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Laminar flow with combustion in inert porous media☆
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This work presents one-dimensional numerical results for combustion of an air/methane mixture in inert po-
rous media using laminar and radiation models. Comparisons with experimental data are reported. The burn-
er is composed by a preheating section followed by a combustion region. Macroscopic equations for mass,
momentum and energy are obtained based on the volume average concept. Distinct energy equations are
considered for the porous burner and the flowing gas. The numerical technique employed for discretizing
the governing equations was the control volume method with a boundary-fitted non-orthogonal coordinate
system. The SIMPLE algorithm was used to relax the entire equation set. Inlet velocity, excess air, porosity and
solid-to-fluid thermal conductivity ratio were varied in order to investigate their effect on temperature pro-
files. Results indicate that higher inlet velocities result in higher gas temperatures, following a similar trend
observed in the experimental data used for comparisons. Burning of mixtures close to the stoichiometric con-
ditions also increased temperatures, as expected. Increasing the thermal conductivity of the preheating sec-
tion reduced peak temperature in the combustion region. The use of porous material with very high thermal
conductivity on the combustion region did not affect significantly temperature levels in the combustion
section.

© 2012 Elsevier Ltd. All rights reserved.

1 . Introduction

Combustion in inert porous media has been extensively investi-
gated due to many engineering applications and demand for develop-
ing high-efficiency power production devices. The growing use of
radiant burners can be encountered in the power and process indus-
tries and, as such, proper mathematical models of flow, heat andmass
transfer in porous media with combustion can benefit the develop-
ment of such equipment.

The advantages of having a combustion process inside porous
matrix are today well documented in the open literature, including
basic research for hydrocarbon fuels [1], applications aiming at internal
combustion engines [2], use of low heating value fuels [3] as well as liq-
uid fuels [4]. A recent view on using hydrogen/air mixtures for fuel cell
applications has been also reported [5]. Recent reviews on the topic
have also been recently published [6,7]. Hsu et al. [8] points out some
of the benefits of porous burners, such as higher burning speed and vol-
umetric energy release rates, higher combustion and flame stability, the
ability to burn gases of low energy content, andmany other advantages.

Previously, a systematic series of studies on flow in inert porous
media was compiled and documented in a book [9]. Subsequently, in a
series of papers, the thermo-mechanical model detailed in [9] was ex-
tended to include exothermic chemical reactions assuming thermal

non-equilibrium between the solid matrix and the flowing gas [10,11].
In addition, simulations using local thermal equilibrium [12] as well as
moving solid beds [13] were also reported. However, in all the theoreti-
cal and numerical work justmentioned, no comparisonwith experimen-
tal data was presented due to the scarcity of published data.

The objective of the present contribution is to report comparisons of
the model in [10] with experimental data by Pereira [14], checking the
correctness and accuracy of the thermo-mechanical model described in
the above mentioned papers. Here, laminar flow is considered. Compu-
tations are carried out for inert porous material considering one-
dimensional thermal fields and a two-energy equation model with
radiation transport.

2 . Macroscopic mathematical model

As the macroscopic model is already available in the open literature
[10–12], governing equations will be just presented. They can be
summarized as follows:

2.1. Continuity equation

∇⋅ρfuD ¼ 0 ð1Þ

where uD is the average surface velocity (also known as seepage, super-
ficial or Darcy Velocity) and ρf is the fluid density. Eq. (1) represents the
macroscopic continuity equation for the gas.
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2.2. Momentum equation

∇⋅ ρf
uDuD

ϕ

� �
¼ −∇ ϕ〈p〉i

� �
þ μ∇2uD−

μϕ
K

uD þ cFϕ ρf uDj juDffiffiffiffi
K

p
� �

ð2Þ

where the last two terms in Eq. (2) represent the Darcy and Forchheimer
contributions. The symbolK is the porousmediumpermeability, cF=0.55

is the form drag coefficient, 〈p〉i is the intrinsic average pressure of the
fluid phase, ρf is the fluid density, μ represents the fluid viscosity and ϕ
is the porosity of the porous medium. The permeability K of the porous
matrix is determined using the Ergun [15] equation,

K ¼ ϕ3⋅D2

144⋅ 1−ϕð Þ ð3Þ

where D in the particle diameter.

