH, H, O) and heat, 
as well as the swirling jet (SJ), which improves turbulent mixing 
and reduces pollutant emissions, ensuring both efficient and clean 
combustion.

Figure 5. Mean axial velocity: (a) Radial distribution of profiles at 
different stations Z/D = 0.3, 0.6, 0.8, 1.0, 1.2, and 1.4 at the burner 
outlet. (b) Contour of U on the X=0plane

Figure 5a shows the analysis of the radial profiles of the mean axial 
velocity (U). We observed that the reveal had two distinct flow fea-
tures characteristic of swirling combustion. First, a high momentum 
swirling jet (SJ) with peak velocities of about 8 m/s at intermediate 
radial positions (r/D ≈ 0.2-0.4). Second, a well-defined central recir-
culation zone (CRZ) characterized by sustained negative velocities 
(up to -4 m/s) along the flame centerline. While both the Eddy dis-
sipation (R2) and PDF combustion models successfully capture the 
general behavior of the swirling jet, a critical divergence emerges 
in their prediction of CRZ characteristics. The PDF model demon-
strates remarkable accuracy in simulating CRZ dynamics, maintain-
ing relative errors below 3.5% at downstream stations , whereas the 
Eddy dissipation (R2) model shows substantial discrepancies ex-
ceeding 35% at these locations. This performance gap fundamental-
ly originates from their contrasting treatment of turbulence-chem-
istry interactions, the transported PDF method explicitly resolves 
finite-rate chemical effects and turbulent fluctuations through its 
stochastic fields approach, while the EDM’s inherent assumption 
of infinitely fast chemistry proves inadequate for representing the 
complex vortex structures and local extinction phenomena within 
the CRZ [24,26,27,30]. The persistent negative axial velocities ob-
served throughout all prediction’s stations (Figure 5b) confirm the 
CRZ’s crucial role in flame stabilization, where it facilitates two key 

mechanisms: recirculation of hot combustion products to maintain 
continuous ignition, and enhanced turbulent mixing between fresh 
reactants and burned gases, thereby optimizing combustion effi-
ciency.

Figure 6. Relative error of the meanaxial velocity predicted with 
two models RSMR2 and RSMPDF in the swirling jet zone

Figure 6 compares the relative error of the mean axial velocity (U) 
predicted by the RSMR2 and RSMPDF models in the swirling jet 
zone. The RSMPDF model shows better accuracy at stations Z/D = 
0.3, 0.6, 1.2, and 1.4, with relative errors between 1.72 % and 8.43 
%. In contrast, RSMR2 underestimates the experimental data at 
stations Z/D = 0.3 and 0.6 and overestimates it at stations Z/D = 1.2 
and 1.4, with errors ranging from 10.97 % to 15.36 %. At stations 
Z/D = 0.8 and 1.0, RSMR2 is more accurate (4.37% and 4.13 %), 
while RSMPDF slightly underestimates (8.86% and 6.88 %). The 
overall improvement of RSMPDF is due to a better consideration 
of turbulent fluctuations and turbulence-chemistry interactions via 
the PDF method. This confirms the superiority of the PDF model in 
predicting the complex dynamics of the swirling jet, particularly in 
zones where turbulence and mixing effects are dominant.

Figure 7. Mean radial velocity: (a) Radial distribution of profiles at 
different stations Z/D = 0.3, 0.6, 0.8, 1.0, 1.2, and 1.4 at the burner 
outlet. (b) Contour of V on the X=0plane
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Figures 7b and 8b show the contours of the mean radial and tan-
gential velocities along the Y-Z plane in the combustion chamber, 
respectively, indicating the presence of the CRZ.

