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In this paper, the work and performance of the premixed methane-air porous
axisymmetrical burner have firstly been simulated numerically using the CFD tools.
For this purpose the set of governing equations has been enriched by an additional
energy equation in porous solid, and the chemical species transport has been extended
onto the multi-step mechanism (GRI-2-11). This numerical model has been verified on
the base of available benchmark experiments. Next, we have studied the local entropy
generation problem taking into account not only classical contributions like viscous
and turbulent dissipation but also, the porous combustion of gases. The results showed
that the greatest portion of entropy generation in the porous medium burner is related
to chemical reactions, followed by heat transfer, mass diffusion (mixing) and friction
(viscous dissipation), respectively. According to the results, as the excess air ratio
increases, the local entropy generation rate due to heat transfer and friction increases
and the local entropy generation rate due to chemical reactions is decreased. Also, by
increasing the volumetric heat transfer coefficient, the local entropy generation rate
due to heat transfer decreases and the local entropy generation rate due to friction
and chemical reactions increases. Also, the local entropy generation rate due to mixing
does not show a significant change with the changing excess air ratio and volumetric
heat transfer coefficient.

Key words: porous media burner, chemical kinetic, volumetric heat transfer, ax-
isymmetric combustion, local entropy generation, excess air ratio.
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Notation

A area [m2],

a emissivity,

Cp fluid heat capacity for constant pressure
ˆ

J
kg·k

˜

,

CB Stefan–Boltzmann constant
`

5.67 · 10−8
ˆ

W
m2

·K4

˜´

,

Di mass diffusion coefficient of the ith species,

dm characteristic diameter [m],
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H volumetric heat transfer coefficient
ˆ

w
m3

·K

˜

,

hk enthalpy of the kth species [J/kg],

K1 permeability tensor for laminar flow [m2],

K2 permeability tensor for turbulent flow [m],

ṁ mass flow rate [kg/s],

NR number of reaction [–],

NS number of species [–],

PPC number of pores per cm of the porous medium length,

QR the radiation heat transfer between the solid phase and the environment [W/m3
˜

,

T temperature [◦K],

u axial velocity [m/s],

v radial velocity [m/s],

V velocity vector [m/s],

Vs superficial velocity [m/s],

W molecular weight of species [kg/mole],

Y mass fraction of the species.

Greek letters

ρ density [kg/m3],

µ viscosity [kg/m · s],

ε porosity [–],

λf fluid conductive heat transfer coefficient [W/m·K],

ω̇ molar rate of reaction of species [mole/m3 · s],

µM,k molar chemical potential [Joule/mole],

v′k stoichiometric coefficient of reactant species [–],

v′′k stoichiometric coefficient of product species [–],

ψ extinction coefficient [1/m].

Subscript

eff effective,

f fluid,

i transport direction,

in inlet,

k species,

s solid,

1. Introduction

Investigation of the local entropy generation in transition processes
and chemical reactions is important to improve the performance of energy con-
version systems. In 1994, Dunbar et al. [1] investigated the sources of combus-
tion irreversibility. They showed that in a combustion process the factors that
produce entropy include, the diffusion process where the fuel and air molecules
become intrinsically mixed, the chemical reactions (fuel oxidation), internal ther-
mal energy exchange where the product molecules give their kinetic energy to
neighboring molecules, and the macromixing process where the system com-
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ponents are evenly mixed. In 2002, Nishida et al. [2] studied entropy genera-
tion and exergy loss in the combustion process. They investigated the effects
of various fuels, equivalence ratio, and inlet fluid temperature on entropy gen-
eration and exergy loss. The results showed that in premixed flames, chemical
reactions had the greatest effect on entropy generation and exergy loss, while
in diffusion flames, thermal conductivity had the most effect on entropy gene-
ration.

