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ABSTRACT 
A numerical study of the combustion of lean methane/air 

mixtures in a porous media burner is performed using a novelty 
geometry, cylindrical annular space. The combustion process 
takes place in the porous annular space located between two 
pipes, which are filled with alumina beads of 5.6 mm diameter 
(Al2O3) forming a porosity of 0.4. The outer tube diameter of 
3.82 cm is isolated; meanwhile the inner tube of 2 cm in 
diameter is covered by a continuous set of thermoelectric 
elements (TEE) for transforming heat energy into electricity. To 
achieve and maintain the proper temperature gradient on TEE, 
convective heat losses are considered from the TEE. The 
respective heat transfer coefficient is variable and is in the 
range 800 < h < 1500 [W / m2]. The 2D mathematical model 
includes the energy equations for solid and gas phases, the 
momentum equations, the continuity equation, the fuel mass 
conservation, the perfect gas law and it is solved by Means of 
computational simulations in COMSOL Multiphysics. 
Computer simulations focus on the two-dimensional 
temperature analysis and displacement dynamics of the 
combustion front inside the reactor, depending on the values of 
the filtration velocity (0.1 < ug0 < 1.0, m/s) and the fuel 
equivalence ratio (0.06 < Φ < 0.5). The conditions that 
maximized the overall performance of the process of energy 
conversion are ug0 = 0.7 [m / s], Φ = 0.363 and h = 1500 
[W/m2K], to obtain 2.05 [V] electrical potential, 21 [W] of 
electrical power and an overall efficiency of process η = 5.64%. 
The study shows that the cylindrical annular geometry can be 
used for converting the energy of combustion from lean gas 
mixtures into electricity, with a performance similar to the 
specified by manufacturers of TEEs. 

 

INTRODUCTION 
The need to lower emissions and increase efficiency in 

fossil fuel combustion has driven the search of new combustion 
methods and advanced burner designs. A porous media burner 
can provide a good solution due to a number of advantages 
compared to conventional free-flame combustion, such as large 
power variation range, high efficiency, compact structure with 
very high energy concentration per unit volume, extremely low 
CO and NOx emissions over a wide range of thermal loads, 
stable combustion over a wide range of equivalence ratios, 0.4 
< Φ < 0.9 [1–3]. All the arguments mentioned above have 
driven the current development of these kinds of burners, which 
have already found several important industrial applications [4–

7]. The problem of gas combustion in inert porous media has 
been studied intensively both theoretically and experimentally. 
The most important results of both research methodologies 
have been summarized in [8, 9].  

NOMENCLATURE 
A   [s-1]             Frequency factor 
c [mol/m3] Molar concentration 
Cp [J/kg/K] Specific heat capacity 
D [m2/s] Combined diffusion coefficient 
Dd [m2/s] Dispersion diffusivity 
Dg [m2/s] Difussion coefficient 
Dp [m2/s] Parallel �� component 
Dt [m2/s] Transverse �� component 
dp [m] Particle diameter 
∆hm [J/mol] Molar reaction heat 
Ea 

eign 

ewall 

em 

k 
Fc 
h 
Pr 
R 
R1,2,3 

Re 
YF 

Zdowns 

Zign 

[J/mol] 
[m] 
[m] 
[-] 
[W/m/K] 
[-] 
[W/K/m2] 
[-] 
[J/mol/K] 
[m] 
[-] 
[-] 
[m] 
[m] 
 

Activation energy 
Length of ignition zone 
Thickness of internal cylinder 
Emissivity 
Effective thermal conductivity 
Contact factor 
Convective heat transfer coefficient 
Prandtl number 
Universal gas constant 
Radius in geometrical position 1, 2 or 3 
Reynolds Number 
Fuel mass fraction 
Length of downstream zone 
Length of upstream zone 

Subscripts 
0  Initial condition 
eff  Effective expression 
FC  Combustion front 
g  Relative to gas phase 
s  Relative to solid phase 
w  Relative to cylinder walls 
f  Fuel 

 
Greek Symbols 
αvol  [W/m3/K]     Volumetric heat transfer coefficient 
ε  [-]                 Porosity 
µ  [kg/m/s]        Dynamic viscosity 
Φ  [-]                 Fuel equivalence ratio 
σ  [W/m2/ K4]     Stefan-Boltzmann constant 

