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T	� Temperature
t	� Time
U, u	� Axial velocity; velocity vector component; friction 

velocity
V	� Velocity
x	� Cartesian coordinate
y	� Mass fraction of chemical species; distance from 

the wall
Yk	� Mass diffusion vector

Greeks
α	� Thermal diffusivity
β	� Temperature exponent
μ	� Chemical potential, viscosity
ρ	� Density
ɛ	� Dissipation of energy
δ	� Kronecker delta
ω	� Formation rate of species in Arrhenius law
λ	� Thermal conductivity
τ	� Shear stress tensor
σ	� Turbulent Prandtl–Schmidt number
γ	� Stochometric coefficient
κ	� Von Kármán constant

Indices
ch	� Chemical reaction
d	� Species diffusion
eff	� Effective
f	� Viscosity friction
gen	� Generation
h	� Thermal heat diffusion
i	� Composite of Cartesian coordinate
in	� Inlet
j	� Composite of Cartesian coordinate
k	� Chemical species

Abstract  This work is focused on the analysis of vari-
ous computed terms of entropy generation rate in the gas-
eous combustion processes at different inlet temperatures 
of air and CH4. Therefore, the expression of the entropy 
generation rate includes the effect of the viscosity friction, 
the thermal diffusion, the species diffusion and the chemi-
cal reaction. The expressions have been used for each term 
of entropy generation in order to examine the influence of 
each one in the overall system.

List of symbols
A	� Pre-exponential factor
C	� Constant models
D	� Coefficient of diffusion
E	� Energy activation in Arrhenius law, emperical con-

stant in logathimic law
G	� Generation of turbulent kinetic energy
g	� Gravitational acceleration
h	� Enthalpy
k	� Kinetic turbulent energy
L	� Length of combustion chamber
M	� Mass molar of chemical species
p	� Pressure
Q, q	� Thermal heat losses, heat flux vector
R	� Constant of ideal gas
R, r	� Ray
S, s	� Entropy, entropy source term
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N	� Number of chemical species
Out	� Outlet
p	� Point
t	� Turbulence
w	� Wall

Abbreviations
CFD	� Computational fluid dynamic
UDM	� User define memory

1  Introduction

The progress in industrial energy systems imposes to 
designers to develop more efficient systems based on par-
ticular thermodynamic approaches [1, 2]. Hereby, the final 
target is to minimize the thermodynamic irreversibilities 
occurring during the thermodynamic processes or transfor-
mations [3, 4]. It is recognized that the exergy analysis is a 
powerful tool for the whole thermodynamic evaluation [5–
8]. Moreover, many studies investigated the fundamental 
methods of development of entropy generation equations 
to give a simplified form containing the basic variables 
(velocity, temperature, mass fraction…). For example, the 
use of the economic energy requires exploiting the theat-
rical models and technical process in order to reduce the 
energy losses and provide the maximum of power in the 
energy systems [8–13]. Insofar, it is shown that the geomet-
ric configuration and the topology of the system spring out 
of the notion of the thermodynamic irreversibilities, which 
is a fundamental subject of the thermodynamic optimiza-
tion. That is not based only on engineering systems but also 
on agriculture and biology [14–16].

Stanciu et  al. [17–19] considered the irreversibilities 
in the second law of thermodynamics to analyze both the 
laminar and the turbulent diffusion flame. The analysis 
method based on the determination of the different sources 
of entropy generation in the non-premixed combustion. 
For laminar case, the volumetric entropy generation rate 
expression includes the viscous friction, thermal diffusion, 
species diffusion and chemical reaction. Their expressions 
show that the corresponding irreversibilities are uncou-
pled if the combustion process occurs at constant a pres-
sure. In the turbulent combustion the chemical reaction 
and thermal diffusion have major role in irreversibilities, 
comparatively to other source of combustion processes. 
Yapici et al. [20–23] consider the effect of oxygen percent-
age on the methane combustion in cylindrical combustor, 
in order to evaluate the local entropy generation rate due 
to the high temperature and velocity gradients occur the 
combustion and examined the various oxygen percentages 
using Fluent CFD code, the resulting local entropy genera-
tion rates based only on the heat transfer and the viscous 