2.3. Two-energy equation model

When average temperatures in distinct phases are substantially
different from each other, for example in combustion processes, mac-
roscopic energy equations are obtained for both fluid and solid phases
by applying time and volume average operators to the instantaneous
local equations [16,17]. We name this approach Local Thermal Non
Equilibrium model (LTNE). After including the heat released due to
the combustion reaction, one gets for both phases:

Gas : ∇⋅ ρf cpf uD〈Tf 〉
i

� �
¼ ∇⋅ Kef f ; f ⋅∇〈Tf 〉

i
n o

þ hiai 〈Ts〉
i−〈Tf 〉

i
� �

þ ϕΔHSfu ð4Þ

Solid : 0 ¼ ∇⋅ Kef f ;s⋅∇〈Ts〉
i

n o
−hiai 〈Ts〉

i−〈Tf 〉
i

� �
ð5Þ

where, ai=Ai/ΔV is the interfacial area per unit volume, hi is the film
coefficient for interfacial transport, Keff,fand Keff,s are the effective con-
ductivity tensors for fluid and solid, respectively, given by:

Kef f ; f ¼ ϕkf
zffl}|ffl{conduction

8><
>:

9>=
>; Iþ Kf ;s|{z}

localconduction

þ Kdisp|ffl{zffl}
dispersion

ð6Þ

Kef f ;s ¼ 1−ϕð Þ

z}|{½ks
conduction

þ
16σ 〈Ts〉

i
� �3

3βr

zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{radiation �
8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

Iþ Ks; f|{z}
local conduction

: ð7Þ

In Eqs. (4) to (7), I is the unit tensor,ΔH is the heat of combustion,βr is
the extinction coefficient, σ=5.66961×10−8 W/m2K4 is the Stephan–
Boltzman constant and Sfu is the rate of fuel consumption, to be com-
mented below. In Eqs. (4) and (5) all mechanisms contributing to heat
transferwithin themedium, togetherwith radiation transport, are includ-
ed in order to compare their effect on temperature distribution. Further,
distinct contributions of various mechanisms come from applying gradi-
ent type diffusion models, in the form:

Thermal dispersion :− ρcp
� �

f
ϕ 〈

iu iTf 〉
i Þ ¼ Kdisp⋅∇〈Tf 〉

i
�

ð8Þ

Local conduction :

∇⋅ 1
ΔV

∫
Ai

ni kf Tf dA

2
4

3
5 ¼ Kf ;s⋅∇〈Ts〉

i

−∇⋅ 1
ΔV

∫
Ai

ni ks Ts dA

2
4

3
5 ¼ Ks; f ⋅∇〈Tf 〉

i

:

8>>>>>><
>>>>>>:

ð9Þ

Further, in Eqs. (4) and (5), the heat transferred between the two
phases was modeled by means of a film coefficient hi. A numerical

Nomenclature

Latin characters
A Pre-exponential factor
ai Specific interfacial area
Ai Interfacial area
cF Forchheimer coefficient
cp Specific heat
D Mean particle diameter
Deff Effective mass transport tensor
Ddiff Mass diffusion transport tensor
Ddisp Dispersion transport tensor
E Activation Energy
hi Film coefficient for interfacial transport
K Permeability
k Thermal conductivity
Keff Effective thermal conductivity tensor
Kdisp Thermal dispersion tensor
m Mass fraction
M Molecular weight
ni Normal unitary vector
p Pressure of the fluid phase
P0 Reference pressure
Pden Pore linear density (ppcm)
Pr Prandtl number
R Universal gas constant
ReD Reynolds number based on D
Rein Reynolds number based on inlet mass flow rate
Sfu Rate of fuel consumption
Sc Schmidt number
T Temperature
u Microscopic velocity
uD Darcy or superficial velocity (volume average of u)
uin Inlet velocity