For the comparison of the mean radial velocity profiles (Figure 7a) 
reveals two distinct flow regimes: a radial expansion (V>0) driven 
by dominant centrifugal swirl forces at intermediate positions (r/
D≈0.5), and an axial recirculation zone (V<0) induced by count-
er-pressure generated by rotation. The radial velocity profiles 
indicate that both the PDF and EDM combustion models slightly 
underestimate the experimental data at the Z/D = 1.0 station. How-
ever, at downstream positions (Z/D=0.25,1.75,and 2.5), the results 
align well with experimental measurements, with the PDF model 
demonstrating better agreement than the Eddy dissipation two-step 
reaction(R2) model. The PDF model reproduces these phenomena 
with an error of less than 5%, compared to the Eddy dissipation 
model (EDM), which overestimates turbulent diffusion (errors ex-
ceeding 25%). This difference is explained by the PDF model’s ability 
to resolve turbulence-chemistry correlations through its joint PDF, 
which is critical for predicting fine vortex structures (Figure 7b). As 
for the tangential velocity profiles (Figure 8a) demonstrate that the 
RSMPDF and RSMR2 combustion models yield comparable predic-
tions, closely matching experimental measurements at burner outlet 
stations Z/D = 0.3,0.6,and 0.8. Both models accurately replicate 
experimental profiles, though minor differences in peak positions 
are observed at the final three stations, with peak values remaining 
well-predicted. At Z/D = 1.0, the experimental profile exhibits two 
distinct peaks (X/D = 0.32 and 0.58), corresponding to the shear 
layer and free-swirling regimes. 

Figure 8. Mean tangential velocity: (a) Radial distribution of pro-
files at different stations Z/D = 0.3, 0.6, 0.8, 1.0, 1.2, and 1.4 at the 
burner outlet (b) Contour of W on the X=0plane.

The RSMPDF model outperforms RSMR2, achieving errors below 
4% for both centerline and outer peak predictions, compared to 
RSMR2’s 15% errors. This superior accuracy results from RSMPDF’s 
advanced stochastic modeling of turbulence-chemistry-rotation 
interactions. Despite slight positional deviations at downstream 
stations, both models effectively capture the essential dynamics of 
swirling flow [24,27,30].

4. 2. Temperature field

Figure 9 Depicts the Z-axis radial distribution of mean tempera-
ture. The 3D numerical simulation, combining the RSM turbulence 
model with a two-step reaction scheme, reveals a hot central flame 
core within the inner recirculation zone. This core is formed by hot 
intermediate products transported by the flame and extends from 
the inlet to a distance of 80 mm ~ 95 mm, with a maximum flame 
temperature reaching approximately 1800 °C. These results confirm 
those of Mansouri et al. [27]. Combustion completes in this zone, 
with most combustion gases recirculating in the outer zone.

Figure 9. 3D Radial contours of temperature (in K) determined by 
the RSMR2 model

The radial distribution profiles of mean temperature (Figure 10a) 
are compared between two combustion models: the PDF turbulence 
model with a quasi-global reaction scheme (9 species, 8 reactions) 
and the Eddy dissipation model (EDM) with a simplified scheme (6 
species, 2 reactions). Numerical results, incorporating a symmetry 
condition, align with experimental temperature measurements by 
Mensouri et al. [27] in a half-domain of the flame. Both models 
capture the general characteristics of the measured profiles, with 
distinct performance in predicting peak and downstream tempera-
tures.

At the flame centerline (X/D = 0), temperatures peak between 1500 
°C and 1700 °C, reflecting the intense combustion in the central 
core. At Z/D = 1.25, the RSMPDF model predicts a peak tempera-
ture of 1625.19 °C, with a relative error of 1.07% compared to the 
experimental reference of 1607.94 °C [27]. In contrast, the Reynolds 
stress model combined with the Eddy dissipation model (RSMR2) 
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predicts 1673.39 °C, with a higher relative error of 4.07%. These 
results highlight the PDF model’s superior accuracy in capturing 
finite-rate chemistry effects in the flame core, where swirling-stabi-
lized combustion is most intense.