 
One of the most important problems of porous media 

burners is stabilizing the flame in a specific zone of the inert 
porous media. It is also important for the static combustion 
front to have some predefined characteristics to be able to 
maximize the efficiency of the burner and minimize CO and 
NOx emissions [2, 3, and 5]. For this purpose, four different 
flame control methods have been developed. The first method 
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considers forming two layers of the porous media in which the 
modified Peclet number is less than (first layer) or greater than 
(second layer) 65 [1–3, 8, 10–12]. The second method 
considers cooling the post-combustion zone [13, 14]. The third 
method enables retaining the flame in a specific zone of the 
porous media by periodically exchanging the mixture inlet and 
exhausting the combustion gases [15–19]. Finally, the fourth 
method of flame stabilization employs a porous body with non-
constant cross sectional area [20]. The motion of the 
combustion zone results in positive or negative enthalpy fluxes 
between the reacting gas and solid porous media. As a result, 
observed combustion temperatures can significantly differ from 
adiabatic predictions based on the enthalpy of the initial 
reactants and is controlled mainly by reaction chemistry and 
heat transfer mechanism. Upstream wave propagation against 
the gas flow results in subadiabatic combustion temperature, 
while downstream propagation of the wave leads to combustion 
in the superadiabatic regime, with much higher temperatures 
than the adiabatic temperature [21-23]. Superadiabatic 
combustion significantly extends conventional flammability 
limits to the region of ultralow heat content mixtures.  

For an adequate burner design with a specific porous media, 
it is imperative to know the temperature levels reached and the 
travel speed of the combustion front inside the porous media 
according to several parameters. These parameters include the 
physical properties of the porous media, gas filtration speed and 
fuel equivalence ratio, amongst others. The main results 
published on this subject may be found in [8, 10, 12, 21, 23 and 
24]. According to investigations, the combustion front velocity 
is positive (front moves downstream) in the ultra-poor (Φ → 0) 
mixtures and is negative in mixtures close to stoichiometric 
(Φ→1) throughout the range of variation of the speed gas 
filtration. However, for lean mixtures, i.e., those with Φ values 
that lie between the two extremes mentioned above, there is 
normally a theoretical value of the filtration gas velocity ��∗  for 
which uFC = 0. As a result, for ug > ��∗  , uFC  > 0  and for ug < ��∗ , uFC < 0. Moreover, the value of ��∗  increases for higher 
values of Φ. However, with the increased value of Φ, the 
positive values of uFC decrease their size and the negative 
values of uFC grow. Exactly the same is observed with 
increasing pore diameter of the porous medium.  

The literature review shows that the combustion in inert 
porous media with cylindrical annular geometry was not 
investigated practically. For this reason, it is interesting to ask: 
What properties will the combustion of methane/air lean 
mixtures in burners with this type of geometry have? Will these 
properties be different from those of combustion in the 
cylindrical geometry? What kind of practical applications can 
be made of these burners? What would be the most appropriate 
method for the detention or confinement of the combustion front 
within the porous media? Apparently, the selected geometry is 
interesting for a particular application: the inner cylinder of the 
annular space can be used to drive a cooling fluid, such as 
water, for example. Then, if the inner cylinder is covered by a 
layer of thermoelectric elements, it will be located between two 
different temperatures imposed on their opposing surfaces: on 
one side, the temperature of the coolant, and secondly, the 
surface temperature of the inner cylinder in the annulus burner. 

PHYSICAL SITUATION 
The burner analyzed in this work is made of two stainless 

steel tubes of different diameters, one placed inside the other, 
with its annular space filled with alumina balls, as shown in 
Figure 1. The external cylinder of the burner is insulated, while 
the interior cylinder has interfacial energy losses from the 
reactor to the cylindrical space in the middle of the burner 
where a coolant fluid circulates. This heat flow is done through 
a set of TEE covering the inner cylinder burner. The 
combustion of the lean fuel gaseous mixture takes place in the 
annular space filled by the porous media. The mixture is ignited 
in the region located at half the height of the reactor, imposing 
the initial ignition temperature there. As a result, combustion 
front moves along the reactor upstream or downstream, 
depending on the physical conditions assigned to four different 
variables: gas filtration rate, fuel equivalence ratio, heat loss 
from the internal cylinder of the burner and the radius of the 
cylinder itself. Combustion development is analyzed for each 
combination of these four parameters, including the combustion 
front velocity and the two-dimensional transient temperature 
profiles that are generated. 

