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Numerical simulation of turbulent combustion in porous materials☆
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This paper presents one-dimensional simulations of combustion of an air/methane mixture in porous
materials using a model that explicitly considers the intra-pore levels of turbulent kinetic energy. Transport
equations are written in their time-and-volume-averaged form and a volume-based statistical turbulence
model is applied to simulate turbulence generation due to the porous matrix. Four different thermo-
mechanical models are compared, namely Laminar, Laminar with Radiation Transport, Turbulent, Turbulent
with Radiation Transport. Combustion is modeled via a unique simple closure. Preliminary testing results
indicate that a substantially different temperature distribution is obtained depending on the model used. In
addition, for high excess air peak gas temperature is reduced and the flame front moves towards the exit of
the burner. Also, increasing the inlet flow rate for stoichiometric mixture pushes the flame out of the porous
material.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

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

Accordingly, the advantages of having a combustion process inside an
inert porous matrix are today well documented in the literature [1–8],
including a recent review on lean-combustion porous burners [9]. Hsu
et al. [10] points out some of its benefits including higher burning speed
and volumetric energy release rates, higher combustion stability and the
ability to burn gases of a low energy content. Driven by this motivation,
the effects on porous ceramics inserts have been investigated in Peard
et al. [11], among others.

Turbulencemodeling of combustionwithin inert porousmedia has
been conducted by Lim and Matthews [12] on the basis of an
extension of the standard k–ε model of Jones and Launder [13]. Work
on direct simulation of laminar in premixed flames, for the case when
the porous dimension is of the order of the flame thickness, has also
been reported in Sahraoui and Kaviany [14].

Further, non-reactive turbulence flow in porous media has been
the subject of several studies [15–17], including many applications
such as flow though porous baffles [18], channels with porous inserts

[19] and buoyant flows [20]. In such line of work, intra-pore
turbulence is accounted for in all transport equations, but only non-
reactive flow has been previously investigated in [15–20].

Motivated by the foregoing, this paper extends the previouswork on
turbulence modeling in porous media to include simulation of reactive
flows. Computations are carried out for inert porous material consider-
ing one-dimensional turbulent flow and a two-energy equation model.

In addition, four different thermo-mechanical models are here
compared, namely Laminar Flow, Laminar Flow with Radiation
Transport, Turbulent FlowandTurbulent FlowwithRadiationTransport,
being the last two models derived from the work in [15–20]. As such,
this contribution compares the effects of radiation and turbulence in
smoothing temperature distributions within porous burners.

2. Mathematical model

Asmentioned, two of the thermo-mechanicalmodels here employed,
involving turbulent flowwith andwithout radiation transport, are based
on the “double-decomposition” concept [15,16], which has been also
described in detail in a book [17]. In that work, transport equations are
volume-averaged according to the Volume Averaging Theorem [21–23]
in addition to using time decomposition of flow variables followed by
standard time-averaging procedure for treating turbulence.

As the entire equation set is already fully available in the open
literature, these equations will be just reproduced here and details
about their derivations can be obtained in the aforementioned
references. Essentially, in all the above-mentioned work the flow
variables are decomposed in a volumemean and a deviation (classical
porous media analysis) in addition of being also decomposed in a
time-mean and a fluctuation (classical turbulent flow treatment).
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Because mathematical details and proofs of such concept are
available in a number of papers in the literature, they are not repeated
here, as already noted. These final equations in their steady-state form
are the following.

2.1. Macroscopic continuity equation

∇⋅ρ−uD = 0 ð1Þ

where, u D̅ is the average surface velocity (also known as seepage,
superficial, filter or Darcy velocity) and ρ is the fluid density. Eq. (1)
represents the macroscopic continuity equation for the gas.