friction. Accordingly, they showed that the increase of the 
equivalence ratio significantly reduces the entropy gen-
eration rate levels, while the total entropy generation rate 
decreases exponentially and the merit numbers increase. 
Som and Datta investigated the thermodynamic irrevers-
ibilities using the exergy destruction analysis, based on 
thermodynamic irreversibility in the gaseous combus-
tion in coaxial jets confined by cylindrical combustor [7, 
24]. Therefore, the authors considered the preheating of 
air and changing the inlet air velocity to keep the entropy 
generation in a combustion process, within a reasonable 
limit and to reduce the irreversibility in heat conduction 
through proper control of physical processes and chemical 
reactions. It has been recognized that, in almost all situ-
ations, the major source of irreversibilities is the internal 
thermal energy exchange associated with high temperature 
gradients caused by heat release in combustion reactions 
[7, 24]. In order to define the optimum operating condi-
tion in reactive systems, it can be determined from the 
parametric studies with operating parameters in different 
inlet conditions of the fuel and air. Moreover, the inves-
tigation in the thermodynamic irreversibilities for burner 
fueled by hydrogen was the objective of some studies 
[10, 25–27]. Where, the effects of the equivalence ratio 
and the inlet Reynolds number on entropy generation are 
studied by numerical evaluating the entropy generation 
equation. Therefore, the total entropy generation number 
can be approximated as a linear increasing function of the 
equivalence ratio and the inlet Reynolds number. However, 
its applications rely upon mitigation of heat losses which 
adversely affect flame stability and performance. Thereby, 
heat losses in turn depend upon wall properties, especially 
thermal conductivity. The chemical reaction, heat conduc-
tion, and mass diffusion were the dominant contributors 
to entropy generation in the decreasing order. So, irre-
versibilities due to combustion decreased as the thermal 
conductivities increased. Diffusion contributions were 
most sensitive to the changes in the thermal conductivity 
but chemical reaction and heat conduction contributions 
changed marginally [26–28].

The present paper is dealing in calculating entropy 
generation rate associated with the combustion of turbu-
lent non-premixed methane/air flames in a coaxial burner. 
Firstly, the work is based on the validation of this study 
with experimental referenced data, [32], of axial velocity, 
temperature and mass fraction of carbon monoxide (CO) in 
some region of combustion chamber. After that, we exploit 
the preview results to predict the different entropy genera-
tion sources in combustion process. Finally, the behavior of 
each source of the entropy generation has been controlled, 
considering the preheating of inlet air or methane with-
out changing the inlet rate masse flow. In order to solve 
the modeling equations obtained in this study, we selected 
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FLUENT-CFD and integrated entropy generation function 
in C++ language using UDMs.

2 � Combustion, entropy generation concepts

The concept of combustion gives arises to use the coupling 
phenomenon presented in aerothermochemistry equations 
in order to define the characteristic parameters. In the fol-
lowing, we give the set of equations which define the 
steady combustion [7, 17–19, 25–27]:

Continuity:

Momentum conservation equation:

The viscous stress tensor can write in turbulent flows:

τ̄ij: Mean stress tensor, τij,t: Turbulent stress tensor.
And,

Energy conservation equation

In turbulent combustion case the heat transfer flux can 
given as:

q̄i: Mean heat flux vector, qi,t: Turbulent heat flux vector.
Where:

Mass conservation equation of individual species:

(1)
∂

∂xi
(ρui) = 0

(2a)
∂

∂xi
(ρuiuj) = −

∂p

∂xi
+

∂τij

∂xj
+ ρ

(

n
∑

k=1

ykgki

)

(2b)τij = τ̄ij + τij,t

(2c)τ̄ij = µ

[

∂ ūi

∂xj
+

∂ ūj

∂xi
−

2

3
δij

∂ ūl

∂xl

]

(2d)τij,t = −ρu′′i u
′′
j

(3a)

∂

∂xi
(ρuih) = ui

∂p

∂xi
+ τij

∂ui

∂xj
−

∂qi

∂xi
−

∂

∂xi

(

n
∑

k=1

ρykUk,ihk
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+ ρ

n
∑

k=1

ykfk,iUk,j

(3b)qi = q̄i + qi,t

(3c)q̄i = −�
∂T̄

∂xi

(3d)qi,t = −ρu′′i T
′′

(4a)
∂

∂xi
(ρuiyk) = −

∂Yk

∂xi
+ ω̇k

Mass diffusion vector for the turbulent combustion is 
expressed by:

Ȳk: Mean mass diffusion vector, Yk,t: Turbulent mass dif-
fusion vector.

