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Abstract. The technique of combustion in porous media offers advantages comparing with free flame 
burners. High burning rates, flame stability, and low pollutant emissions are some of the main 
characteristics of porous burners. The present work presents numerical simulations of combustion in 
porous media. A laminar two dimensional model is based on a macroscopic formulation of the 
transport equations. A 6 step reduced mechanism was utilized to model the chemical kinetics. Finite 
volume method is used for simulation with a boundary-fitted non-orthogonal coordinate system. A 
radiant porous burner is simulated and a sensitivity study to the Rosseland mean attenuation 
coefficient, to the thermal conductivity of the solid and to the porosity is presented. It is shown that the 
properties of the pre-heating region not affect, significantly, the CO emissions at the exit of the reactor, 
while the properties of the combustion region has a strong influence.  
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1. INTRODUCTION 
There has been an interest in combustion within porous media due to the needs of industry  

focusing efficiency and reduction of emission of pollutants. Premixed combustion inside a 
porous medium is currently under investigation due to the characteristics of this technology 
which provides controlled flames. Systems based on fluidized bed combustion, in-situ 
combustion for oil recovery, household heating combustion, are just a few examples of such 
applications (Trimis and Durst, 1996). 

Weinberg (1971) introduced the idea of utilize part of the energy of the combustion 
products to preheat the incoming reactants. The recuperation causes a net transfer of enthalpy 
from the burned gases to the unburned gases and consequently makes possible to achieve a 
local peak temperature higher than the adiabatic flame temperature. The recirculation or 
recuperation of heat causes the extension of the lean flammability limit and the high reaction 
rates.  In the literature the flames that have peaks of temperature higher than the adiabatic 
flame temperature are named ‘excess enthalpy flames’ (Howell et al., 1996).  

In most of the studies of premixed combustion within inert porous media the flow is 
assumed to be laminar and one-dimensional, the variation in the pressure across the flame is 
generally negligible compared with the absolute pressure, and the pressure is assumed 
constant (Baek, 1989; Yoshizawa et al., 1988; Hsu et al., 1993; Neef et al., 1999). The use of 
single-step global chemistry (Mohamad et al., 1994; Sathe et al., 1990; Baek, 1989) is 
common, but, the inadequacies of global kinetics are well recognized. Hsu et al. (1993) 
presents a comparison between one-step and multi-step chemistry.  

Studies on macroscopic transport modeling of incompressible flows in porous media have 
been based on the volume-average methodology for either heat or mass transfer (Kaviany, 
1995; Bear, 1972). Because of important influence of lateral heat loss in porous medium 
burners, a two dimensional model is necessary (Brenner et al., 2000).  

The present paper follows the foregoing works and presents a two dimensional 
mathematical model for laminar premixed flame combustion in porous media. The numerical 
methodology employed is based on the control-volume approach with a boundary-fitted non-
orthogonal coordinate system. In order to achieve steady combustion in the porous media the 
reactors have a steep gradient in the pore size of the porous matrix. The reactor studied in this 
work have two regions, with a small pore size in the first region and a large pore size 
downstream in the second region. The flame can be stabilized at the interface between the two 
different porosity blocks. The main goal of this study is to investigate the choice of materials 
in each porous region, pre-heating region and combustion region, and the influence of this 
choice on the pollutants emission. Thermal nonequilibrium was subject of previous work 
(Moro Filho and Pimenta, 2009). Dispersion is subject of ongoing investigations and will be 
addressed in subsequent paper.  

A sensitivity study to the Rosseland mean attenuation coefficient, to the thermal 
conductivity of the solid and to the porosity is presented. The purpose is to discover the 
influence of the choice of the materials employed in which region, pre-heating region and 
combustion region, on the pollutants emission. 
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2. MACROSCOPIC TRANSPORT EQUATIONS 

2.1. Macroscopic continuity equation 
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where,  is the average surface velocity (also known as seepage, superficial, filter or Darcy 
velocity). Equation (

Du
1) represents the macroscopic continuity equation for an incompressible 

fluid. 

2.2. Macroscopic momentum equation 
The heuristic macroscopic momentum equation utilized in this work is found in the 

literature (Kaviany, 1995; Pedras, 2000) and corresponds to an attempt of the scientific 
community to develop an equation, based on a volume-averaged treatment of the flow field, 
along the lines of Navier-Stokes equation. Another desirable characteristic of this heuristic 
equation is that it can describe both the momentum transport through the porous media as 
well as that in the plain media.   
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where the last two terms in equation  (2), represent the Darcy-Forchheimer contribution 
(Pedras, 2000). The symbol K  is the porous medium permeability,  is the form 
drag coefficient (Forchheimer coefficient),  is the intrinsic (volume-averaged on fluid 
phase) pressure of the fluid, 

55.0=Fc
p

ρ  is the fluid density and is a function of temperature, μ  
represents the fluid dynamic viscosity and φ  is the porosity of the porous medium. 