In 2005, Yapici et al. [3] computed numerically the local entropy generation
due to the high velocity and temperature gradients inside the combustion cham-
ber in methane-air burners. They used the rotational airflow to burn methane
fuel with greater efficiency and also examined the effects of the equivalence ra-
tio and swirl number on combustion and entropy generation. In 2005, Yapici

et al. [4] performed a numerical study on local entropy generation in a com-
pressible flow through a tube with a sudden expansion. They also studied the
effects of mass flux, ambient heat transfer coefficient, and inlet temperature on
the entropy generation rate. The results showed that decreasing the radius of
the throat significantly increased the maximum amount of volumetric entropy
generation rate. In 2006, Abolfazli and Javadi [5] analyzed the entropy gener-
ation of the combustion phenomenon in methane-air furnaces. They found that
entropy generation due to friction and diffusion of species was negligible with
respect to the contribution of heat transfer and rate of the chemical reaction.
Also, the rate of chemical reaction has the highest contribution to the entropy
generation in a turbulent flow. In 2007, Hooman et al. [6] optimized entropy
generation and heat transfer in forced convection into the porous saturated duct
with a rectangular cross-section. In this study, three different types of boundary
conditions were considered and the results were reported for the Nusselt num-
ber, the Bejan number, and the dimensionless entropy generation rate based on
terms of system parameters. These results make it possible to compare and eval-
uate the design parameters of rectangular ducts based on terms of heat transfer,
pressure drop and entropy generation.

In 2008, Briones et al. [7] performed entropy generation analysis on the
hydrogen-enriched methane-air propagating triple flames. The results showed
that as hydrogen is added to methane fuel, entropy generation increases due
to increasing thermal conductivity and chemical reactions, and the second law
efficiency of the system remains almost constant with the addition of hydrogen.
In 2010, Rajiv et al. [8] analyzed a laminar, viscous, and incompressible flow
through a porous channel. The results indicated that the viscous diffusion had no
effect on the entropy generation rate in the centerline of the channel filled with
a porous material. In 2011, Waqar [9] investigated the non-Newtonian fluids
in a porous medium. He studied the dilatants and quasi-plastics, and showed
the effects of power index, temperature variations, displacement parameter, ax-
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ial distance and viscous friction parameter on temperature and velocity profiles,
dimensionless entropy generation rate, the ratio of irreversibility and the Bejan
number. In 2012, Heidary et al. [10] investigated the control of free convec-
tion and entropy generation in inclined porous media as well as the effects of
appendage on the bottom wall. The results showed that this appendage can
be used as a control parameter for heat transfer, fluid flow, and entropy gene-
ration.

In 2014, Zhou et al. [11] studied optimization of plate-fin heat exchangers
by minimizing specific entropy generation rates and found that by increasing
the total heat transfer area, reducing the heat transfer rate and increasing the
mass flow ratio, the entropy generation rate decreases. In 2014, Feiz and Es-

fahani [12] investigated the exergy performance of a methane-air cylindrical
microcombustor with different inlet conditions (equivalence ratio and inlet ve-
locity). The results showed that entropy generation due to heat transfer had the
highest contribution to exergy destruction. Then chemical reactions and mixing
have the second highest contribution, respectively. Besides, the results showed
that the microcombustor had the lowest irreversibility under stoichiometric con-
ditions.

In 2015, Amani et al. [13] numerically investigated the entropy generation
and thermodynamic optimization of the combustion chamber. They examined
the effects of various parameters such as the swirl number, the distance between
the air nozzle and fuel, the equivalence ratio, the inlet fuel flow rate and the inlet
air velocity. The results showed that chemical reactions and heat transfer had
the highest contribution to entropy generation and consequently irreversibility.

In 2016, Stanciu et al. [14] numerically investigated the entropy generation
in micro channels with thermal wells with cross-sections of various shapes. They
found that total entropy generation decreased with increasing Reynolds number
and also that the channels with square thermal wells had the lowest entropy
generation rates compared to circular and hexagonal cross-sections. In the same
year, Torabi et al. [15] reviewed the entropy generation in thermal systems with
solid structures. They studied the recent advances in the second law analyses of
these systems with an emphasis on the theoretical and modeling aspects, they
also studied the effects of including solid components on the entropy genera-
tion within different thermal systems and finally investigated the mathematical
methods used in this branch of thermodynamic. In other work in 2017, they
presented the challenges and progress on the modeling of entropy generation in
porous media. They investigated the recent developments of the second law in-
vestigations in porous media and the effects of various parameters on the entropy
generation in porous systems. They also focused on the local equilibrium and
non-equilibrium upon the second law performance and mathematical methods
that have been used for second law simulations [16].
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In 2019, Rahbar et al. [17] investigated an analytical study of entropy gen-
eration in rectangular natural convective porous fins. The results of solving these
equations showed that the entropy generation number is a function of SH , tem-
perature ratio and non-dimensional local temperature of the porous fin. The
results also indicated that, for both long and insulated porous fins, at given
values of SH and the temperature ratio, the maximum entropy production oc-
curs at the base of the fins with the maximum values of temperature differ-
ence.