Figure 10. Mean temperature field: (a) Radial distribution of pro-
files at different stations Z/D = 1.0, 1.25, 1.50, and 1.75 at the burner 
outlet. (b) 3D contours of temperature (in K) determined by the 
RSMPDF model on the X=0 plane

Further downstream, at Z/D = 1.75, both models overestimate tem-
peratures at the burner outlet, but the RSMPDF model performs 
better, with a relative error of 7.45% compared to the RSMR2 mod-
el’s 17.25%. The temperature decay to 500-700 °C at this position 
indicates a transition to a mixing –dominated flow regime. The 
PDF model’s enhanced accuracy arises from its ability to resolve key 
phenomena, including radiative heat losses via soot prediction and 
turbulent dissipation of the hot core. Conversely, the EDM’s higher 
error reflects its limitations in modeling complex energy transfer 
mechanisms, particularly in regions dominated by turbulent mixing 
and heat loss [27].

Figure 10b shows the contours of the mean temperatures deter-
mined by the RSM model and the PDF combustion model along 
the Y-Z plane in the combustion chamber. The central recirculation 
zone (CRZ), the transport of hot intermediate products and the con-
clusion of the combustion process at a peak temperature of approx-
imately 1800 °C are successfully predicted by both models the outer 
zone is formed by the flow of burnt gases. In this study, the CRZ 
is correctly predicted by the PDF combustion model, as shown by 
the radial temperature profiles, and confirmed by results of relative 
errors of temperature along the centerline (see figure 11).

Figure 11. Relative error of the mean temperature calculated along 
the centerline of the flame predicted with two models RSMR2 and 
RSMPDF

A comparison of the predicted and experimental findings of the 
temperature along the centerline of the high-temperature core of 
the flame is shown in Figure 11. These results were obtained using 
the two models RSMR2 and RSMPDF. The RSMPDF model cor-
rectly estimates maximum temperature values along the centerline, 
with a minimum relative error of 1.07 % at station Z/D = 1.25 and 
a maximum of 7.45 % at Z/D = 1.75. In contrast, the RSMR2 model 
overestimates maximum temperature values, with a minimum rel-
ative error of 4.07 % at station Z/D = 1.25 and a maximum of 17.24 
% at Z/D = 1.75. These results confirm that the RSMPDF model can 
predict the maximum temperature values of the flame’s hot core as 
well as micro-mixing effects.

4. 3. Mass fraction of chemical species

Figure 12 illustrates three-dimensional representations of the mean 
mass fraction distribution of combustion species: (a) methane, (b) 
oxygen, (c) carbon dioxide, and (d) carbon monoxide. In the core 
of the combustor, the swirling air jet is responsible for the quick 
transportation of the radial methane jet across it, where it is quickly 
consumed through the combustion process. The distributions of 
YCO₂ exhibit similarities to those of  YO₂, with inverted profiles. The 
highest concentration of  YCO₂ is noted in the central recirculation 
zone, corresponding with the zero contours of YO₂. indicating that 
the central recirculation zone is saturated with combustion prod-
ucts, with no ingress of fresh gas.
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Figure 12. 3D View of the mass fraction distribution of chemical species:  
(a), (b), (c), and (d) CO at the burner outlet along the Z-Y plane

The distribution of YCO  is differs from that of the other species and 
takes on a V-shape. This distribution is comparable to the contour 
exposed in Figure 5b, with maximum concentrations of carbon di-
oxide found in the shear layers of the swirling jet (SJ) region. The 
mass fraction contour of H2O (see Figure 13) behaves similarly to 
the YCO2  contour.

Figure 13. 3DView of the mass fraction distribution of the chemical 
species H2O at the burner outlet along the Z-Y plane

5. Conclusion

This study is based on a complete numerical analysis of the com-
bustion process of a diffusion flame in a confined, radially fuel-in-
jected coaxial burner. The main purpose is to examine the influence 
of chemical reaction mechanisms specifically a simplified two-step 
scheme (6 species, 2 reactions) and a detailed scheme (9 species, 8 
reactions) on flame structure, thermal distribution, and stability. The 
analysis was performed using three-dimensional (3D) simulations 
based on the RSM model, coupled with two combustion models: the 
Eddy Dissipation Model (EDM) and the PDF model.