Greek characters
βr Extinction coefficient
ΔV Representative elementary volume
ΔVf Fluid volume inside ΔV
ΔH Heat of combustion
ϕ ϕ ¼ ΔVf=ΔV ; Porosity
μ Dynamic viscosity
Ψ Excess air-to-fuel ratio
ρ Density
σ Stephan–Boltzman constant

Special characters
φ General variable
〈φ〉i Intrinsic average
iφ Spatial deviation
()s,f Solid/fluid phase
ðÞ‘ Related to species ‘
()fu Fuel
()ox Oxidant
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correlation for the interfacial convective heat transfer coefficient was
proposed by Kuwahara et al. [18], for laminar flow, as:

hiD
kf

¼ 1þ 4 1−ϕð Þ
ϕ

� �
þ 1
2

1−ϕð Þ1=2ReDPr
1=3

;

validfor 0:2 < ϕ < 0:9

ð10Þ

where ReD is the Reynolds number based on D and the macroscopi-
cally uniform velocity, uD, given by:

ReD ¼ ρf uDj jD
μ

: ð11Þ

2.4. Mass transport equation

Transport equation for the volume-averaged fuel mass fractions
〈mfu〉

i reads:

∇⋅ ρfuD〈mfu〉
i

� �
¼ ∇⋅ρfDeff ⋅∇ ϕ〈mfu〉

i Þ�ϕSfu
�

ð12Þ

where the effective mass transport tensor Deff is defined as:

Deff ¼ Ddisp|ffl{zffl}
dispersion

þ Ddiff

zffl}|ffl{diffusion

¼ Ddisp þ
1
ρf

μϕ

Scℓ

� �
I ð13Þ

and Scℓ is the laminar Schmidt number of species ℓ. The dispersion
tensor is defined such that,

−ρfϕ 〈
iu imfu〉

i ¼ ρf Ddisp⋅∇ ϕ 〈mfu〉
i

� �
: ð14Þ

2.5. One-step global mechanism

In this work, for simplicity, the chemical exothermic reaction is as-
sumed to be instantaneous and to occur in a single step, kinetic-
controlled, which, for combustion of a mixture air/methane, is given
by the chemical reaction [19,20]:

CH4 þ 2 1þΨð Þ O2 þ 3:76N2ð Þ→CO2 þ 2H2Oþ 2ΨO2
þ 7:52 1þΨð ÞN2 ð15Þ

where Ψ is the excess air in the reactant stream at the inlet of the po-
rous foam. For the stoichiometric condition, Ψ=0. As mentioned, the
reaction is assumed to be kinetically controlled and occurring infi-
nitely fast.

The local instantaneous rate of fuel consumption over the total
volume (fluid plus solid) was determined by a one-step Arrhenius re-
action [20], given by:

Sfu ¼ ρa
f A 〈m

b
fu〉

i
〈mc

ox〉
i e−E=R 〈Tf 〉

i

ð16Þ

where 〈mfu〉
i and 〈mox〉

i are the volume averaged mass fractions for
the fuel and oxidant, respectively, and coefficients a, b and c depend
on the particular reaction [21]. We assume here a=2, b=c=1,
which corresponds to the burning of a mixture composed by methane
and air [20]. Also, in Eq. (16), A is the pre-exponential factor and E is
the activation energy, where numerical values for these parameters
depend on the fuel considered [22].

The gas density ρf in the above equations is determined from the
perfect gas equation for a mixture of perfect gases:

ρf ¼
Po

RTf
Pℓ
1

mℓ
Mℓ

ð17Þ

where Po is a reference pressure, R=8.134 J/(mol.kg) is the universal
gas constant and Mℓ is the molecular weight of species ℓ.