According to the aforementioned literature survey, only few theoretical and
practical studies have been done on the local entropy generation rate in the
porous medium burner. In this work, such a combustion system is examined
using the same configuration of the burner as in a recent paper [18] where,
essentially, changing continuous porosity has been used for a constant value of
excess air ratio and volumetric heat transfer coefficient, and the effects of these
two very important parameters on the entropy generation rate have not been
investigated. Therefore, the present work is meant to complement and extend
that recent study.

2. Mathematical model

2.1. Burner geometry

In this study, the numerical solution of the local entropy generation in incom-
pressible flow through a porous media burner is analyzed. The two-dimensional
axisymmetric model of the considered burner is shown in Fig. 1. It is assumed
that the wall of the preheating zone is adiabatic and the wall of the combustion
zone is under the constant temperature conditions (at 1410 K). The lengths of
the preheating zone and the combustion zone are 20 mm and 110 mm, respec-
tively and the divergence length that is a part of the combustion zone, is 10 mm.
the radiuses of the burner at inlet and outlet are constant and equal to 13 mm
and 15 mm, respectively.

Fig. 1. The schematic of the burner geometry.
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Table 1 shows the values of the thermal conductivity coefficient, the convec-
tive heat transfer coefficient, and the diameter of the pore used in the preheating
and combustion zones.

Table 1. Thermophysical and thermo chemical properties of porous material
used in this work [19, 20].

Properties Preheating zone Combustion zone

Conductive coefficient [W/mK] 0.1 0.5

Convective coefficient [W/m3K] 1 × 107 1 × 108

Pore diameter [mm] 0.55 0.6

Porosity [–] 0.7 0.85

The assumptions made are as follows:

1. Steady-state condition, laminar and Newtonian fluid are assumed.
2. The effects of body forces, the catalytic effect of porous material at high

temperatures and the effects of Soret and Dufour are negligible.
3. The radiative heat transfer of the gas phase against the solid matrix is ignored.

The governing conservation equations [19, 21–24].

Continuity equation

(2.1) div(ρ
−→
Vs) = 0.

Axial momentum equation

(2.2) div(ρu
−→
Vs) = div(µ∇u) − ∂p

∂x
−

(

∆P

∆L

)

x

.

Radial momentum equation

(2.3) div(ρv
−→
Vs) = div(µ∇v) − ∂p

∂r
−

(

∆P

∆L

)

r

.

In the momentum equations, an additional pressure drop has to be considered,
which depends on the properties of the porous medium. Second-order polyno-
mials are used to describe this pressure drop. According to the Forchheimer
equation for the ith direction, we have [19, 21, 22, 25, 26].

The pressure drop equation

(2.4)

(

∆P

∆L

)

i

=
µ

K1
(Vs)i +

µ

K2
(Vs)i|(

−→
V s)|.
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Superficial velocity
(
−→
Vs) = ε(

−→
V ).

Permeability for Darcy flow

K1 =
(dm)2ε3

180µ(1 − ε)2
.

Permeability for Forchheimer flow

K2 =
(dm)ε3

1.8ρf (1 − ε)
.

Gas-phase energy

(2.5) div(ρ
−→
VsCpTf ) = div(ελf grad(Tf )) +H(Ts − Tf ) − ε

Ns
∑

K=1

ω̇khk.

Solid phase energy

(2.6) div((1 − ε)λeffi
grad(Ts)) +H(Tf − Ts) −QRδ = 0.

Effective thermal conductivity [20, 23, 27–29]

λeffi
= λ◦eff +

ṁ
A
Cpd

Ki
.