Key work findings include:
•	 Flow field prediction: The simulations accurately repro-

duced the central recirculation zone, an essential feature 
in swirl-stabilized flames. The PDF model demonstrated 
improved performance in capturing the CRZ’s size and 
location, showing strong agreement with experimental re-
sults and corroborating previous work by Khelil et al. [21].

•	 Velocity profiles: Radial distributions of mean axial, ra-
dial, and tangential velocities confirmed the presence of 
the CRZ, with negative axial velocity values in the core 
region. Both combustion models successfully replicated 
these velocity trends.

•	 Temperature distribution: The PDF model provided more 
accurate temperature predictions than the EDM model, 
particularly in the flame core. At Z/D = 1.25, predicted 
peak temperatures were 1625.19 °C (RSM-PDF) and 
1673.39 °C (RSM-EDM), corresponding to relative errors 
of 1.07% and 4.07%, respectively, when compared to ex-
perimental data (1607.94 °C). The temperature profiles 
further highlighted the differences in model fidelity, par-
ticularly in the fuel–oxidizer mixing zone.

•	 Flame stability: The use of the detailed reaction mecha-
nism with the PDF model led to enhanced flame stability, 
as indicated by the improved agreement between predict-
ed and experimental temperature peaks within the inter-
nal recirculation zone.

•	 Chemical species concentration: The spatial distributions 
of major species mass fractions were consistent with the 
thermal and velocity fields, supporting the reliability of 
the simulations in capturing the combustion process dy-
namics.

In summary, this study advances the understanding of turbulence 
chemistry interactions in diffusion, high-swirl flames. It demon-
strates that the RSM–PDF model combination, especially when 
used with a detailed chemical scheme, offers improved predictive 
capability for flow, temperature, and species fields. Integrating radi-
ation heat transfer and soot formation models may further improve 
simulation fidelity.
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Nomenclature
A,B		  Constants of the Magnussen model
CH4		  Methane
C2H6		  Ethane
C3H8		  Propane
C4H10		  Butane
CO		  Carbon monoxide
D		  Outer diameter of the co-axial tube
Dh		  Inner diameter of the central tube
Dhyd		  Hydraulic diameter
f		  The mixture fraction
Gx		  Axial momentum flux
Gθ		  Tangential momentum flux
h		  Distance of the swirler position above the burner 
		  exit plane
H2		  Hydrogen
Itur		  Turbulent intensity
Mω,j		  Molecular weight of species i 
N2		  Nitrogen
NOx		  Nitrogen oxides
O2		  Oxygen
P		  Pressure
Pij		  Production term
R		  Characteristic radius
Re		  Reynolds number
Rh		  Radii of the hub of the blade
s		  Blade thickness
Sf		  The source term
Sn		  Swirl number
T		  Temperature

U		  Axial velocity
V		  Radial velocity
W		  Tangential velocity
Yc		  Mass fraction of a reactant species c
Yi		  Mass fraction for species i
Yp		  Mass fraction of any product species p
z		  Number of blades
X,Y,Z		  Cartesian coordinates

Greek symbols	
ε		  Turbulent dissipation rate
k		  Turbulent kinetic energy
νi,r		  Stoichiometric coefficient of species i in reaction r 
μ		  Dynamic viscosity
μt		  Turbulent viscosity
ρ		  density
ψ		  Blockage factor
α		  The vane angle
Φ		  Global equivalence ratio

Subscripts	
i,j,k		  Coordinate alternation indices
t		  Turbulent 
..r^ h 		  Mean quantity
..^ hK 		  Favre-averaged quantity
.. "^ h 		  Fluctuations quantity

Abbreviations	
CFD		  Computational fluid dynamics
CRZ		  Central recirculation zone
EBU		  Eddy break-up
EDM		  Eddy dissipation model
PDF		  Probability density function 
RANS		  Reynolds- averaged Navier-Stokes
RSM		  Reynolds stress model
RSMR2		  Reynolds stress turbulence model with two-stage
		   reaction scheme
RSMPDF	 Reynolds stress turbulence model with 
		  probability density function model
SJ		  Swirling jet
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