 

Figure 1 Burner Diagram 

 
 

Figure 2 Burner diagram used in computer simulations 
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The porous media annular burner shown in Figure 1 is shown 
diagrammatically with its geometry in Figure 2. The system is 
composed of two tubes of length L and internal radius R3 and 
R1, respectively. Through the inner tube radius R1 passes a 
coolant fluid, which cools a set of ETE lining the tube. This set 
of thermoelectric elements consists of 128 pairs of Bi2Te3 p-n 
type semiconductors connected electrically in series and 
thermally in parallel, collecting the heat of chemical reaction 
and generating electricity.  
 

MATHEMATICAL MODEL 
The mathematical model presented below, which is made 

up of equations governing the combustion process of lean 
methane/air mixtures in porous media according to the global 
reaction: ��� + 2�1 + 
���� + 3.76��� 	→ ��� + 2��� + 2
�� + 7.52�1 + 
���																	�1� 
 

Where 
 is the excess air coefficient of the mixture that has the 
following relation with the fuel equivalence ratio Φ: 
 Φ =	1 �1 + 
��                                       (2) 

 
When using a compressible fluid, the conservation of mass is 
given by: ����� +  · �"�#$� = 0                    (3) 

 
Where #$ represents the gas filtration velocity and gas density "� is governed by the ideal gas law: 
 "� = &'�()�                                           (4) 

 

Where *� is the temperature of the gas phase and Mg is the 
molar mass of the mixture that is a function of Φ.  

The equation of fuel mass conservation, considering single 
step kinetics is given by: 
 

	�+�� + #$ ·  , =  · �-	 ,� − /,012345�              (5) 

 
Where , is the methane concentration in mol/m3, / = 2.6 · 106 
[1/s] is the frequency factor, 78 = 1.3 · 109 [J/mol] is the 
activation energy and : is the effective diffusion tensor of the 
mixture in m2/s, which considers both, the contribution by 
molecular diffusion (-�) and dispersion (:;) [23]: 
 : = -�< + :=                                    (6) 

 

The dispersion tensor coefficient is given by: 
 

:; = >-&?@� + -�?@� A-& − -�B?@?CA-& − -�B?@?C -&?@� + -�?@�D            (7) 

 

Where ?@ and ?C represent the normalized axial and radial 
components of the velocity vector:  
 ? = #$E#$E                                            (8) 

 

The parallel Dp and transversal Dt components of the dispersion 
tensor :; are defined [1] as: 
 -& = 0.5F&E#$E                                       (9) 

 -� = 0.1F&E#$E                                     (10) 
 

Where F& is the pore diameter.  
The energy conservation equation for the fluid phase is 

expressed as:  
 

"��G� �)��� + "�G�#$ *� =  · AH ·  *�B + /,012345� · ∆ℎK −LMNOP · �*� − *Q�               (11) 

 
Where ∆ℎK= 847000 J/mol is the molar heat of the chemical 
reaction and R represents the porosity of the porous matrix. The 
physical properties of the fluid are approximated to air [4]: 
 H = S� + 0.5"��&d&#$                                 (12) 

 �G� = 9470W.6X·WY1Z*�                                    (13) 
 S� = 4.82 · 10\]�G�*�Y.]                               (14) 
 ^� = 3.37 · 10\]*�Y.]                                      (15) 
 

Where S� is the thermal conductivity, ̂� is the dynamic 
viscosity and �G� is the specific heat capacity of the gas phase, 
respectively. As noted, effective gas conductivity includes both 
thermal conductivity and its dispersion component. In the same 
equation (11) _`ab is the volumetric heat transfer coefficient 
between the solid and liquid phases [2, 3]: 
 _`ab = cd��W\P�efg �2 + 1.1hiW/Xk0Y.c�            (16) 

 
Where hi and k0 are the dimensionless numbers of Prandtl and 
Reynolds:  hi = l�m&�d�                                         (17)  

k0 = ��PE#$E=fl�                                       (18) 

 
The energy conservation equation for the porous media: 
 �1 − R�"Q�GQ nopnq = ∇ · ASQ	stt∇*QB + LMNOP A*� − *QB   (19) 
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Where "Q= 3987 kg/m3 is the alumina density and SQ	stt is the 
effective thermal conductivity of the porous media considering 
the conductive and radiative transport mechanisms, 
respectively, according to the Rosseland approximation [5]: 
 SQstt = um�1 − R�SQ + X�	v	=f	Pswx�W\P� *QX              (20) 

 
Where  um = 0.01 is the contact factor between the alumina 
balls, 	0K is the emissivity of the porous material and y is the 
Stefan-Boltzmann constant. The physical properties of the 
porous matrix are also functions of the temperature [5]: 
 �GQ = 29.567 + 2.6117*Q − 0.0017*Q� + 3.382 · 10\]*QX(21) 

 SQ 	= −0.21844539 + 0.00174653*Q + 8.2266*Q�     (22) 
 

The energy conservation equation for the inner tube is:  
 "z�Gz no{nq = ∇ · �Sz∇*z�                        (23) 

 
Where "z,�Gz 	}	Sz are the density, specific heat and thermal 
conductivity of the inner cylinder, respectively. Their values 
were considered as those of stainless steel.   

