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h i g h l i g h t s
� A 3D pore-resolved CFD model of a diamond lattice-based porous burner is proposed.

� A new tailored graded geometry was tested and compared to isotropic matrices.

� The energy recirculation efficiency was maximized with a higher specific surface.

� The methane-to-syngas conversion ratio was maximized with the graded geometry.

� The graded matrix led to low levels of soot precursors due to a longer oxidation zone.
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This numerical study investigates the impact of four proposed porous burner designs,

which are based on a diamond lattice structure similar to what could be obtained with

additive manufacturing technology, on H2/CO syngas production. The performances of all

the burners were compared, and the results showed that for a given porosity, the recir-

culation efficiency increased with increasing the pore density. Decreasing the porosity by a

factor 2 increased the recirculation efficiency thanks to the presence of higher thermal

inertia and local temperature, which allowed to achieve a 53% fuel conversion. Promising

results were obtained with the new linearly varying pore diameter matrix, with an

observed conversion efficiency of 63% and a reduction in the soot precursor production.

This latter behavior itself resulted from an increase in the size of the reaction zone, where

elevated temperatures led to high concentrations of H2 and to the partial oxidation of C2

species.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Syngas is a valuable flammable gas mixture, consisting of

hydrogen (H2) and carbon monoxide (CO), which can be used

as a fuel, or as a chemical feedstock (when the H2/CO ratio is
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close to unity) in the production of synthetic fuels, alcohols,

etc. [1]. Syngas is produced mainly from fossil fuels (oil, gas-

oline, coal), and to a lesser extent, from biomass [2]. Syngas

can notably be produced from the partial oxidation of

methane under fuel-rich combustion conditions (CH4 þ ½ O2

/ CO þ 2H2), noting that other routes, such as the dry
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methane reforming reaction (CH4 þ CO2 / 2H2 þ 2CO) and the

water-gas shift reaction (CO þ H2O / CO2 þ H2) can play a

significant role in the reforming efficiency [3]. In the presence

of a catalyst, steam reforming of methane remains the most

common way to generate syngas, although it is an endo-

thermic reaction taking place at a relatively high temperature

(~1000 K) [4]. In the review by Ref. [2], combustion in porous

media (CPM) is identified as a promising approach that does

not require a catalyst to produce syngas and H2. In CPM, the

combustion is confinedwithin a highly porousmedium (foam,

beads, etc.) [5] while some of the heat produced during this

process is transferred and conducted through the solid, and

preheat the incoming fuel-air mixture by heat convection.

This preheat of the fluid also increases the flame temperature.

As the present work proposes a numerical study of four

porous media used to convert a methane-rich mixture to

syngas, a short survey on methane conversion and modeling

approaches is presented.

Experiments reported in the literature illustrate the di-

versity of porous media used to produce syngas. For example,

experiments using sponge-type matrices have shown syngas

production with H2/CO ratios between 1.5 and 1.9 with

methane-rich mixtures having equivalence ratios (4) lying

between 2.5 and 2.9 [6,7]. Another approach considered

stacked pellets or beads to obtain a porous medium. This

approachwas used byDai et al. [8] to create a divergent packed

burner aimed at decreasing the velocity of the gas for a greater

flame stability. From the authors' numerical parametric study,

a 4 of 2 was shown to offer a highermethane-to-H2/CO energy

conversion efficiency. Fay et al. [9] experimentally compared a

packed bed to a reticulated porous ceramic burner and with

the latter, observed a significant increase in the methane-to-

hydrogen conversion rate. They suggested that this higher

conversion rate could be attributable to the higher interstitial

velocity and temperature obtained with a reticulated ceramic.

Irrespective of the nature of the porous medium used, other

experimental studies from the literature have found consis-

tent results, with the methane reforming efficiency maxi-

mized at an equivalence ratio close to 2 [10e12].

While different methods can be used to simulate CPM, and

to some extent, syngas production, many recent studies have

used one of twomodeling approaches. The first approach is the

volume-averaged method (VAM), which is often used in the

literature, based on the survey of [13]. With this technique, the

porous burner is defined based on its main characteristics,

such as the porosity, but lacks the physical microscale

description of the medium. Thus, 1D [14,15], 2D [3,16,17], and

more rarely, 3D [18] models are used, and the results do not

allow to obtain information such as how the solid and fluid

interact at a smaller scale. However, the approach has the

advantage of having a low computational cost. The second

approach consists of a pore-scale simulation, and involves a

more in-depth modeling of the physical structure and of its

interaction with the fluid in combination with reduced or

detailed kinetics. With pore-scale simulations, 2D [19] and 3D

[20e23] techniques are used. With regard to the 2D simula-

tions, Shi et al. [19] modeled a two-layer burner consisting of

2.5 mm and 7.5 mm beads in the upstream and downstream

sections, respectively, and considered the effect of adding CO2

to a rich methane-air mixture. They observed a decrease in H2
Please cite this article as: Roussel Y et al., Numerical study of the im
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production and an increase in COproduction as CO2was added

to a rich methane-air mixture. With the 3D model approach,

either a single column [20,23] or an entire burner [21,22] can be

modeled. In both cases, the approach has the advantage of

capturing small-scale phenomena such as spatial velocity

fluctuations, a task that is not possible with the volume-

averaged method. For example, Yakolev and Zambalov [21]

modeled a 3D random packed spheres burner with a rich

methane-air mixture having a 4 of 2.5. Observations at the

pore scale revealed large spatial variations of the temperature

and velocity fields due to the inhomogeneity of the matrix.