2.3. Macroscopic Energy Equation 
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where,  is the averaged temperature for both the solid and the liquid according to the 
concept of local thermal equilibrium (Kaviany, 1995; Rocamora, 2001),  is the specific 
enthalpy of species k,  is the molar rate of reaction of species k,  is the molecular 
weight of species k, is the effective conductivity tensor given by, 
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where,  and  are the thermal conductivities for the fluid and for the solid,  is the local 
Rosseland mean attenuation coefficient, σ is the Stefan-Boltzmann constant,  and  

rKskfk

torK dispK
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are the tortuosity and thermal dispersion conductivity tensors, respectively. 
The radiation in an optically dense medium can be modeled using the diffusion 

approximation or Rosseland model (Siegel and Howell, 2002). In the radiative diffusion 
approximation the radiation is computed like an increase in the effective conductivity and is 
represented by the term containing  in equation (rK 4). For a combustion occurring inside a 
ceramic, with a small solid conductivity like Zirconium Oxide, the conductivity due to 
radiation can represent more than 80% of the total conductivity, hence, radiation within the 
porous media cannot be neglected. 

In this work the effects of dispersion and tortuosity are neglected, hence, the last two terms 
on the right in equation 4 are not being considered. 

2.4. Macroscopic Mass Transport Equation 
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where  is the local mass fraction for the species k. The effective dispersion tensor  is 
defined as:  
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where, Sc is the Schimidt number,  is the macroscopic diffusion tensor, and  is the 
mass dispersion  tensor (Mesquita, 2003). The effects of dispersion are neglected in this work, 
therefore, the effective dispersion tensor is given by: 
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2.5. Boundary conditions 
 

The figure 1 presents the boundary conditions to the cylindrical porous burner,  where:  
is the heat flux at the exit,  the heat flux due to the radiation and  the heat flux at the 
wall of the burner. The surface of the packed bed radiates energy to the surrounding surfaces 
according to the equation bellow: 
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where,  is effective emissivity, effε effα  is the effective absorptivity of the porous bed and 
is the ambient temperature. The ∞T and  are equal to simplify the solution.  effε effα
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Figure 1. Boundary conditions. 

2.6. Combustion model 
The method to solve the chemical kinetic problem utilizes two models to describe the 

reaction process, a global reaction mechanism is used as a first approximation, following a six 
step reaction mechanism. 

2.6.1. One-step global mechanism 

The combustion reaction is assumed to occur in a single step according to the chemical 
equation 

  (9) 2222224 )1(52.722)76.3)(1(2 NOOHCONOCH Ψ++Ψ++⎯→⎯+Ψ++

where, ψ is the excess air in the reactant stream at the inlet of porous foam and is related to 
the equivalence ratio Ф by, 
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 The ratio of fuel consumption is given by, 

  (12) )/exp(2 TREyyAS aOxfufu −= ρ

where, A is the pre-exponential factor, Ea is the activation energy and R is the universal gas 
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constant. The gas density is updated using the ideal gas equation in the form, 

  (13) TRP *
0 /=ρ

where, P0 is a reference pressure, which is kept constant during the relaxation process, and 
 and  is the gas molecular mass. MMRR /* =

2.6.2. Six-step reduced mechanism 
Chang and Chen have developed a six-step reduced mechanism with an automatic 

computer code (CARM) from GRI-MECH 1.2:  
(I)  2O = O2 
(II) H + O = OH 
(III) H2 + O = H + OH 
(IV) O + (1/2) CH4 = (1/2) H2 + (1/2) H + (1/2) OH + (1/2) CO 
(V) O + CO = CO2 
(VI) O + H2O + (1/4) CO = (1/4) H2 + (1/4) H + O2 + (1/4) OH + (1/4) CH4 

3. NUMERICAL MODEL 

The governing equations were discretized using the finite volume procedure (Patankar, 
1980) with a boundary-fitted non-orthogonal coordinate system. The system of algebraic 
equations was solved through the semi-implicit procedure according to Stone (1968). The 
SIMPLE algorithm for the pressure-velocity coupling was adopted to correct both the 
pressure and the velocity fields. The process starts with the solution of the two momentum 
equations. Then the velocity field is adjusted in order to satisfy the continuity principle. This 
adjustment is obtained by solving the pressure correction equation. The energy and species 
equations are solved using a fractional time step method (Yanenko, 1971) to eliminate the 
problems arising from the stiffness of the system. It was adopted the minimum residence time 
of the gas in all control volumes as the integration time step. Calculations start using one-step 
global kinetics mechanism, when the residuals reach 1x10-3 the multistep mechanism is 
switched on and the fractional time step method is applied (Malico et al., 2000). The kinetic 
problem is solved using the Chemkin 4.1 (Kee et al., 2004) with a six step mechanism. A 
computational mesh of 366x54 is adopted in the simulations.  