Radiation heat transfer between the solid phase and environment [23]

QR = (1 − ε)
aCB(T 4

s − T 4
0 )

∆l
e−ψx.

Extinction coefficient for the porous matrix

ψ = − 1

∆l
lnε.

Temperature of the environment was taken to be T0 = 288◦K.

The volumetric heat transfer coefficient [30–33]

H = avh,

av is the cross-sectional area per unit volume of porous material that this coef-
ficient can be experimentally determined [34]

av = 169.4PPC (Pore Per Centimeter),
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and δ parameter in Eq. (2.6) is defined as follow:

δ =

{

1 elsewhere,

0 inlet & outlet.

Species conservation equations

(2.7) div(ρ
−→
VsYk) = div(ρεDkm grad(Yk)) + εω̇k, k ∈ [1, Ns].

The terms of the production and conversion of species k due to the chemical
reactions appear as source/sink terms in the gas phase energy and the chemical
species transfer equations.

ω̇k = Mk

NR
∑

l=1

(ν ′′kl − ν ′kl)K1 ·
(

∏

reac tants

Cν
′

kl − 1

Kc

∏

products

Cν
′′

kl

)

where ν ′kl and ν ′′kl are the stoichiometric coefficients and must be satisfied with
the following equation

Ns
∑

k=1

ν ′klAk ↔
Ns
∑

k=1

ν ′′klAk,

and K1 is the reaction rate coefficient and is defined by the Arrhenius expres-
sion [35]

K1 = K0
1T

β1 exp

(

− E1

RT

)

where all of the parameters are defined in the notation.
Gas-phase thermochemical and transport properties are calculated by sub-

routine TRANFIT [36] and thermodynamic database of the CHEMKIN library.
All simulations are conducted for premixed methane/air mixture and multi-step
chemical kinetics GRI 2.11 that includes 49 species and 279 chemical reactions.

The inlet, outlet, and the boundary conditions are given by:

Inlet:

u = uin, v = 0, Tf = Tf,in, Yi = Yi,in,

(1 − ε)λs
∂Ts
∂x

= −εrσ(T 4
s − T 4

◦ ).

Outlet:

∂u

∂x
=
∂v

∂x
=
∂Tf
∂x

=
∂Yi
∂x

= 0,

(1 − ε)λs
∂Ts
∂x

= −εrσ(T 4
s − T 4

◦ ).
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On the axis:
∂u

∂r
=
∂Tf
∂r

=
∂Ts
∂r

=
∂Yi
∂r

= 0, v = 0.

At the wall of the burner the no-slip condition is applied.

2.2. The rate of entropy production

Local entropy generation due to heat transfer [13, 37–39]

(S′′′
gen)heat =

ελf
T 2
f

·
[(

∂Tf
∂x

)2

+

(

∂Tf
∂r

)2)]

(2.8)

+
(1 − ε)λeffx

T 2
s

·
(

∂Ts
∂x

)2

+
(1 − ε)λeffr

T 2
s

·
(

∂Ts
∂r

)2

.

Local entropy generation due to friction [13, 37–39]

(2.9) (S′′
gen)fric =

µ

T
· ∅.

Viscous dissipation

∅ = 2 ·
[(

∂ux
∂x

)2

+

(

∂ur
∂r

)2

+

(

ur
r

)2]

+

(

∂ux
∂r

+
∂ur
∂x

)2

.

Local entropy generation due to mixing [40]

(2.10) (S′′′
gen)mixing =

N
∑

i=1

ρDim

[

Ri
p

∂Yi
∂xa

∂P

∂xa
+
Ri
Yi

∂Yi
∂xa

∂Yi
∂xa

]

> 0.

Local entropy generation due to chemical reactions [41]

(2.11) (S′′′
gen)reaction =

Aω

T
=
ω

T

N
∑

i=1

(v′i − v′′i )µM,i > 0.

The total entropy generation rate

(2.12) Ṡgen =

∮

S′′′
genr∂θ · ∂r · ∂x.

3. Validation of results

As shown in Table 2, the validity of the numerical model is examined by
comparing the adiabatic temperatures predicted by our numerical simulation in
a porous medium burner at an input velocity of 50 cm/s for different values of
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Table 2. Comparison of adiabatic flame temperature between the present work
and [42].