Heat transfer between the inner tube of the reactor and the 
cooling fluid, which is at constant temperature Tcool, is 
described by the following equation: 
 ~� = ℎ�*+aab − *z�                         (24) 

 
Where h represents the convective heat transfer coefficient and *z, the tube surface temperature. The fluid pressure drop due to 
the presence of the porous media is described by Darcy’s 
equation: #$ = − d�l� ∇G                                  (25) 

 
Where the permeability of the porous media S=  is [6]: 
 

S= =	 =f	g Pg�W\P�gW9Y                                     (26) 

 
The initial conditions of the system are given by: 
 
t=0: 

��
�
��
*�|@	∈[Y,�]∀	C = *�|@	∈[Y,�]∀	C = *z|@	∈[Y,�]∀	C = *Y h|@	∈[Y,�]∀	C = hY

,| @	∈[Y,�]C	∈[(g,(�]
= ,Y ��E@	∈[Y,�]∀	C = 0

	*Q| @	∈[s���]C	∈[(g,(�]
= *���

(27) 

 
The boundary conditions are given by: 
 ∀	�, � = 0: ��EC	∈[(g,(�] = �0, ��Y�                                             (28) 

 

∀	�, � = �: *�|∀	C	 = *�|∀	C	 = *z|∀	C	 = *Y                     (29) 
 �)��@ |∀	C = �)p�@ |∀	C = �){�@ |∀	C �+�@ |∀	C = 0                (30) 

 ∀	�, i = kW: G|∀	C = GY                                       (31) 
 ~|∀	@ = ℎ+aab�*+aab − *z�                        (32) ∀	�, i = k�: ��|∀	@ = �0,0�                                   (33) 
 �+�C |∀	@ = 0                                    (34) 

 ∀	�:																										S� ·  *� + S� ·  *� = Sz ·  *z               (35) 
 ∀	�, i = kX: ��|∀	@ = �0,0�                                   (36) 
 �)��C |∀	@ = �)p�C |∀	@ = �+�C |∀	@ = 0                 (37) 

 
The initial concentration value C0 of the fuel in the mixture is 
given by:   �Y =	 �

�W���.gg�� �'�                                (38) 

 
Where Mf is the molar mass of the fuel.  

 

VALIDATION OF NUMERICAL MODELS 
The mathematical model (1) – (38) was computationally 
implemented using COMSOL Multiphysics 4.3ª, where the 
following four Multiphysics were chosen:  transport of diluted 
species (chds), heat transfer in fluids (ht), heat transfer in solids 
(ht2), Darcy’s law (dl) and electrical currents (ec). That latter 
Multiphysic includes functions called thermoelectric effect, 
electromagnetic heat source, thermoelectric effect contour and 
electromagnetic heat source. Initial and boundary conditions 
were also entered into each of these Multiphysics for each of 
the differential equations, along with the physical properties of 
the respective involved substances: air, methane, stainless steel 
and alumina. All the numerical data values of the physical 
properties were entered into the “Parameters” window. The 
ideal gas law and different functions including natural gas and 
solid temperature dependent properties were entered into the 
“Variables” window. Cylindrical geometry was chosen (r, z) 
and it was assigned 10-6 relative repair tolerance value. “Extra 
fine” finite element mesh was chosen and time stepping was 
controlled by the variable step algorithm from the solver with 
an upper limit of 0.01 s. The convergence criteria for all 
variables were set when errors obtained were lower to a relative 
tolerance of 10-5. 

The work of Foutko et al. [23] was elected here for 
validation purposes. The authors of [23] simulate the 
combustion of lean mixtures of methane/air in a porous media 
made up of 5.6 mm diameter alumina balls in a 7.6 mm 
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diameter quartz cylinder in a superadiabatic regime, without 
local thermal equilibrium between the gas and the solid. For a 
special case, ug0 = 1.075 [m/s], � = 0.17 and the heat loss from 
the burner defined by the formula (22) in the same work, the 
gas and solid temperature profiles and the value of the 
combustion front velocity are taught in the same work. In this 
paper, it is computationally simulated the combustion of lean 
mixtures methane / air inside a quartz tube of 1.3 m in height 
and 76 mm in diameter, filled with alumina balls of 5.6 mm in 
diameter. 