All computations were performed on an AMD Athlon™ X2 5000. For all cases a relative 
convergence of 10-5 was specified. The grid effects on the solutions were examined by 
increasing the number of nodes and verifying the solutions until the results no longer changed 
in a specified tolerance.   

4. RESULTS AND DISCUSSION 
The parameters for the one-step global mechanism used as a first approximation are the 

same to all cases. The activation energy, Ea, and the pre-exponential factor, A, were taken 
from Mohamad et al. (1994) and are 140x103 J/mol  and 1x1010 m3 -1kg s-1, respectively. A 
sensitivity analysis is presented with respect to: Rosseland mean attenuation coefficient, 
thermal conductivity of the solid and porosity. It was considered the burner developed by 
Pereira (2002) as the reference and the properties were perturbed ±50% with respect to it in 
the two porous regions, pre-heating region and combustion region. 

4.1. Burner simulated 
Figure 2 presents a two-dimensional axisymmetric geometry corresponding to the porous 
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media burner developed and tested at UFSC-Universidade Federal de Santa Catarina (Pereira, 
2002).  
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Figure 2. Geometry of a cylindrical porous burner and coordinate system. 

 
The reactor consists of two distinct regions with different porosities and permeabilities, the 

gas mixture enters at the inflow boundary on the left (preheating region), and the combustion 
products leave the burner at the outflow boundary on the right (combustion region). In the 
preheating region a mixture of 65% of zirconium oxide (ZrO ) and 35% of alumina (Al2 2O3) 
was utilized, 15.74 pores per centimeter (ppcm), and 86% of porosity. In the combustion 
region the same material of the preheating region was utilized, with 3.9 ppcm, and 90% of 
porosity. The walls are impermeable and isolated with a mix of alumina (Al2O3). The 
numerical parameters are found in table 1. 
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Figure 3. Pressure drop at the center line of the combustor, uin=0.4 m/s 

3Figure  presents the normalized pressure drop at the center line of the combustor, the 
inflection point represents the interface between the two porous materials. The pressure drop 
in the first material is larger than in the second due to the lower permeability in the first 
porous matrix. The 2D temperature field is presented in figure 4. No numerical artifice was 
used in the stabilization process, the flame stabilized according to the energy balance, rate of 
reaction and flow velocity. 

Figure 5 presents the temperature, mass fraction of fuel, volumetric rate of fuel 
consumption profiles and a comparison with an experiment obtained by Pereira (2002) for a 
two-dimensional axisymmetric geometry with an inlet velocity of 0.40 m/s, an excess air ratio 
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Figure 4. Field of predicted temperature (K), equivalence ratio of  0.60, uin=0.4 m/s. 

of 0.67, and an inlet temperature of 335 K. The values for the one dimensional plots were 
taken at the center line of the combustor. Figure 5 presents two curves, T1 and T2, obtained 
experimentally (Pereira, 2002) and they are related with two lines of thermocouples in 
different positions. 
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Figure 5. Axial temperature, mass fraction of fuel, volumetric rate of fuel 
consumption profiles, and a comparison with temperature fields obtained 

experimentally by Pereira, r/R=0.5, Φ=0.67, uin=0.4 m/s. 

 
The profiles indicate that the effect of the porous matrix on the flame structure is the 

increase of the flame thickness due to the high conductibility of the solid phase. The 
experimental results show that the simulation is not considering the right thermal diffusivity, 
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it is necessary to investigate the thermo-physical properties of the composites utilized in these 
experiments, there is a high degree of uncertainness about the properties.  

4.2. Sensitivity analysis 
The sensitivity analysis presented in this section was performed considering the reactor 

described in the section 4.1 as the reference case.  The Rosseland mean attenuation 
coefficient, , was perturbed ±50 percent in the porous region one and two. The influence of 
the variations of on the CO emissions at the exit of the reactor, were higher with respect to 
porous region two (combustion region). Increasing the  50%, in the porous region two, 
causes an increase on the CO emissions at the exit of the reactor of 34%. Decreasing the  
50%, in the porous region two, causes a decrease on the CO emissions at the exit of the 
reactor of 25%. The influence of the variations of of the matrix one ( pre-heating region) is 
negligible, -0.2% and 1%, increasing and decreasing , respectively. Figure 

rK

rK

rK

rK

rK

rK rK 6 displays 
the calculated results of CO mass fraction profiles at the centerline of the reactor for the 
perturbed values of Rosseland mean attenuation coefficient at the preheating region and 
combustion region, represented by the numbers 1 and 2, respectively.  
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Figure 6. Calculated CO mass fraction profiles at the centerline of the 

combustor perturbing the Rosseland mean attenuation coefficient ±50% in 
the porous region one and two. 