3 . Results and discussion

3.1. Geometry and cases investigated

For validating the code, we compared simulations herein with ex-
perimental values reported by Pereira (2002) [14]. There, the burning
device was described as consisting of four commercial ceramic filters
mounted as depicted in Fig. 1. Each of the four filters was 70 mm in di-
ameter and had a length of 20 mm. Further, the apparatus described in
[14] was composed by two regions. First, a preheating section with
ϕ=0.86 and Pden=15.74, where Pden or “ppcm” is the number of
pores per linear centimeter, preceded a combustion region with
ϕ=0.9 and Pden=3.9. In addition, in order to determine the value of
particle diameter D to be used in Eq. (3) to calculate the permeability
K, whichwas not available in [14] but is needed to solve themomentum
Eq. (2), the particle diameter was determined from the following ex-
pression:

D ¼ 300
Pden

⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ϕð Þ2
ϕπ

s
: ð18Þ

In Eq. (18), Pden, as mentioned, is the number of pores per centi-
meters (ppcm) and D is calculated in meters. Expression (18) can
be easily deduced if one assumes that the porous medium is modeled
as a regularly stacked square array of spheres of diameter D.

Also, measurements in [14] were taken with three sets of nine
thermocouples each, displaced along the burner and located 120°
apart, in the tangential direction, following a line distant 5 mm from
the burner wall (dashed line in Fig. 1). The experimental values for
temperatures plotted below represent the average, in each axial posi-
tion, of the three thermocouples positioned in the same cross-section
of the burner. The error bars below are associated with the maximum
temperature difference, at each longitudinal position, among the
three measurements taken at each r-θ plane.

Here, the values for the parameters in Eq. (16) were taken from
Hanamura et al. [23] and are E=1.3×105 J/mol and A=2.6×108 s−1.
For methane, the heat of combustion is giving in the literature as
ΔH=5.0×107 J/kg. However, because heat losses due to conduction
and convection were reported by [14], a lower value for ΔH is here
employed to accommodate the fact that some generated heat was lost
to the environment. In the simulations to follow, ΔH=4.5×107 J/kg,

Fig. 1. Schematic of the burner projected by Pereira [14], dimensions inmillimeters (mm).
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or a 10% loss is considered. Further, simulations are assumed to be
one-dimensional along the axial burner. Table 1 summarizes the cases
presented in reference [14] as well as the numerical values used in the

present work. For simulations, overall residuals for all transported vari-
ables were brought down to 10−10 before convergence was assumed to
be achieved.

Table 1
Values used and cases investigated.

Cases investigated uin
[m/s]

Rein ReD Ψ Preheating region
K=5.93×10−9 m2 (fixed)
D=1.62×10−4 m
(except in Fig. 5a)

Combustion region
K=1.04×10−7 m2 (fixed)
D=4.53×10−4 m
(except in Fig. 5b)

ϕ Pden[ppcm] ks/kf ϕ Pden[ppcm] ks/kf

Validation, Pereira [14] Case 01 0.15 667.90 1.55 1.00 0.86 15.75 392.16 0.90 3.94 3529.41
Case 02 0.21 935.05 2.17
Case 03 0.40 1780.50 4.13 0.67 391.74 3525.62

Effect of uin, Fig. 4a 0.05 222.56 0.52 0.67 0.86 15.75 391.74 0.90 3.94 3525.62
0.10 445.13 1.03
0.15 667.90 1.55
0.20 890.25 2.06
0.25 1112.81 2.58
0.30 1335.38 3.10
0.35 1557.94 3.61
0.40 1780.50 4.13
0.45 2003.06 4.64
0.50 2225.63 5.16