In which:

Thermodynamic status

Turbulence kinetic energy:

Dissipation rate:

where C1ɛ = 1.44, C2ɛ = 1.92, σk = 1.0, σɛ = 1.3
The combustion reaction is modeled with a two-steps 

reaction mechanism where the production and the com-
bustion of carbon monoxide (CO) are taken into account. 
In the first stage, methane is oxidized into carbon monox-
ide and water vapor, but in the second, carbon monoxide 
is oxidized into carbon dioxide. The reaction mechanism 
takes place according to the constraints of chemistry, and is 
defined by stoichiometric equation [7, 17, 22, 23]:

Reaction 1:

Reaction 2:

Once the computations achieved the results obtained 
will be exploited to calculate the local entropy generation 
rate [7, 13, 19, 26]:

where 
(

Ṡgen
)

f
: Volumetric entropy generation rate by fluid 

friction,

(4b)Yk = Ȳk + Yk,t

(4c)Yk = −
∂ρ̄Dkȳk

∂xi

(4d)Yk,t = −ρu′′i y
′′
k

(5)p = ρRT

n
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k=1

yi

Mi
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∂
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∂
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(
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σk

)

∂k
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+ Gk − ρε + Sk ,

(7)
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σε
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ε
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ε
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(8a)CH4 +
3

2
O2 → CO+ 2H2O (step 1)

(8b)CO+
1

2
O2 → CO2 (step 2)

(9)Ṡgen =
(

Ṡgen
)

f
+
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Ṡgen
)

h
+

(

Ṡgen
)

d
+
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Ṡgen
)

ch
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(

Ṡgen
)

h
: Volumetric entropy generation rate by heat transfer,

(

Ṡgen
)

d
: Volumetric entropy generation rate by diffusion of 

species, 

(

Ṡgen
)

ch
: Volumetric entropy generation rate by chemical 

reaction,

And; 

Using Arrhenius law for the reaction of two steps, the 
Eq. (13) becomes,

In order to compute the forward constant rate related to 
reactions, we consider the expanded version of the Arrhe-
nius expression:

where A: Pre-exponential factor; E: Activation energy; 
R = 8313 J/kgmol; K: Universal gas constant; T: Tempera-
ture; β: Temperature exponent.

Based on many studies, [29–31], focused on the same 
configuration (type of fuel, cylindrical burner and turbulent 
combustion) we have considered that β =  0. Hereby, the 
Arrhenius law is given in the simple form:

The near solid boundary modeling has an impacts on 
the numerical solutions. The standard wall functions in 
FLUENT-CFD are focused on the proposal of Launder 
and Spalding, and have been most extensively used in the 
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(17a)ω̇ = ATβe−
E
RT

(17b)ω̇ = Ae−
E
RT

similar study of current investigation. Where, the wall law 
for the mean velocity is given by:

where κ  =  0.4187: Von Kármán constant; E  =  9.793: 
Emperical constant; Up: Mean velocity of the fluid at point 
p; kp: Turbulence kinetic energy at point  p; yp: Distance 
from point p to the wall; µ: Dynamic viscosity of the fluid.

In FLUENT-CFD, the wall laws for mean velocity 
and temperature are based on the wall unit, y+, instead 
of y+  ≡  ρuτy/μ.  These quantities are approximately 
equal in equilibrium turbulent boundary layers. And, 
the logarithmic law for mean velocity is validated when 
30  <  y+  <  300.  Indeed, the logarithmic law is employed 
when y+ > 11.225 in FLUENT-CFD. In Fig. 1, we illustrate 
the variation of y+ for the combustion chamber wall in the 
current study.

In order to give the wall law for temperature, the Reyn-
olds analogy between momentum and energy transport 
offer a similar logarithmic law for mean temperature. For 
doing so, the FLUENT-CFD calculation based on:

•	 Linear law for the thermal conduction sublayer where 
conduction is important;

•	 Logarithmic law for the turbulent region where effects 
of turbulence dominate conduction.

(18a)U+ =
1

κ
ln
(

Ey+
)

(18b)U+ =
UpC

1/4
µ k

1/2
p

τw/ρ

(18c)y+ =
ρC

1/4
µ k

1/2
p yp

µ

Fig. 1   Profile of y+ for the combustion chamber wall
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The thickness of the thermal conduction layer is, in 
general, different from the thickness of the (momentum) 
viscous sublayer, and changes from fluid to fluid. For 
example, the thickness of the thermal sublayer for a high 
Prandtl number fluid is much less than its momentum sub-
layers thickness. For fluids of low Prandtl numbers, on the 
contrary, it is much larger than the momentum sublayer 
thickness. Furthermore, the impact of the highly compress-
ible flows on the temperature distribution in the near solid 
boundary region can be significantly different due to the 
heating by viscous dissipation. Whereof, the temperature 
wall functions include the contribution from the viscous 
heating (for more details, see FLUENT help).