 
Figure 3 Combustion wave propagation: gas temperature in 
solid line and solid temperature in broken line, time intervals 

span 5 min, ug0 = 1.075 [m/s],  � = 0.17. 

Table 1: Physical properties of solids present in the system. 

Parameter Value Units 

Al2O3 "� 3987 [kg/m3] F� 0.0056 [m] 
Stainless steel ,G8+ 440 [J/kg/K] 

S8+ 76.2 [W/m/K] 

"8+ 7870 [kg/m3] 
Copper ,G+� 385 [J/kg/K] 

S+� 350 [W/m/K] "+� 8920 [kg/m3] y+� 5.9·108 [S/m] _+� 6.5·10-6 [V/K] 
Ceramics 

,G+sC 921 [J/kg/K] 

S+sC 27 [W/m/K] 

"+sC 2350 [kg/m3] 

TEE: Bi2Te3 ,&& 	= ,&� 154.4 [J/kg/K] 

S& = S� 1.6 [W/m/K] 

"& 	= 	"�	 7740 [kg/m3] 

y& =	y� 1.1·105 [S/m] 

_& 200·10-6 [V/K] 

_� -200·10-6 [V/K] 

 

The comparison between the solution [23] and this work 
(Figure 3) showed very similar profile temperatures. 
Particularly, according to [23], the highest temperature values 
for each phase were *� = 1400[�] and *� = 1350[�], with 
combustion front velocity	��m = 1.7 · 10\�[�/ ], while, 
according to our simulations, the maximum temperatures were *� = 1410[�] and	*� = 1356[�], with combustion front 
velocity ��m = 1.6 · 10\�[�/ ]. Thus, relative deviations of 
0.71% were observed for the gas temperature, 0.44%, for the 
solid temperature and 5.9%, for the combustion front velocity.   

In order to validate the correct transposition of the TEE 
model, Rowe and Min results presented in [25] were considered 
here with the intention of repeating them with the best 
accuracy. The main properties of different solids involved in 
the construction and implementation of TEE are presented in 
Table 1. Copper is used to bond together the elements of the 
hot side of the elements and ceramics is used to electrically 
isolate the elements of the refrigerant from the cold side. The 
comparison results are presented in Figure 4 where the 
temperature difference is the difference observed on both sides 
of the elements. 

 

 

Figure 4 Electrical power obtained as a function of the 
temperature difference on both sides of TEE. 

RESULTS 
In order to analyze the two-dimensional wave propagation 

in a cylindrical annular space, three different parameters were 
varied in the work: gas filtration velocity ug0, fuel equivalence 
ratio �, heat loss coefficient from the internal cylinder h and 
the internal cylinder radius R1 . The variation ranges of each of 
the above parameters are presented in Table 2. In order to 
maintain laminar hydrodynamic regime in this work, the 
maximum value of the filtration gas velocity is limited by the 
value of 1 m / s. 

Table 2: Values of the four variables 

 
Values Units ��Y 0.1, 0.3, 0.5, 0.7, 1.0 [m/s] 

� 0.1, 0.2, 0.3, 0.4, 0.5 
 

h 400, 800, 1500 [W/m2/K] 

kW              0.01, 0.02 [m] 
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For each of the four variables analyzed, we have created 
four different graphics representing the values of the 
combustion front velocity in the porous media, the temperatures 
along the external cylinder (r = R3) and the internal cylinder (r 
= R1 and r = R2), and the minimum values of the fuel 
equivalence ratio (Φmin) at which the combustion in the annular 
space does not extinguish (combustibility limits), depending on 
the gas filtrating speed. The analysis of these cases is done in 
the following order. First, R1 = 0.01 m is chosen for three 
different values of h presented in Table 1 and the wave 
properties of combustion determined by ug0 and Φ are analyzed. 
Then, the same analysis is applied to the case with R1 = 0.02 m.  