2.2. Macroscopic momentum equation

ρ∇⋅
�uD

�uD

ϕ

� �
= −∇ðϕ〈�p〉iÞ + μ∇2�uD + ∇⋅ð−ρϕ〈�u0u0 〉iÞ

+ ϕρg− μϕ
K

�uD +
cFϕρ j�uD j�uDffiffiffiffi

K
p

� � ð2Þ

where the last two terms in Eq. (2), represent the Darcy and
Forchheimer contributions. The symbol K is the porous medium
permeability, cF=0.55 is the form drag coefficient, 〈p〉i is the intrinsic
(fluid phase averaged) pressure of the fluid, µ represents the fluid
viscosity and ϕ is the porosity of the porous medium.

Turbulence is handled via a macroscopic k–ε model given by,
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μ tϕ
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Details on the derivation of the above equations can be found in
[17].

2.3. Macroscopic energy equations

Macroscopic energy equations are obtained for both fluid and solid
phases by also applying time and volume average operators to the
instantaneous local equations [24]. As in the flow case, volume
integration is performed over a Representative Elementary Volume
(REV). After including the heat released due to the combustion
reaction, one gets for both phases:

Gas : ðρcpÞf∇⋅ðuD〈
�Tf 〉iÞ = ∇⋅fKeff ;f ⋅∇〈

�T f 〉
ig + hiaið〈�Ts〉i−〈

�Tf 〉iÞ

+ ϕΔHSfu;

ð7Þ

Solid : 0 = ∇⋅fKeff ;s⋅∇〈
�Ts 〉ig−hiaið〈�Ts 〉i−〈

�Tf 〉iÞ; ð8Þ

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

Keff ;f = f ϕkf
z}|{conduction gI + Kf ;s|ffl{zffl}

local conduction

+ Kdisp|ffl{zffl}
dispersion

+ Kt + Kdisp;t|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
turbulence

ð9Þ

Nomenclature

Latin characters
A Pre-exponential factor
cF Forchheimer coefficient
cp Specific heat
D = ⌊∇u + ð∇uÞT ⌋ = 2 Deformation rate tensor
Dℓ Diffusion coefficient of species ℓ
Ddiff Macroscopic diffusion coefficient
Ddisp Dispersion tensor due to dispersion
Ddisp,t Dispersion tensor due to turbulene
f2 Damping function
fµ Damping function
Deff Effective dispersion
K Permeability
kf Fluid thermal conductivity
ks Solid thermal conductivity
Keff Effective Conductivity tensor
mℓ Mass fraction of species ℓ
Pr Prandtl number
Sfu Rate of fuel consumption
T Temperature
u Microscopic velocity
uD Darcy or superficial velocity (volume average of u)

Greek characters
α Thermal diffusivity
βr Extinction coefficient
ΔV Representative elementary volume
ΔVf Fluid volume inside ΔV
ΔH Heat of combustion
µ Dynamic viscosity
ν Kinematic viscosity
ρ Density
ϕ ϕ = ΔVf

�
ΔV , Porosity

Ψ Excess air-to-fuel ratio

Special characters
φ General variable
〈φ〉i Intrinsic average
〈φ〉v Volume average
iφ Spatial deviation
φ Time average
|φ| Absolute value (Abs)
φ Vetorial general variable
( )s,f solid/fluid
( )eff Effective value, ϕφf+(1−ϕ)φs

( )ϕ Macroscopic value
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Keff ;s = ð1−ϕÞ½ks
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In Eqs. (7)–(10), I is the unit tensor, ΔH is the heat of combustion
[5×107J/kg], βr is the extinction coefficient [1000 m−1], σ is the
Stephan–Boltzman constant [5.66961×10−8W/m2K4] and Sfu is the
rate of fuel consumption, to be commented below. All mechanisms
contributing to heat transfer within the medium, together with
turbulence and radiation, are included in order to compare their effect
on temperature distribution. Further, such distinct contributions of
various mechanisms are the outcome of the application of gradient
type diffusion models, in the form (see [24] for details).
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〉
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〈T 0

f 〉
iÞ = Kt⋅∇〈
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In Eqs. (7) and (8) the heat transferred between the two phases
was modeled by means of a film coefficient hi. A numerical correlation
for the interfacial convective heat transfer coefficient was proposed by
Kuwahara et al. [25] for laminar flow as:

hiD
kf

= 1 +
4ð1−ϕÞ

ϕ

� �
+

1
2
ð1−ϕÞ1=2ReDPr1=3; valid for0:2bϕb0:9;