3 � Experimental configuration and application 
domain

The present study is a continuation of a previous numerical 
analysis [33, 34] proposed to support the experimental work 
[32] interested in turbulent diffusion flames characterization. 
The burner depicted in Fig. 2 and considered in the experi-
mental study consists of a coaxial jets discharging into a 
cylindrical chamber o pressurized to 3.8 atm. The burner is 
of ray R4 = 0.06115 and length L = 1 m and is with isother-
mal walls of 500 K. The fuel (CH4) is issued from the inner 
jet with ray R1 = 0.03157 m, with the velocity of 0.987 m/s 
at temperature of 300 K, while the preheated air at tempera-
ture T2 = 750 K is supplied from the annular jet of external 
ray R3 = 0.04685 m at a velocity of 20.63 m/s.

The present study investigates two dimensions (2D) 
numerical modeling of the entropy generation of non-pre-
mixed turbulent combustion. We performed the geometry 
and meshes depicted in Fig. 3 by GAMBIT, and the chosen 
meshes are of quadrilateral type, where the selected grid is 
smoothed in region nearby to the solid walls of burner and 
in the level of interaction of air and CH4, in order to accom-
modate more information in solid boundary and flame 
zone. The volume contains approximately 40.000 cells, the 
size of a cell ranges from 4.87e−09 to 1.52e−04 m2.

4 � Results and discussion

All calculations are carried out by FLUENT-CFD to 
resolve the governing equations mentioned previously. 
We note that the SIMPLEC algorithm is used for pressure 
velocity coupling. And, the convergence criteria for solving 
equations are equal to 10−3. In this part of work we illus-
trate two kinds of results. The first one is the validation of 
computational profiles of axial velocity, temperature field 
and carbon monoxide mass fraction with experimental data 
for methane fueled coaxial jet combustor [32–34]. And the 
second one, previously obtained results are exploited to 
evaluate the entropy generation for different cases of flows.

4.1 � Numerical validation

The primary quantities were tested against experimen-
tal data that are used the length R and the velocity U 

Fig. 2   Schematic of the com-
bustion chamber

Fig. 3   Computational domain 
and the grid used in the simula-
tion
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normalized by the injector radius (R ≡  R3) and the inlet 
bulk velocity of the air (U ≡ V2).

4.1.1 � Axial velocity

Figure  4 present the comparison of computational and 
experimental radial profile of axial velocity. Indeed, 
the velocity fields achieve significantly better agree-
ment with the experiment at two measurement stations 
x/R  =  0.14 and x/R  =  4.67. The mean axial velocity 
ranges from about u/U = −0.15–1.1, where the maxi-
mum is located the flame zone. The negative values of 
velocity are present close to the wall in the recirculat-
ing region and in a bluff body in the center of burner: a 
brutal variation of in the section of the burner results the 
creation of the recirculating zones what can be explained 
by the significant negative values observed close to the 

wall. In addition, the difference between the inlet veloc-
ity of CH4 and air produce the second zone of recircula-
tion, it appeared in the center of the combustion cham-
ber. The meeting of the two inlet flows characterized by 
high mixture level generated by the shearing where the 
flame stabilized in this region [17, 32–34]. The zone of 
the flame is the seat of the great values of velocity. In 
particular, the position of peak velocity is reproduced 
well by the present numerical computation. Further-
more, in the recirculating region and the flame holder, 
the agreement is satisfactory.

4.1.2 � Temperature

The comparisons of the predicted radial profiles of tem-
perature with those of experiments at two measurement 
stations, x/R = 4.52 and x/R = 5.20, are shown in Fig. 5. 

Fig. 4   Radial profiles of normalized axial velocity

Fig. 5   Radial profiles of Temperature
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Temperature is a quantity that is derived from the energy 
equation by assuming isothermal walls and neglect-
ing thermal radiation. The high values of the temperature 
are located within the reaction zone around the center of 
burner; away the temperature decreases to achieve the wall 
temperature. Indeed, the numerical temperature profiles 
give similar experimental trends but with overestimation, 
especially near the center of the burner. The expected over-
prediction of temperature can be attributed to three factors: 
(1) ignoring of thermal radiation by the numerical simula-
tion, (2) experimental uncertainty, especially in regions 
with large temperature fluctuations, and (3) difficulty to 
ensure perfectly the experiment condition of isothermal 
water-cooled walls at 500 K [24, 26].