Figures 5 – 8 show the case of h = 400 W/m2/K. Figure 5 
shows that in the five cases analyzed by �, for � = 0.1, 0.2 and 
0.3, the combustion wave moves downstream at a velocity 
whose order of magnitude is 10-4 m/s, reaching a superadiabatic 
regime. In cases of �	= 0.4 and 0.5, the wave moves upstream 
in a subadiabatic regime. Something similar occurs with 
combustion wave movements in porous cylindrical media: 
increasing the value of Φ changes the superadiabatic regime to 
subadiabatic. However, a notorious change is also observed in 
the uFC = f(ug0) functionality for any value of Φ: the almost 
straight lines located absolutely above or below the horizontal 
axis of ug0 in the case of annular geometry (see figures 5, 10, 12 
and 14) are changed for downward concave curves that cross 
axis ug0 at some point in circular geometry [10]. In short, for a 
fixed Φ, the uFC combustion front velocity keeps the same sign 
(travel direction) regardless of the value of ug0. Also, in all the 
cases, the combustion front velocity increases as the gas 
filtration velocity increases, for the same values of �. 

 

Figure 5 Combustion front velocity as function of gas entry 
velocity and equivalence ratio, hcool = 400 W/m2/K. 

Figures 6 – 8 show the maximum temperatures reached on 
different solid surfaces of the annular cylindrical burner: on 
external (R1 = 0.01m) and internal (R2 = 0.012m) surfaces of the 
internal cylinder and on the internal surface of the external 
cylinder (R3= 0.038m), respectively. Figure 6 shows that the 
highest temperatures reached on the cooled surface of the 
internal cylinder (r = R1) is within the range of 350 < Ts < 
750K, for the analyzed values of � and ug0. On the other hand, 
according to figure 7, the temperatures of the solid and the gas 
in R2 = 0.012m (porous media in contact with the internal 
surface of the same cylinder) remains within the ranges of 350 
< Ts < 700K and 600 < Tg < 1200K, respectively, indicating that 

this location does not have local thermal equilibrium: on 
average, Tg – Ts ~ 400K. For higher values of gas filtration 
velocity and equivalence ratio, the maximum temperatures for 
both gas and solid increased. Figure 8 shows that the highest 
temperatures of gas and solid reached in the porous media that 
is in contact with the insulated surface of the external cylinder 
of the burner is located at intervals 1100 < Tg < 1900K and 
1050 < Ts < 1600K, respectively. A local thermal non 
equilibrium in this area is also observed, where the local 
differences Tg – Ts are in the range between 100 and 200 K, 
with greater differences for higher values of �.  

 

Figure 6 Solid maximum temperatures in r = R1 as function of 
gas entry velocity and equivalence ratio, h = 400 W/m2/K. 

 

Figure 7 Maximum temperatures of gas (dotted line) and solid 
(solid line) in R2 =  0.012 m as function of gas entry velocity 

and equivalence ratio, h = 400 W/m2/K. 

 

Figure 8 Maximum temperatures of gas (dotted line) and solid 
(solid line) in R3 =  0.038 m as function of gas entry velocity 

and equivalence ratio, h = 400 W/m2/K. 
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Finally, figure 9 shows the combustibility limits according 
Φmin values, depending on the input gas velocity ug,0. The figure 
shows that these limits decrease from 0.1 up to 0.06 when the 
gas velocity ug,0 increases its value from 0.1 to 1.0 m/s. Also, 
the same figure shows the highest temperatures reached by the 
porous media (three marked lines) and the gas (two unmarked 
lines) located in contact with the cooled surface of the internal 
cylinder (one dotted line, r = R1), also on the internal surface of 
the same cylinder (two broken lines, r = R2) and on the surface 
of the external cylinder (two solid lines, r = R3). As seen in the 
figure, the temperatures of all the surfaces gradually increase 
with the increase of Φ. Gas temperatures of the insulated 
cylinder surface come near to 1500K, while solid temperature, 
on average, border 1250K. On the other hand, on the surface r 
= R2, gas temperature is in the range 600 to 775K, showing 
higher values for higher Φ, while temperatures of the solid 
phase in the same location are around 500K, practically 
matching the temperatures of the cylinder itself, but on the 
cooled side,  r = R1 (in the figure these two lines concur).  

 

Figure 9 Combustibility limits (values of Φmin) and maximum 
gas (dotted lines) and solid (solid lines) temperatures within the 

reactor in R1, R2 y R3: R1 = 0.01m and h = 400 W/m2/K. 