Effect Ψ, Fig. 4b 0.40 1780.50 4.13 0.82 0.86 15.75 391.95 0.90 3.94 3527.51
0.67 391.74 3525.62
0.54 391.53 3523.75
0.43 391.32 3521.89
0.33 391.12 3520.04
0.25 390.91 3518.20
0.18 390.71 3516.38
0.11 390.51 3514.56
0.05 390.31 3512.76
0.00 390.11 3510.97

Effect of ϕ in the preheating region,
Fig. 5a

0.40 1780.50 33.25 0.67 0.50 9.16 391.74 0.90 3.94 3525.62
25.94 0.55 10.07
20.23 0.60 10.99
15.70 0.65 11.90
12.04 0.70 12.82
9.05 0.75 13.73
6.57 0.80 14.65
4.50 0.85 15.56
2.73 0.90 16.48
1.27 0.95 17.40

Effect of ϕ in the combustion region,
Fig. 5b

0.40 1780.50 4.13 0.67 0.86 15.75 391.74 0.50 2.19 3525.62
0.55 2.41
0.60 2.62
0.65 2.84
0.70 3.06
0.75 3.28
0.80 3.50
0.85 3.72
0.90 3.94
0.95 4.16

Effect of ks/kf in the preheating region,
Fig. 6a

0.40 1780.50 4.13 0.67 0.86 15.75 195.87 0.90 3.94 3525.62
391.74
783.47

1175.21
1566.94
1958.68
2938.02
3917.36
4896.70
5876.04

Effect of ks/kf in the combustion
region, Fig. 6b

0.40 1780.50 4.13 0.67 0.86 15.75 391.74 0.90 3.94 1566.94
1958.68
2350.42
2742.15
3133.89
3525.62
3917.36
4896.70
5876.04
7834.72
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3.2. Grid independency studies

Mesh independency studies were carried out for several one-
dimensional grids, with sizes spanning form 100 to 997 nodes along
the axial direction of the burner of Fig. 1. Fig. 2 presents results for
the gas and solid temperature for different meshes. Cases in Fig. 2
use values for excess air Ψ and inlet velocity uin corresponding to
the three cases reported by [14] (see Table 1). It is interesting to
note in the figure that for grids with less than 400 nodes and for
Cases 01 (Fig. 2a) and 02 (Fig. 2b), no ignition was obtained, or say,
temperature profiles stay flat, reproducing along the burner the
same temperature given at inlet (lines with square symbols). Also
noted is that for grids with more than 400 nodes, results for temper-
ature vary of a small amount. Nevertheless, for the sake of numerical
accuracy, all results below made use of the finest grid, which had 997
nodes along the axial direction.

3.3. Code validation

Once the grid was determined, aiming at reducing numerical inaccu-
racy of the results, comparisons with experimental values follow. Fig. 3
presents simulations for temperatures for the three cases presented by
Pereira [14]. Rise of temperatures for an increase in power, or inlet
mass flow rate, is correctly simulated when comparing Fig. 3a and b,
being both figures run with Ψ=1. Further increasing the inlet velocity,
Fig. 3c, raises the power input further increasing temperatures, a feature
also captured by the model above. At outlet, one can see that the drop of
measured temperatures is here not well reproduced and that might be
related to the inappropriateness of the applied boundary condition at
the burner exit. Here, a pure radiation loss for the solid material was
used at the end of the burner.

It is important to emphasize that location of the thermocouples did
not correspond to the location of gas temperature peaks seen in Fig. 3.
However, at the discrete locations of the thermocouples, which were
10 cm apart from each other, numerical simulations seem to fall within
experimental uncertainty. Also, peak temperatures were simulated
close to the interface between the preheating and combustion regions,
a feature also observed in [24] when using the single-step global
mechanism.