 
When the thermal conductivity of the solid, , is increased of 50% in the porous region 

two, a decrease on the CO emissions at the exit of the reactor of 15.7% is reached. Decreasing 
the  of the porous region two 50% causes an increase on the CO emissions at the exit of the 
reactor of 20.4%. The influence of the variations of of the matrix one (pre-heating region) 
is negligible, 0.4% and -0.3%, increasing and decreasing , respectively. Figure 

sk

sk

sk

sk sk 7 presents 
the calculated results of CO mass fraction profiles at the centerline of the reactor  
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Figure 7. Calculated CO mass fraction profiles at the centerline of the 

combustor perturbing the thermal conductivity of the solid ±50% in the 
porous region one and two. 

for the perturbed values of thermal conductivity of the solid at the preheating region and 
combustion region. The peak of CO occurs close to the interface between the two porosity 
blocks. 

The decrease of the porosity has an effect similar to the increase of thermal conductivity as 
can be seen at the figure 8. A decrease of the porosity of 3.5% on the region two (combustion 
region), causes a decrease on the CO emissions at the exit of the reactor of 9.3%. An increase 
of porosity of 3.5% on the region two, causes an increase of 10.3% on the CO emissions at 
the exit of the reactor. The influence of the variations of the porosity of the matrix one (pre-
heating region) is negligible, less than 1%. 
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Figure 8. Calculated CO mass fraction profiles at the centerline of 
the combustor perturbing the porosity ±3.5% in the porous region 

one and two. 
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The CO mass fraction variations obtained perturbing the Rosseland mean attenuation 

coefficient, the thermal conductivity of the solid and the porosity are summarized at the table 
2. Additionally, are presented at the figures 9, 10 and 11 the influence of the variations of 

of the matrix one and two on the mass fraction profiles of the species OH, Hsk  and CH2 4, 
respectively.   
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Figure 9. Calculated OH mass fraction profiles at the centerline of the combustor perturbing the 

thermal conductivity of the solid ±50% in the porous region one and two. 
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Figure 10. Calculated H2 mass fraction profiles at the centerline of the combustor perturbing the 
thermal conductivity of the solid ±50% in the porous region one and two. 
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Figure 11. Calculated CH4 mass fraction profiles at the centerline of the 
combustor perturbing the thermal conductivity of the solid ±50% in the 

porous region one and two. 

5. CONCLUSION 

A mathematical model has been developed, and numerically obtained results compared 
with available experimental data. Temperature, mass fraction of some species, flame location, 
and pressure drop have been predicted. Numerical results compared reasonably well with the 
experimental data, in spite of the high uncertainty about the thermal physical parameters.  

The model can be used to predict the fields of temperature, mass fraction of the species, 
pressure drop, and velocity. There are a lot of properties of the composites that need to be 
more investigated experimentally. There is a high uncertainness about porosities, thermal 
physical properties, radiative properties, etc. The variations of these properties affect the 
flame stabilization position and all the variables fields, better is the precision of the values of 
the physical properties, better results will be obtained.  

The sensitivity analysis showed that the material utilized at the combustion region has a 
stronger influence on the pollutants emission at the exit of the reactor. The properties of the 
pre-heating region not affect, significantly, the pollutants emission.  
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Quantity                                            Value 
Length of the combustor chamber  –  L(cm)                  8 
D (cm)                                                                             7 
P  (kN/m2)                                                            101.325 0
Porosity1                                                                     0.86 
Porosity2                                                                     0.90 
Inlet gas temperature (K)                                             335 
k  (W/mK)                                                                  5.0 s,1
k  (W/mK)                                                                  20.0 s,2

                                                                                 1.0 effε

Table 1. Operating Conditions 

+50% -50% +50% -50%
ks 0.4% -0.3% -15.7% 20.4%
Kr -0.2% 1.0% 34.0% -25.0%

+3.5% -3.5% +3.5% -3.5%
ϕ -0.1% 0.1% 10.3% -9.3%

Preheating region Combustion Region

 

Table 2. Maximum difference in the CO mass fraction at the exit of the reactor obtained with the perturbed 
properties 
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