4.1.3 � Carbon monoxide mass fraction

The solution of mass fraction of species equations (CH4, 
O2, CO, CO2 and H2O) are founded on Arrhenius law, 
in order to estimate production or consumption of each 
species considered in the reaction. The discussion of the 
numerical calculation validity concerning the species 
concentrations fields is based on plotting the radial evo-
lution of the mass fraction of CO, predicted as well as 
measured, at two measurement stations, x/R = 0.14 and 
x/R = 4.67, see Fig. 6. At both reference points, there are 
some shifts near the center of the burner, in other word 
around the flame front. The measurements reveal that the 
CO concentration decreases more brutally when going 
away the center of the burner, than what the computa-
tions predicate. This relative difference can be attributed 
to the limitation of the chemical mechanisms, two steps 
exothermic reactions, chosen for modeling the combus-
tion reaction. More developed chemical model should 

give better results in regard to species concentrations [32, 
34].

4.2 � Entropy generation analysis

Figure 7 illustrates the pie chart of the entropy generation 
rate due to viscosity friction, heat transfer (thermal diffu-
sion), mass diffusion and chemical reaction. This is for the 
non-premixed combustion in the confined domain (com-
bustion chamber) for the reference flow case. The entropy 

Fig. 6   Radial profiles of carbon monoxide mass fraction

Fig. 7   Pie chart of entropy generation sources for the reference flow 
case
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generation rate due to the chemical reaction is greater 
than that due to the heat diffusion. Moreover, the entropy 
generation due to the chemical reaction is a much greater 
compared to the entropy generated by species diffusion. 
However, the entropy generation due to friction viscosity 
is significantly neglected compared to the other sources of 
entropy generation. Therefore, high diffusion of heat con-
tinues over a much larger volume to cause a high overall 
entropy generation due to thermal diffusion (38  %). The 
great values of entropy production are due to the chemical 
reaction, 52 %, mainly around the flame. The contribution 
of entropy generation due to the species diffusion is equal 
to 10 % which is in low effect comparatively to the thermal 
and chemical reaction.  

Figure  8 show the radial profiles of the volumet-
ric entropy generation rate by different mechanisms for 
the same two stations in combustor. The height values of 
entropy generation are due to friction, Fig. 8a, presented in 
the zones of shearing where the two flows of CH4 and Air 
are meeting and in the zones near to the wall. Therefore, 
those zones are characterized by a strong gradient of veloc-
ity. In first station (x/R = 3.16), Fig. 8a, the two peaks are 

well reproduced. However, in second station, x/R = 7.41, 
the peaks are disappeared, which means that this station is 
far from the shear zone, though we consider that the peak 
nears the side is still generated by the walls. Figure  8b 
shows the radial variation of the thermal diffusion volumet-
ric entropy generation which is due to the combustion pro-
cess and isothermal walls of the burner. The high values of 
the temperature gradient localized in the flame region. So, 
the use of the Eq.  (11) to evaluate the volumetric entropy 
generation gives the high values of the thermal diffusion 
in the flame region, where the gradient of temperature is 
higher [7, 12, 26]. Moreover, the gradient of the fuel con-
centration is higher in the flame zone, which is the zone of 
reaction. Accordingly, the fuel and the air are consumed 
in order to produce CO2, CO and H2O; the behavior of the 
volumetric entropy generation caused by diffusion species 
and volumetric entropy generation due to chemical reac-
tion are the same (Fig.  8c, d). Therefore, the gradient of 
the mass fraction gives the considerable values in the flame 
zone. Consequently, the entropy generation is due to the 
thermal diffusion, the entropy generation is due to the spe-
cies diffusion and the entropy generation produced by the 

Fig. 8   Radial variation of volumetric entropy generation: a entropy generation due to the viscosity friction; b entropy generation due to the ther-
mal diffusion; c entropy generation due to the species diffusion; d entropy generation due to the chemical reaction
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chemical reaction, give the same tendency (Fig.  8b, c, d) 
because the combustion encounters all those phenomenon 
where they take place within the flame front [17–19].