ð15Þ

For turbulent flow, the following expression was proposed in Saito
and de Lemos [24]:

hiD
kf

= 0:08
ReD
ϕ

� �0:8
Pr1=3; for1:0x104

b
ReD
ϕ

b2:0x107
; valid for0:2bϕb0:9; ð16Þ

2.4. Macroscopic mass transport

Transport equation for the fuel reads,

∇⋅ð�uD〈
�mfu〉

iÞ¼∇⋅Deff ⋅∇ðϕ〈�mfu〉
iÞ−Sfu ð17Þ

where 〈m̅fu〉
i is the mass fraction for the fuel. The effective mass

transport tensor, Deff, is defined as:
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where Scℓ and Scℓ,t are the laminar and turbulent Schmidt numbers
for species ℓ, respectively, and the subscript “ef” denotes an effective
value. The dispersion tensor is defined such that,

−ρ〈i�ui�mfu 〉
i = ρDdisp∇⋅〈�mfu〉

i ð19Þ

2.5. Simple combustion model

In this work, for simplicity, the chemical exothermic reaction is
assumed to be instantaneous and to occur in a single step, which is
given by the chemical reaction,

CH4 + 2ð1 + ΨÞðO2 + 3:76N2Þ→CO2 + 2H2O + 2ΨO2 + 7:52ð1 + ΨÞN2

ð20Þ

where Ψ is the excess air in the reactant stream at the inlet of the
porous foam. For the stoichiometric ratio, Ψ=0.

The rate of fuel consumption over the total volume (gas plus solid)
was determined by a one step Arrhenious reaction [26] given by

Sfu = ρ2A〈�mfu〉
i
〈�mox〉

i exp½−E = R〈�T〉i� ð21Þ

where 〈m ̅fu〉i and 〈m̅ox〉
i are the volume–time averaged mass fractions

for the fuel and oxidant, respectively, A is the pre-exponential factor
[1×1010m3/(kgs)] and E is the activation energy [1.4×108J/kmol],
where all values used are the ones commonly used in the literature for
combustion of methane.

Density ρ in the above equations is determined from the perfect
gas equation for a mixture of perfect gases:

ρ =
Po

RTf∑
ℓ

1

mℓ

Mℓ

ð22Þ

where Po is the absolute pressure, R is the universal gas constant
[8.134 J/(molK)] and Mℓ is the molecular weight of species ℓ.

2.6. Boundary conditions and numerical details

The set of equations above where solved, for one-dimensional
cases, with given temperatures (solid and gas) and fuel mass fraction
at inlet, x=0. At exit, x=12 cm, a zero diffusion condition ∂( )/∂x=0
for the fuel mass fraction and gas temperature was used. For the solid
temperature, a balance between the energy conducted to the exit and
the radiation leaving to the environment was applied. Further, an
initial length of 2 cm was considered to be made of a material that
prevents flash back of the flame, which is commonly referred to in the
literature as “flame trap” [27]. Ignition, is existing, was then calculated
for xN2 cm.

3. Results and discussion

The computational grid was generated with a concentration of
points close to the beginning of the combustion section (xN2 cm),
where steep temperature and species gradients were expected to
appear. Two grids were employed with 120 and 240 nodes in the x
direction, respectively. Fig. 1 shows temperature profiles calculated
with both mentioned grids and indicates that no detectable
differences exist between the two sets of results. For this reason, all
simulations in this work make use of the 120 node stretched grid.

Fig. 2a shows the effect of excess air Ψ on the gas temperature, Tf,
and solid temperature, Tp. Temperature levels for the stoichiometric
case and for Ψ=0.8 gave numerical values close to those from [28].
Likewise, mass fraction behavior of species CH4, CO2 (Fig. 2b) and H2O,
O2 (Fig. 2c) follows closely those reported by [28], for the one-

(18)
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equation simple combustionmodel here presented. Excess air reduces
the final mass fraction of CO2 and water and raises the amount of
oxygen not participating in the combustion reaction. These results are
the outcome of the single step reaction (Eq. (20)) that links the
consumption and production rates of individual constituents of the
mixture.

