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Abstract. This paper presents numerical methods for the simulation of combustion processes in porous media using a
1-step global mechanism. The model is based on a macroscopic formulation of the heat and mass transport equations
for laminar and turbulent flow. The concept of the double-decomposition, which considers both time fluctuations and
gpatial deviations about mean valuesis used. The effects of the model on temperature, and species are examined.
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1. INTRODUCTION

According to Pantangi et al. (2006), porous medialzustion devices can be classified into two caiegpone in
which the combustion is fully confined within therps of the porous structure and the other one hittwthe
combustion takes place over the surface of theysomsatrix. The first one is receiving more attemtad researchers
due to the numerous advantages, burning of learbastible mixtures, higher ranges of flame stahilibyver pollutant
formation, etc. (Howell et al. (1996)). Systemsdzhsn fluidized bed combustion, in-situ combustimnoil recovery,
household heating combustion, are just a few exasnpil such applications (Trimis and Durst (1996)).

In most of the studies of premixed combustion witimiert porous media the flow is assumed to beramand
one-dimensional, the change in the pressure atliestame is generally negligible compared to theadute pressure,
and the pressure is assumed constant (Baek (1989)i2awa et al. (1988),Hsu et al. (1993),Neef £{18199)). The
use of single-step global chemistry (Mohamad e{1#894)) is common. The inadequacies of global tiéseare well
recognized, Hsu et al. (1993) presents a compakisbmeen one-step and multi-step chemistry.

Turbulence modeling of combustion within inert pasanedia has been conducted by Lim and Matthew&3{b8
the basis of an extension of the standarde model of Jones and Launder (1972). Work on disictulation of
turbulence in premixed flames, for the case whenptbrous dimension is of the order of the flamekihéss, has also
been reported in Sahraoui and Kaviany (1995).

Studies on macroscopic transport modeling of ina@sible flows in porous media have been basedhen t
volume-average methodology for either heat or ntaassfer. In turbulent flows, when time fluctuatioof the flow
properties are also considered in addition to apd#viations, there are two possible methodolotgigsllow in order
to obtain macroscopic equations, one, can be thécafion of time-average operator followed by vokraveraging,
and, the other, the application of volume-averagbefore time-averaging is applied. However, botlts sef
macroscopic transport equations are equivalent vebxamined under the recently established doublerdposition
concept (Pedras and de Lemos (2000),Pedras ancemesl(2001a),Pedras and de Lemos (2001b),Pedradeand
Lemos (2001c)). The works of Pedras and de Lenaog heen extended to heat and mass transfer inponedia
where both time fluctuations and spatial deviatisrese considered for temperature(Pedras et al.3)20hd mass
fraction(De-Lemos e Mesquita (2003)).

Because of important influence of lateral heat lesgporous medium burners, a two dimensional madel
necessary. The present paper follows the foregaiogks and presents a two dimensional mathematicalemfor
laminar and turbulent pre-mixed flame combustiopamous media although in this first work only cartggions of a
one-dimensional laminar pre-mixed flame of methainé$ presentedlhe numericamethodology employed is based
on the control-volume approach with a boundargdithon-orthogonal coordinate system. The reactosists of a
two-region burner with a small pore size upstreamd a large pore size downstream in order to achstgady
combustion in the porous media, the flame can &lgilsted at the interface between the two diffengmtosity blocks.
The effects of thermal power and excess air ratéo discussed. Radiation, dispersion, thermal nafilequm, and
turbulence, are subjects of ongoing investigatemss will be addressed in subsequent papers.

2. MACROSCOPIC TRANSPORT EQUATIONS



Macroscopic transport equations for turbulent flswa porous medium are obtained through the simetias
application of time and volume average operatorsr av generic fluid propertyp (see Pedras and de Lemos

(2000),Pedras and de Lemos (2001a),Pedras andndesL@001b),Pedras and de Lemos (2001c),Pedradeabeimos
(2003)).

2.1 Macroscopic continuity equation

Oup =0 1)
where, u, is the average surface velocity (also known apage superficial, filter or Darcy velocity). Eqigat (1)
represents the macroscopic continuity equatiomfoincompressible fluid.

2.2 Macroscopic momentum equation
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where the last two terms in equation (2), repretfemtDarcy-Forchheimer contribution. The symiol is the porous
medium permeabilityc, = 055 is the form drag coefficient (Forchheimer coeéfit), (p)' is the intrinsic (volume-
averaged on fluid phase) pressure of the flydis the fluid density and is a function of temparaf i represents the
fluid dynamic viscosity andg is the porosity of the porous medium.

The turbulence is modeled using a macroscépiec model given by,
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is the macroscopic Reynolds tensor which is modelezhalogy with Boussinesq hypothesis and its ggized form
proposed by Kolmogorov (1942).

2.3 Macroscopic Energy Equation

(pcp)f DE(UD<-|_—>i)=DEiKeﬁ,f (T’ }"‘(‘AHSfu (7

Where,('T>i is the averaged temperature for both the solidthadiquid according to the concept of local thakm

equilibrium Kaviany (1995)AH is the heat of combustio8,, is the rate of fuel consumption determined by e-siep
Arrehnious rate equation, to be shown beldiy; is the effective conductivity tensor given by,
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where, k; andk, are the thermal conductivities for the fluid aond the solidf is the extinction coefficieng is the
Stefan-Boltzmann constant.

