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Abstract: A new OpenFOAM solver for porous media combustion is presented based on a volume-
averaged formulation, assuming thermal non-equilibrium in the gas-solid system. The non-catalytic
combustion dynamics of methane/air flames are simulated, and results for flame temperature, emis-
sions and stability are shown.
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1. Introduction

Combustion in porous media burners (PMBs) enable enhanced flame stabilization and reduced
emissions as compared to conventional burners. These properties result from the recirculation
of heat generated from combustion by conduction and radiation through the solid matrix [1} [2].
The balance between heat recirculated through the matrix, generated at the reaction zone and lost
via radiation to the surroundings determines flame stabilization and emissions behavior [3-H6].
These properties are also highly dependent on the geometry [7, 8|] of the porous material [1, 9,
10]. Reducing unburnt hydrocarbons, CO and NOy emissions [[11,12] as well as increasing flame
stability are some of the key aims of PMB research and development.

Along with numerous experimental studies [} [13-16], pore-scale and volume-averaged sim-
ulations have been applied extensively to study PMB behavior. Pore scale simulations have been
performed to give insight into the flow, chemical, and thermal transport properties at the ‘mi-
cro’ scale, i.e., within the void space [[17, |I8]], but are generally too computationally expensive
to perform in large-scale domains. Such simulations capture the effect of pore geometry on the
combustion process. Volume-averaged methods, on the other hand, are less computationally ex-
pensive, but describe only macroscopic characteristics of PMB behavior based on closure models
for the subgrid scale dynamics [19-21]]. PMB operation with CHy/air premixed flames of various
equivalence ratios has been the focus of numerous studies [20, 22, 23]]. Furthermore, most studies
investigate the two-zone step burner, in which the flame stabilizes at the interface of two zones,
i.e., the upstream and downstream porous sections [24, [25]].

In this work, a new volume-averaged finite-volume solver is presented for volume-averaged
modeling of porous media combustion. This solver is developed using OpenFOAM, an open-
source software framework. This study focuses on CHy/air flames in two zone PMBs to facilitate
comparisons with literature. Gas temperature, NO and CO profiles for a 1D PMB are presented
here, with future work focusing on 2D and 3D simulations.
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2. Computational Methodology

A volume-averaged approach is adopted to study the combustion of the gaseous mixture and the
thermodynamic coupling of the gas-solid system. The thermophysical properties such as the ef-
fective thermal conductivity A s and the volumetric heat transfer coefficient A, are functions of
the porosity distribution. The simulations are based on the governing equations of porous me-
dia combustion [26] accompanied by the ideal gas equation of state. Heat conduction occurs in
both the solid and gas phases. We consider the phase-averaged Darcy velocity U = ¢u, where
¢ is the porosity and u is the actual velocity[27]. T and T represent the averaged gas and solid
temperatures, respectively. The effective thermal conductivity [28] of the solid can be defined as
Agef = OAg + (1 — @) As + dnoeT?. The governing equations are:
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where ¢ @ is the source term of the reaction, D;,,, = NI_Xin is the species-mixture diffusion coeffi-
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cients, and cpg = ):fy: 1 Yicpe,i 1s the specific heat capacity of the gas-mixture. The PMB is modeled
as a two-zone step burner, wherein the discrete properties of each zone are approximated as a
smoothly transitioning hyperbolic tangent profile. The boundary conditions are fixed equivalence
ratio and temperature at the inlet, and zero gradient solid temperature, radiative blackbody to 298K
heat flux, and zero gradient species concentration at the outlet.

The governing equations are solved using the C++ based finite volume simulation toolbox
OpenFOAM for its object-oriented framework and thermophysical models. The momentum equa-
tion is solved using the PIMPLE algorithm. The reaction is calculated through the time-evolution
of the concentration of the species, using GRI 3.0 mechanism. The flow through porous media is
presented using volume-averaged methods where a single modified momentum equation is solved
for the fluid-solid matrix.

3. Results and Discussion

A parametric study, in which the properties of the two sections are varied independently, is pre-
sented. The results confirm that matrix properties significantly affect the stable operating range
among other properties. In addition, the upstream section acts primarily as a flashback arrestor and
for the widest operating range, it should have a low conductivity and high volumetric heat transfer
coefficient. The downstream section acts primarily to recirculate heat through the matrix; it should
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have a high conductivity and low volumetric heat transfer coefficient. A stable flame is identified
as a stationary solution of the set of governing equations.