Fig. 3 shows the dependence of temperature levels on inlet
velocities Uin. As axial flow in increased, one can note a slight
reduction of peak values of temperatures, followed by the movement
of the flame towards the exit of the burner. Although themovement of
the flame front is in accordance with simulations by [29], here a
reduction on the maximum values of temperatures was calculated,
which is in disagreement with findings in the literature [29] where
the temperature rises as the inlet mass flow rate is increased. One
possible explanation for this contrary behavior is that there are a
number of distinct parameters and assumptions in both calculations
sets, here and in [29], spanning from mathematical to numerical
modeling hypotheses, which might affect the final results.

Four different thermo-mechanical models are now compared,
namely Laminar, Laminar with Radiation Transport, Turbulent,
Turbulent with Radiation Transport. Radiation model is included by
considering the radiation transport term in the Tp—Eq. (10).
Turbulence modeling is handled by resolving the k–ε model
(Eqs. (3) and (4)) in addition to solving for the macroscopic turbulent
eddy viscosity µtϕ, Eq. (6). In all models, combustion is simulated via a
unique simple closure, which is presented by Eqs. (20) and (21).

Numerical simulations obtained with different models are pre-
sented in Fig. 4 for two values of Uin. First, it it interesting to point out
that the four models above were used when calculating both inlet
velocity values. Therefore, turbulent transport was also considered for
low speed flows and that was done in order to verify the correctness
and stability of the developed code. In low speed flows, levels of
turbulent kinetic energy, if initially input at inlet, will decay and
remain low even if a turbulence model is applied. That was the case
for Uin=0.1 m/s when the pore Reynolds number is of the order of
35. On the order hand, for Uin=1.0 m/s, the pore Reynolds number is
ten times greater, entering a range where intra-pore turbulence is
usually assumed to be significant [17]. With this matter clarified,
results can now be presented. Fig. 4a shows that for low value of Uin,
the flame (solid lines) stabilizes close to the beginning of the burning
section (x=2 cm), independently of themathematical model applied.
Also observed in Fig. 4a is that results for the gas temperature are
essentially equal when using laminar or turbulence models in low

speed cases, which corroborates the observation made above about
using a turbulence model in low velocity flows. Solid temperature is
influenced by radiation transport, which tends to smooth out
temperature differences within the solid matrix, enhancing, as such,
the regenerative advantage of porous burners (dashed lines).
Regeneration is achieved by preheating the gas prior to the
combustion zone. In fact, the use of a turbulencemodel in conjunction
with radiation transport gives the higher temperature peak of the gas

Fig. 2. Effect of excess air Ψ for Uin=0.1 m/s on: a) temperature fields, b) fuel and
carbon dioxide, c) water and oxygen.

Fig. 1. Grid independence studies.
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temperature at the flame position. Increasing the inlet mass flow rate
(Fig. 4b), the flame is pushed towards the burners' exit, regardless of
the model used. In Fig. 4b, no detectable differences in the gas
temperature is found when turbulence is the sole mechanism added

and compared with the simple laminar model, a result that could be
associated with the simple geometry and one-dimensional flow here
computed. For multidimensional cases and complex geometries,
turbulent transport might play a more significant role. Here also
radiation transport substantially affects the solid temperature
distribution, but definitive conclusions on the appropriateness of
each model can only be reached after careful comparison with
experimental measurements. This shall be the subject of the present
ongoing research effort.

4. Conclusions

This paper presented one-dimensional simulations for combustion
of a mixture of air and methane burning in a porous material. Four
different thermo-mechanical models were compared along with a
unique simple closure for combustion. Results indicate that a
substantially different temperature distribution pattern is obtained
depending on the model used. For high excess air or gas velocity, the
flame front moves towards the exit of the burner. Results herein
motivates further research work on the subject of reactive turbulent
flow in porous burners and should be seen as a preliminary step
towards reliable simulation of multidimensional flow in real porous
combustors.
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