 
After analyzing the case with R1 = 0.01m and h = 400 

W/m2/K, the value of h was varied, first to h = 800 W/m2/K and 
later to h = 1500 W/m2/K, for the same value of R1. Results 
showed that both the combustion front velocity and the 
combustibility limits of the mixture remained practically 
invariable, therefore the intermediate case h = 800 W/m2/K was 
omitted in the illustration, showing only the case with h = 1500 
W/m2/K in figures 10 and 11. These figures show that the 
combustion front velocity, combustibility limits and 
temperatures of the insulated cylinder surface (r = R3) did not 
actually suffer a noticeable change in their values. However, 
some changes in values of temperature are seen near the 
interior cylinder: both the temperatures of the gas and the solid 
have decreased by an average of 75°C on the surface r = R2, 
just like the temperatures on the cooled surface in r= R1. 

Finally, the same analysis as above was repeated for the 
variation of ug,0, hcool and Φ, according to Table 1, but now with  
R1 = 0.02 m. For example, comparing figure 5 with 12 and 9 
with 13, respectively, the influence of the change of the inner 
cylinder radius R1 can be analyzed for the same value of h = 
400 W/m2/K. Figures 5 and 12 show that with the increase in 

the value of R1 from 0.01 to 0.02m, the combustion front 
velocity for the cases of � = 0.1, 0.2 and 0.3, noticeably 
increased their values, by up to 40% for � = 0.1, keeping the 
superadiabatic regime seen in figure 5. The figure 12 also 
shows that in the case � = 0.1, the stable combustion waves of 
the system only exist in the interval of gas entry velocity 
between 0.5 and 1.0 m/s. For lower values of ug0, combustion 
does not occur and it is extinguished. On the other hand, in the 
subadiabatic regime with � = 0.4 and 0.5, the changes in the 
values of the combustion front velocity are much smaller, up to 
10% and no qualitative changes are observed in figures 5 and 
12. 

 

Figure 10 Combustion front velocity as function of gas entry 
velocity and equivalence ratio, R1 = 0.01m and h = 1500 

W/m2/K. 

 

Figure 11 Combustibility limits (values of Φmin) and maximum 
temperatures of gas (dotted lines) and solid (solid lines) within 

the reactor in R1, R2 y R3: R1 = 0.01m and h = 1500 W/m2/K. 

 

Figure 12 Combustion front velocity as function of gas entry 
velocity and equivalence ratio, R1 = 0.02m and hcool = 400 

W/m2/K 
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Figure 13 Combustibility limits (values of Φmin) and maximum 
gas (dotted lines) and solid (solid lines) temperatures within the 

reactor at R1, R2 and R3: R1 = 0.02m and hcool = 400 W/m2/K. 

 
The comparison between figures 9 and 13 shows that increasing 
radius R1 from 0.01 to 0.02m significantly affects the 
combustibility limits of the mixture. If in the case R1 = 0.01m 
the combustibility limits values are lowered from Φmin = 0.1 for 
ug0 = 0.1 m/s to Φmin = 0.06 for ug0 = 1.0 m/s, in the case R1 = 
0.02m, the same limits decrease from 0.18 to 0.1, within the 
same variation range of ug0. Additionally, in the interval 0.5 < 
ug0 < 1.0, the values of Φmin are practically the same. The same 
figures also show that as radius R1 increased from 0.01 to 
0.02m, the inside cylinder temperatures of the solid phase in R1 
and R2 do not suffer major changes. Only for ug0  > 0.5, the 
temperatures in the case R1 = 0.02m are slightly higher (~ 
25°C) than in the case R1 = 0.01m. These differences are 
stronger for higher values of ug0. The same tendency is 
observed for gas temperatures in r = R2: they have higher 
values in the case R1 = 0.02m and the differences between both 
cases increase for higher values of ug0, up to ∆T = 100°C for ug0 
= 1.0. On the surface r = R3, the temperatures of the porous 
media maintained the same values in both cases, according to 
the value of R1. However, the gas temperatures of the same 
region, on average, were 100°C higher for the case R1 = 0.02m.  
 

 

Figure 14 Combustion front velocity as function of gas entry 
velocity and equivalence ratio, R1 = 0.02m and h = 1500 

W/m2/K. 

After analyzing the case with R1 = 0.02m and h = 400 
W/m2/K, the value of h was varied, first considering h = 800 
W/m2/K and later, h = 1500 W/m2/K, for the same value of R1, 
just like in the case of R1 = 0.01m. As a result, it was found that 

both combustion front velocity and combustibility limits of the 
mixture were practically invariable for h, therefore, only the 
case h = 1500 W/m2/K is presented here in figures 14 and 15, 
omitting the case h = 800 W/m2/K. The comparison between 
figures 12, 13 with 14, 15 show that combustion front velocity, 
combustibility limits and temperatures in the cylinder surface 
insulated (r = R3) have not suffered any important change in 
value. However, there is some decrease in values of gas 
temperature and the porous media near the interior cylinder (r 
= R2): gas temperatures lowered by about 100°C and solids, by 
about 25°C. 