Equivalence ratio with input velocity 50 cm
s

1 1.1 1.2

Experimental adiabatic flame temperature [K] ([42]) 2230 2200 2140

Calculated adiabatic flame temperature [K] 2311 2298 2301

Errors % 3.51 4.26 6.99

the equivalence ratio with the adiabatic flame temperature for CH4-air mixtures
which is reported in Turns [42]. As can be seen, by decreasing the equivalence
ratio, the difference between numerical and experimental results are reduced,
which can be discounted in engineering works.

In Fig. 2, the mass fraction of NO species for the results of numerical and
experimental simulations in a 5 kW burner and at the output of the burner
as a function of the excess air ratio is shown. GRI-2.11 kinetics is used for
a numerical simulation. The greatest difference between the experimental and
the numerical simulation results is about 7%. It is necessary to use a detailed
chemical mechanism and temperature field in order to obtain a better prediction
of NO emission. According to Fig. 2, there is little difference between the results
of numerical simulations and experimental results that can be ignored.

Fig. 2. Comparison of NO species with experimental results in a porous media burner and
GRI-2.11 chemical kinetics for different amounts of the excess air ratio [43].
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Grid independence test

To check mesh independence, a different grid size was investigated. The re-
sults showed that the variations of the variables with the grid smaller than
260 × 26 are about 3% which can often be neglected in engineering work, so all
results are reported based on the mesh mentioned.

4. Results and discussion

In the present work, a two-dimensional axisymmetric numerical model for
premixed methane-air combustion in porous media has been developed. For
this purpose, multi-step mechanism GRI.2.11 which includes 49 species and 279
chemical reactions and constant porosity have been used and the effects of them
on the temperature profile and local entropy generation rate have been investi-
gated. This model solves the continuity equation, Navier Stokes equations, the
solid and gas energy equations, and the chemical species transport equations by
using the finite volume method, and the pressure and velocity have been coupled
with the SIMPLE algorithm. After convergence, local entropy generation rate
equations, are solved by considering the values of temperature and velocity and
concentration of chemical species. In this paper, the effects of volumetric heat
transfer coefficient and excess air ratio on the local entropy generation rate have
been shown.

Fig. 3. Gas temperature profile on the centerline of the burner for different values of excess
air ratio.
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Figure 3 shows the gas temperature profile for different values of the excess
air ratio. As can be seen by increasing the excess air ratio, the flow rate increases,
which results in better cooling of the porous material in the upstream region,
causing the flame front to move downstream and to reduce the maximum tem-
perature value. However, the outlet temperature values for the different values
of the excess air ratio are approximately the same.

Figure 4 shows the local entropy generation rate due to heat transfer for
different values of the excess air ratio. According to Fig. 4 the least entropy gen-

Fig. 4. Local entropy generation rate due to heat transfer for different values of excess air
ratio.
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eration occurs for the excess air ratio 1, this can be explained by the fact that
according to Eq. (2.8), local entropy generation due to heat transfer is inversely
proportional to the square of the temperature and, according to Fig. 3, the max-
imum temperature occurs for the stoichiometric condition (excess air ratio = 1).
As can be seen in Fig. 4, the maximum amount of local entropy generation hap-
pens near the wall with high-temperature gradients and this maximum value is
transferred downstream by increasing the excess air ratio.

Figure 5 shows the local entropy generation rate contour due to friction
for different values of excess air ratio. According to Fig. 5 the least entropy

Fig. 5. Local entropy generation rate due to friction for different values of excess air ratio.
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generation occurs for the excess air ratio 1, this can be explained by the fact
that according to Eq. (2.9), local entropy generation due to friction is inversely
proportional to the temperature and by increasing the temperature, the amount
of local entropy generation due to friction decreases. It is clear that the local
entropy generation rate due to friction is thousands of times lower than other
sources of entropy generation and can be neglected.

Figure 6 shows the local entropy generation rate due to chemical reactions for
different values of excess air ratio. Compared to the thermal entropy generation
rate, the local entropy generation rate due to chemical reactions is higher. The

Fig. 6. Local entropy generation rate due to chemical reactions for different values of excess
air ratio.
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conversion of reactants into products in the combustion zone causes the highest
local entropy generation rate due to chemical reactions.