3.4. Effect of inlet velocity and excess air

Table 1 specifies values used for obtaining Fig. 4a, which presents
results for a varying inlet mass flow rate, keeping unchanged all other
parameters. Base reference values are those used in Case 03 of Pereira
[14] (se also Table 1). As one can note in the figure, an increase in
inlet velocity causes the increase of temperatures inside the burner.
For small velocities up to uin=0.20 m/s, and consequently for low
power conditions, diffusion and radiation transport smooth tempera-
ture gradients and interfacial heat transport decreases temperature
difference between phases. As power inlet increases, gas temperature
raises leading to distinct values for Ts and Tf in the combustion zone.
Also, the equilibrium temperature is increased at the end of the burn-
er. As the excess air is increased, Fig. 4b, temperature inside the burn-
er increases, as expected. Also, for Ψb0.54 simulations indicate that
combustion takes place in the preheating zone, a feature not desired
in practical porous combustors.

3.5. Effect of porosity ϕ

In the figures to follow, both sections pictured in Fig. 1, namely the
preheating and combustion regions, are investigated separately. Fig. 5a
shows temperature profiles as a function of porosity ϕ in the preheating
section. As more solid material per volume conducts more heat, temper-
ature increases in the preheating section as ϕ decreases. Also, as a conse-
quence of more heat being transported back to the inlet of the burner,

peak gas temperatures are reduced in the combustion region
(x>0.05 m). Fig. 5b shows corresponding effects as porosity is varied
in the combustion region. As porosity increases, peak gas temperatures
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Fig. 2. Grid independency study for cases defined in Table 1: a) Case 01, Ψ=1.00,
uin=0.15 m/s; b) Case 02,Ψ=1.00, uin=0.21 m/s); c) Case 03, Ψ=0.67, uin=0.40 m/s.
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get closer to the interface between regions raising the solid temperature
everywhere along the combustion section. Also, for high porosity mate-
rials, thermal equilibrium is achieved faster bringing the equilibrium po-
sition, where both temperatures equalize, closer to the beginning of the
burning section. Further, outlet temperatures are higher for lighter and
less dense materials.

3.6. Effect of ks/kf

Fig. 6 finally shows the effect of the solid-to-fluid thermal conduc-
tivity ratio. Increasing ks/kf in the preheating section (Fig. 6a)
smoothes temperature gradients everywhere and eliminates the
peak in the gas temperature inside the combustion region. In most
practical applications, however, preheating sections are made of low
conductivity material with not-to-high porosity in order to avoid
flame flash back and loss of heat power at the burner exit [25].

For the combustion region, Fig. 6b, increasing of the solid-to-fluid con-
ductivity ratio seems to cause little influence on the final temperature
profiles. It is worth noting, however, that for value less than ks/kf=1560
no ignitionwas achieved. In conclusion, one canmention that it is impor-
tant to build the combustion region with high thermal conductivity
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Fig. 3. Code validation and comparison with experiments by [14]: a) Case 01, Ψ=1.00,
uin=0.15 m/s; b) Case 02, Ψ=1.00, uin=0.21 m/s); c) Case 03, Ψ=0.67, uin=0.40 m/s.
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Fig. 4. Gas and solid temperatures: a) Effect on inlet gas velocity uin, Ψ=0.67; b) Effect
of excess air Ψ, uin=0.4 m/s.
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materials in order to enhance the regenerative process and heat rec-
irculation within the burner, which, in turn, maintain high efficiency
and allow the burning of low heating value gases [3].

4 . Concluding remarks

This paper expands previous work on combustion in porous media
by validating simulations with available experimental data. The re-
sults indicate that increasing the mass flow rate, peak temperature
increases, a result that follows similar trends observed in the experi-
ments. For the geometry here analyzed, low excess air values will
cause combustion in the preheating section, which is not desirable
in practical applications. Low porosity values contribute to enhancing
diffusion within the material, transporting heat toward the inlet and,
as such, increasing heat recirculation and thermal efficiency of the
porous combustor.
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Fig. 5. Effect ofφ on gas and solid temperatures: a) preheating region; b) combustion region.
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