First, to validate the computations, results are compared to that of Barra et al. [23]. Here,
equivalence ratio ¢ = 0.65 and the two sections of the burner have porosities of 0.835 and 0.87.
Results indicate good agreement in the temperature profiles, with a peak temperature difference of
40 K, as shown in Fig. (1l The difference is attributed to the different numerical approach and the
chemistry modelling, since Barra et al. use GRI 1.2 mechanism and GRI 3.0 is used in this work.
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Figure 1: Temperature profile comparison for solid and gas phases

Next, the influence of geometry profiles, as shown in Fig.[2] on flame behavior was investigated.
The porosities of the left and right section are kept at 0.835 and 0.87 respectively. This smoothness
in € is also reflected in pore diameter d,,. This design is achieved mathematically using € o<
tanh[B(x — xp)|, with B = 6,8, 10 for burners 1,2 and 3 respectively.The different burners that have
been described are used to understand the effect of a smooth variation of material properties under
identical inlet velocities of 0.4 m/s and an equivalence ratio of 0.7. As shown in Fig. [3(a), the
stable flame position shifts upstream as we use a steeper variation. Although there is a decrease
in NO emissions for a steeper profile in Fig. [3(b), CO exit emissions remain mostly unchanged. It
is interesting to observe that without significant changes in peak temperatures, the NO emissions
decrease with steeper profiles.

Next, the effect of equivalence ratio on the gas temperature distribution and NO, CO distri-
bution for a stable flame are investigated and results shown in Fig. @ and [5| The inlet velocities
are considered to be same at 0.25 m/s in Fig. ] and the maximum stable velocities of 0.25, 0.37
and 0.48 m/s are considered for equivalence ratios of 0.7, 0.8 and 0.9 respectively in Fig.[5] The
flame is anchored near the interface for all stable conditions. The generation of NO and CO is
dependent on the temperature of the reaction. The emissions increase with the equivalence ratio as
seen in Fig. f(b) and (c) which is also observed in Ref.[29] and the distribution shifts downstream
as the velocity increases as seen in Fig. [5[b) and (c). For lower velocities, the gaseous mixture
is exposed to higher temperatures for longer times, therefore NO production is increased. As the
equivalence ratio increases, the amount of air relative to the hydrocarbon decreases, leading to
higher CO emissions.

Next, the sensitivity of the volumetric heat transfer coefficient on flame behavior is investi-
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Figure 2: The different burners having different smoothness of transition of properties.
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Figure 3: Gas temperature profiles and distribution of NO and CO for different burners.
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Figure 4: Gas temperature profiles and distribution of NO and CO for different equivalence ratios
for same inlet velocities.

gated. Using equivalent porosity and pore diameter distributions, two different models for 4, are

studied from and [21]]. Additionally, a third burner model with smoothly graded (B = 10)

thermal conductivity from 1 W/mK to 0.2 W/mK was investigated. The results are shown in Fig.[0]
where it is observed tthat a new stable flame position is attained, while keeping the temperature and
the emissions same. This shows the independent optimization of the operational variables. Pre-
dicted exit temperature and emissions are highly sensitive to the thermal properties of the burner.
Therefore, suitable constitutive relations in volume-averaged methods are significant for determin-
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Figure 5: Gas temperature profiles and distribution of NO and CO for different equivalence ratios
with maximum stable inlet velocities.
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Figure 6: Gas temperature profiles and distribution of NO and CO for different heat transfer coef-
ficients .

ing model fidelity. Furthermore, different constitutive relations can be used to describe the heat
transfer properties of various porous materials. This opens up new avenues for materials design
for regulating emissions and flame stability, by using additive manufacturing to architect specific
porous structures for PMBs [31]. Determining proper thermal constitutive models and optimized
geometric profiles for burner performance are the aims of ongoing work.

4. Conclusion

In this work, a new solver based on open-source CFD toolbox OpenFOAM is presented for sim-
ulating porous media combustion. The chemical kinetics are modeled using the GRI 3.0 mecha-
nism. Results for various 1D step two-zone porous media burners are presented. Since the solver
is fully three-dimensional, future work will focus on expanding these results to higher dimensions
and leveraging insights about the porous geometry-flame behavior relationship to design advanced
burners using additive manufacturing.
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