According to the figure, the highest amount of local entropy generation due
to chemical reactions occurs for the excess air ratio 1. It can be added that
according to Eq. (2.11), the local entropy generation rate is inversely proportional
to temperature, but it is observed that the highest amount of local entropy
generation via chemical reactions happens at the excess air ratio 1 that has
the highest temperature. The cause can be related to other parameters such
as chemical potential and the rate of production or consumption of species.

Fig. 7. Local entropy generation rate due to mixing for different values of excess air ratio.
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According to the figure, as the excess air ratio increases, the location of maximum
local entropy generation is transferred downstream.

Figure 7 shows the local entropy generation rate due to mixing for different
values of excess air ratio. Considering the figure, as the excess air ratio increases,
there is no significant change in the local entropy generation rate.

Figure 8 shows the gas temperature profiles for different values of the vol-
umetric heat transfer coefficient. According to the figure, with increasing the
volumetric heat transfer coefficient the gas temperature increases. As the volu-
metric heat transfer coefficient increases, the flame front moves upstream.

Fig. 8. Gas temperature profile on the centerline of the burner for different values of
volumetric heat transfer Hv.

Figure 9 shows the contour of the local entropy generation rate due to heat
transfer for different values of the volumetric heat transfer coefficient. As the
volumetric heat transfer coefficient increases, the gas temperature increases and
consequently the amount of local entropy generation decreases.

Figure 10 shows the contour of the local entropy generation rate due to fric-
tion for different values of the volumetric heat transfer coefficient. By increasing
the volume heat transfer coefficient the local entropy generation rate due to
friction increases quantitatively.

Figure 11 shows the local entropy generation rate via mixing for different
values of the volumetric heat transfer coefficient. As the volumetric heat trans-
fer coefficient decreases, the reaction rate increases and the flame thickness de-
creases, which results in very high concentration gradients in the combustion



A study of the local entropy generation rate. . . 273

Fig. 9. Local entropy generation rate due to heat transfer for different values of volumetric
heat transfer.

zone. On the other hand, as the reaction rate increases, the concentration of
each species increases. This phenomenon in the local entropy generation due to
mixing according to Eq. (2.10) acts as the opposite and causes the value of this
parameter to remain unchanged.

Figure 12 shows the local entropy generation rate due to chemical reactions
for different values of the volumetric heat transfer coefficient. According to the
figure, with increasing volumetric heat transfer coefficient, the local entropy gen-
eration rate increases rapidly.
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Fig. 10. Local entropy generation rate due to friction for different values of volumetric heat
transfer.

5. Conclusions

1. In premixed flames, the local entropy generation rate due to chemical re-
actions and heat transfer plays a major role and the rate of local entropy
generation due to friction can be neglected. Therefore, to reduce the total en-
tropy generation, the contribution due to heat transfer and chemical reactions
should be reduced as far as possible.

2. By taking into account chemical kinetics, most of the entropy generation
factors in the porous media burner are chemical reactions, followed by heat
transfer, mixing and friction, respectively.
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Fig. 11. Local entropy generation rate due to mixing for different values of volumetric heat
transfer.

3. By increasing the excess air ratio, the local entropy generation rate due to
heat transfer and friction is increased and the local entropy generation rate
due to chemical reactions is decreased.

4. By increasing the volumetric heat transfer coefficient, the local entropy gen-
eration rate due to heat transfer decreases and the local entropy generation
rate due to friction and chemical reactions increases.

5. The local entropy generation rate due to mixing operates independently of
the excess air ratio and the volumetric heat transfer coefficient and does not
change with the change of them.
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Fig. 12. Local entropy generation rate due to chemical reactions for different values of
volumetric heat transfer.

Due to the importance of coefficients of excess air ratio and volume heat
transfer, it is observed that entropy generation due to heat transfer decreases
by decreasing excess air ratio and increasing volumetric heat transfer coefficient,
while entropy generation due to chemical reactions decreases by increasing excess
air ratio and decreasing volumetric heat transfer coefficient, and because they
behave in a completely opposite way, in order to determine the best practical
coefficients, optimization must be done.
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