4.2.1 � Preheating of air

The obtained values of the total entropy generation using 
detailed method to calculate each term based on the 
Eqs. (9–17). The effect of preheated air on entropy genera-
tion showed, Fig. 9, which the total rate of entropy genera-
tion decreases with the increase in the inlet air temperature. 
The variation is principally attributed to the decrease in the 
contributions of all entropy generation terms with the pre-
heated air in a stoichiometric CH4—air flame which gives a 
reduction in the total entropy generation of 0.5 % with the 
difference of 10  °C of temperature relatively to reference 
flow case. Moreover, approximately the entropy generation 
due to the thermal diffusion is lower by 27. 32 %, for the 
species diffusion reduced by 24.28 % and the contribution 
of chemical terms minimized by 4.39 % comparatively to 
the reference flow. However, the effect of the preheated 
air was on the entropy generation due to the viscosity fric-
tion is negligible comparatively to other terms of the total 
entropy generation. The higher value of air temperature 
decreases the temperature gradient occurring in most of the 
region of the domain resulting in a reduction in the diffu-
sive heat flux. So, that caused the low of the entropy gener-
ation due to the thermal diffusion. The combustion reaction 
was assumed to be complete and the product concentrations 
were calculated from chemical equilibrium consideration at 
a high temperature. The higher initial temperature of the 
reactant decreases the entropy generation in the combustion 
process due to the higher temperature of the product, which 
retains more entropy contained in it. Thus, the entropy gen-
eration per unit mass of the fuel increased as the reactant 
mixture became leaner than stoichiometric. This may be 
attributed to the lower temperature of the flame in a lean 

mixture and the inherent irreversibility associated with the 
mixing of the combustion products with the excess air pre-
sented in the combustor. Finally, we observed that in the 
non-premixed combustion the reactant temperature should 
be kept higher to ensure less entropy generation.

4.2.2 � Preheating of fuel

In this part of work we performed a detailed numerical 
analysis for the study of entropy generation considering 
the preheated CH4 at the inlet using the mathematical equa-
tions presented previously (9–17). Figure 10 illustrates the 
obtained entropy generation sources rates at different CH4 
inlet temperature. It has been shown that the total rate of 
entropy generation becomes large in the region of high 
temperature gradient. The chemical reaction accounted for 
the maximum entropy generation in CH4 flame, while ther-
mal diffusion contributed in the second largest one after the 
entropy generation due to the chemical reaction. The con-
tribution of diffusion species gives less impact compara-
tively to two previous sources. However, the effect of the 
viscous dissipation is negligible of the total entropy gen-
eration. Moreover, the preheated fuel in a stoichiometric, 
CH4—air, flame has given a reduction in the total entropy 
generation approximately by 0.4 % with the difference of 
10 °C of temperature relatively to the reference flow. How-
ever, the effect of the preheated fuel was found to be much 
smaller, and the effect of the viscous dissipation is negligi-
ble of the total entropy generation. So, that decreases with 
the increase of inlet temperature of fuel (CH4).

5 � Conclusion

This work is focused on the recapitulation of the funda-
mental notion of the entropy generation in order to realize 

Fig. 9   Effect of preheating the inlet air on entropy generation sources Fig. 10   Effect of preheating the inlet CH4 on entropy generation 
sources
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complete study of reactif system: aerodynamic, thermal, 
species and entropy generation analysis in academic con-
figuration similar to the combustion chamber of gas turbine, 
and test it under different preheating inlet temperatures 
for air or fuel. The numerical calculations of the present 
investigation are carried out by FLUENT-CFD including 
our UDM and UDF in C++ language for total and each 
term of entropy generation. Then, it appears that chemi-
cal reaction and heat transfer entropy generation sources 
are the more important responsible of thermodynamic irre-
versibilities; they are responsible, respectively, by 50 and 
40 % of entropy generation. The species diffusion has mod-
erate role, around 10  %, while the irreversibilities gener-
ated by viscous friction are negligible. Preheating inlet air 
and CH4 have positive impact on the total thermodynamic 
irreversibilities associated with the combustion processes. 
Finally, regarding the limitation in dynamic model (k−ɛ) 
and the mechanism of combustion (stoichiometric combus-
tion, reaction two steps), so this work can be improved by 
including other models of turbulence considering differ-
ent scales (LES or DNS) and multispecies mechanisms of 
combustion model (PDF) in order to establish a maximum 
of chemical species in reaction comparatively to the experi-
mental case.
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