2.4 Macroscopic Mass Transport Equation
Olup(mg,)')=0Dg M(@Mg)')+@Sy, ©)

wherermy, is the local mass fraction for the fuel. The effiezdispersion tensoD; , is defined as:

1( U /'Il¢ 1 Hpe
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whereDys, is the dispersion tensor and,
1 M,
Dt + Ddisp,t = I (11)
p X,
1A, (12)
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2.5Combustion model
Premixed fuel and air enter the system which isaxttarized by two regions having different poresitiThe region

at the upstream end has a lower porosity than tieeap the downstream end which works as a combustiamber.
The combustion reaction is assumed to occur inglesistep according to the chemical equation

CH , +2(1+W)(O, + 376N,) 1] - CO, +2H,0+2%0, + 752(1+¥)N, 13)

where,y is the excess air in the reactant stream at tleé @f porous foam and is related to the equivatatio @
by,

1

WY=—- 14
® (14)
where,
- (mfu /mox) (15)
(mfu /mox)st
The ratio of fuel consumption is given by,
St = P2AM,) (Mo, exp[-E, /R(T)'] (16)

where,A is the pre-exponential factdg, is the activation energy afrlis the universal gas constant. The gas density is
updated using the ideal gas equation in the form,

P =Py I R(T) 17

where,P, is a reference pressure, which is kept constaringlthe relaxation process, and” = R/M andM is the
gas molecular mass.



3. NUMERICAL MODEL

The governing equations were discretized usindittie volume procedure Patankar (1980) with a ltarg-fitted
non-orthogonal coordinate system. The SIMPLE athorifor the pressure-velocity coupling was adoptedorrect
both the pressure and the velocity fields. The @secstarts with the solution of the two momentumnaéigns. Then the
velocity field is adjusted in order to satisfy thantinuity principle. This adjustment is obtaineddwmlving the pressure
correction equation. After that, the turbulence ploefjuations and the energy equation are relaxeghdate thek, £
and mass fraction fields. Details on the numeraliatretization can be found in de Lemos and Pe(i2881). A
computational grid of 266x30 nodes are used img- wdirection.

4. RESULTS AND DISCUSION

4.1 Geometry and coordinate system

Figure 1 presents the geometry of the porous mbdraer consisting of two distinct regions with difént
porosities and permeability. The gas mixture engrthe inflow boundary at the left, and the contiomsproducts
leave the burner at the outflow boundary at thétrighe walls are impermeable and isolated. Thegitr ¢ is

smaller thang,. All numerical parameters are found in Table % #ctivation energy and the pre-exponential factor
were obtained from Mohamad et al. (1994).
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T

L

Figure 1. Geometry of a porous inert media burner@ordinate system.
4.2 Boundary conditions

The following boundary conditions are imposed amgblution:

at x=0,u= Uy, , v=0, (T) =T,,, (Mg, "= My (18)

T a(mg) du 9
at x=L, o) _ (M) ooV 0 (19)
0 X 0 X 0x  Ox

where,uandv are the components of Darcy velocity vector ima & The non-slip condition for velocity is apmlie
on both walls.

4.3 Temperature, concentration, and volumetric rate offuel consumption profiles
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Figure 2 presents the temperature, mass fractidinadf and volumetric rate of fuel consumption flesf for a
rectangular adiabatic burner with an inlet velo@fy0.40 m/s, an excess air ratio of 0.67, andnéet temperature of
335 K. The values for the one dimensional plotsevteken at the center line of the combustor.

The profiles indicate that the effect of the pormarix on the flame structure is the increaséhefftame thickness
due to the high conductibility of the solid phase.

Table 1. Operating Conditions

Quantity Value
Activation energy (J/mol) -,E 130X10
K, (mP) 3.827x1¢f
K, () 9.375x1®
) 0.3
@ 0.6
Pre-exponential factor in reaction rate {nmf/kg.s) 3.0x10
Length of the combustor — L (cm) 8
H (cm) 4
R (kJ/kmol.K) 8.3145
R(kJ/kgK) 0.301
B(kN/) 101.325
Melin 0.033784
T (K) 335

Figure 3 presents the pressure drop at the cenéeof the combustor where,

P- PMIN

PMAX - PMIN

PN = (20)

The inflexion point at the abscissa x/L=0,5 représ the interface between the two porous materitlwas
observed with additional simulations that the costimn affect the pressure drop slightly when coregawith the flow
without combustion.
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Figure 2.Axial temperature, mass fraction of faeld volumetric rate of fuel consumption profiles;y0.5,
¥=0.67.
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Figure 3. Pressure drop at the center line of timebwistor, 14=0.4 m/s.
4.4 Effect of inlet velocity on Temperature Profile

Figure 4 presents the effect of increase of intdbeity on temperature profile for a rectangulaiabdtic burner
with an excess air ratio of 1.0. The figure indésathat, for laminar flows, the flame moves doweetn, and stabilizes
in an adiabatic temperature higher.
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Figure 4. Temperature profiles for different inletocities,#=1.0.

Note that decreasing the inlet velocity decreabestémperature, increasing the excess air ratioedses the
temperature also.

5. CONCLUSION

The model can be used to predict the fields of &raprre, mass fraction of the fuel, pressure drefmcity and the
effect of the increase of the power in a two dinemasl steady-state combustion problem within porimest media.
Further work will be carried out in order to simelaurbulent combustion in a porous medium with itiecroscopic
two-energy equation model.
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