 

Figure 15 Combustibility limits (values of Φmin) and maximum 
gas (dotted lines) and solid (solid lines) temperatures within the 

reactor at R1, R2 and R3: R1 = 0.02m and h = 1500 W/m2/K. 

 

Table3: Φ values as function of ug0 and h for which ug0 = 0:  
R1 = 0.02m 

 

� 

ug0 [m/s] h=400 [W/(m2·K)] h=800 [W/(m2·K)] h=1500 [W/(m2·K)] 

0,1 0,3275 0,3288 0,3288 

0,3 0,3388 0,3395 0,3400 

0,5 0,3524 0,3327 0,353 

0,7 0,3630 0,3630 0,3630 

1,0 0,3750 0,3750 0,3750 

 
As Figures 5, 10, 12 and 14 do not teach nulls of the 

combustion front velocity uFC for different values of Φ, ug0 and 
h, computer simulations were conducted to find their values. As 
a result, it was found that in the case with R1 = 0.02m, hcool = 
400 W/m2/K and ug0 = 0.1 m/s, the uFC speed was null for Φ = 
0.3275. Increasing ug0 from 0.1 to 1.0 m/s for the same value of 
hcool, the value of Φ for which uFC = 0 increases, reaching Φ = 
0.375. Increasing the value of h from 400 to 1500 W/m2/K does 
not show considerable variations in the value of Φ for which 
uFC = 0. A summary of these results is presented in Table 3. 
However, decreasing the value of R1 from 0.02 to 0.01 m for all 
the values of h and ug0, the values of Φ for which uFC = 0 
resulted lower. Particularly, in the case of ug0 = 0.1 m/s and h = 
400 W/m2/K the result is uFC = 0 when Φ = 0.276. By increasing 
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ug0 to 1.0 m/s the value of Φ increases and reaches 0.368. It is 
also noted that by varying h from 400 to 1500 W/m2/K for the 
same gas filtration velocity, the values of Φ were practically 
unchanged.  

 

 
 

Figure 16 Electric potential produced by the TEMs. 
 

        
 

Figure 17 Electric power produced by the TEMs. 
 

        
 

Figure 18 Temperature differences on the TEMs. 
 

Then for all cases presented in Table 3, the electric potential, 
power, temperature difference, the maximum temperature and 
the overall efficiency of the system obtained in this work 
presented in Figures 16-20, respectively. From these figures it 
appears that with increasing both the filtration gas velocity as 
the convective heat transfer coefficient the electric power 
produced increases. The overall system efficiency was defined 

as the ratio of the electric energy produced and the heat 
released by the combustion. 
 

 
 

Figure 19 Maximum temperature reached on the hot side of the 
TEMs. 

 

           

 
Figure 20 Overall system efficiency.  

 
 

CONCLUSIONS 
 
Computer simulations of combustion waves in annular 

cylindrical porous media show that, as in the case of porous 
cylindrical media, combustion waves are spread at a speed of 
around 10-4 m/s, within the variation ranges of ug0 and Φ 
considered in this work. Depending on the value of the fuel 
equivalence ratio Φ, these waves may move upstream, in 
subadiabatic regime (for greater values of Φ), or downstream, 
in superadiabatic regime (for lower Φ) where the thermal and 
combustion wave travel in the same direction (downstream) 
along the porous media. For the same value of Φ, when the gas 
filtration velocity increases, the combustion wave travels at 
higher speeds in the superadiabatic regime, with their values 
unchanged or slightly decreasing in subadiabatic regime. It is 
also observed that along the complete variation interval of gas 
entry speed 0.1 < ug0 < 1.0 m/s the combustion front velocity 
has the same sign, positive or negative, if Φ is held constant. 
The variation of the radius in the inner cylinder noticeably 
affects the combustion characteristics, however, the heat loss 
from the inner cylinder have little effect on these, within the 
variation range of the considered parameters.  

The conditions that maximized the overall performance of 
the process of energy conversion are ug0 = 0.7 [m / s], Φ = 
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0.363 and h = 1500 [W/m2K], to obtain 2.05 [V] electrical 
potential, 21 [W] of electrical power and an overall efficiency 
of process η = 5.64%.  
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