Moreover, they analyzed the fluid-solid interactions leading to

unsteadiness of the front flame at the pore level.

While the porous burner ismade of foamor pellets/beads in

the above literature survey, new designs are proposed such as

a porous radiant burner where the combustion takes place

within a volume confined by a porous structure having a high

pore density (porosity close to 65% and 30-70 pores per inch

(PPI)) [24e26]. This approach, named internal combustion

regime (ICR), is said to offer radiant efficiency greater than 50%

without mixture preheat [24]. Other recent approaches based

on the idea of using tailored porous structures has recently

emerged as a potential application to CPM [27,28]. One example

of a tailored design is the biomimetic inspired leaf-type hier-

archical porous medium studied by [4] for solar driven

methane reforming. By optimizing the solar porous reactor

with respect to temperature distribution, such a leaf-inspired

structure resulted in a 7% improvement of methane conver-

sion to syngas [29]. The idea of designing structured media

with a controlled morphology is driven by the possibility of

making them using advanced manufacturing techniques such

as additive 3D printing technology [30]. Such an approach has

been used by Samoilenko et al. [27] who designed and printed

porous media based on a diamond lattice matrix. Their ex-

periments showed the advantage of using diamond lattice

structures as compared to foam as the former offer better

resistance to deformation and thermal shock. In the present

study, investigations are pursued with the objective of evalu-

ating the influence of the porosity and pore diameter of a

diamond lattice medium when used to produce syngas from a

methane-rich mixture. The effect of porosity is addressed by

comparing two media having the same pore diameter but very

different porosity (86% vs. 44%) while the impact of pore

diameter is tackled by comparing twomedia having a constant

porosity but with pore diameter of 1.8 and 3.1mm.Moreover, a

new design is proposed using a linearly varying pore diameter

which is compared to isotropic matrices having a constant

porosity and pore density. The comparison is based on the heat

recirculation efficiency and the methane to syngas (H2/CO)

conversion efficiency while the production of C2 soot pre-

cursors is also assessed. These parameters are used to illus-

trate the advantage of the proposed new design.
Methodology

Geometry and computational domain

In this work, different geometries of porous burners are

studied following the work of Samoilenko et al. [27], in a bid to
pact of tailored porous media design on syngas production from
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Fig. 1 e Geometric parameters.
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obtain a regular porous medium based on a diamond lattice

matrix. As the objective is to quantify the burner operation,

four different designs are compared. In order to facilitate

comparisons with a foam burner, diamond lattice structures

having equivalent porosity and permeability to a 10 and a 30

pores per inch (PPI) foams (porosity of 82% and 86%, respec-

tively) are studied and are identified as cases A and B,

respectively. Their main properties are shown in Table 1. The

impact of the pore diameter, at a quite constant porosity, is

achieved by comparing case A to case B, while the effect of the

porosity is numerically studied by comparing case B to case C.

Finally, case D shows an example of the advantage offered by

printing technology by presenting a medium with varying

pore diameter from the inlet to the outlet of the burner.

Although the shape of the lattice is maintained, the geo-

metric parameters of the matrix, such as the strut thickness

and the cell size, are changed from one case to another. Their

values are given in Table 1, while a single lattice is presented

in Fig. 1 illustrating the difference between a cell (a sphere

encased within a diamond lattice) and a pore (a disk encased

within a hexagon made from the struts of a diamond lattice).

In themodeling effort presented herein, a single column taken

at the center of a would-be 5 cm high burner is used. Fig. 2

shows a single unit of the lattice structure (left) and the

resulting CFD model (right).

Numerical setup

The numerical model is similar to the one implemented in the

work of Billerot et al. [20]. It uses a two-energy equation

model, one for the gas and one for the solid, as the two phases

are in non-thermal equilibrium. Heat transfer is carried out by

convection between the fluid phase and the solid matrix. The

porous medium is assumed to be homogeneous and inert

while the solid has the thermo-physical properties of silicon

infiltrated silicon carbide (SiSiC) adopted from [20]. The

properties are assumed constant and thus independent from

the solid temperature due to a lack of data or correlations.

The proposed CFD model considers the fluid flow as being

laminar while behaving as an ideal gas. The reactive gas

mixture is perfectly premixed at the inlet and the thermo-

physical properties of the gas depend on the temperature and

species concentration as defined in the GRI-Mech 1.2 [31],

which is the reaction mechanism used herein. Additionally,

the Dufour and Soret effect are neglected.

Based on the above assumptions, the set of differential

equations governing the physics is presented, and Eq. (1) first

describes the mass conservation:
Table 1 e Description of the geometric characteristics of the m

Case Pore density
(PPI)

Porosity
(%)

Strut
thick. (mm)

A 8.2 82 0.95

B 14.1 86 0.69

C

Lower porosity

13.4 44 2.2

D

Variable pore dia.

13.4e6.9 86 0.69e0.88
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v

vt

�
rf
�þV ,

�
rf u
!�¼ 0 (1)

where u! is the velocity vector and rf is the gas density. For a

multi-component mixture, rf is computed with the ideal gas

law (Eq. (2)):

rf ¼
P
RT

1Pn
k¼1

Yk
Wk

(2)

where P is the static pressure, Tf the fluid temperature and R is

the universal ideal gas constant. For each species, k, Yk andWk

represent themass fraction andmolecular mass, respectively.

The momentum equation presented by Eq. (3) can be written:

rf

�
v u!
vt

þ u!,V u!
�
¼VPþV,ð t Þ (3)

in which t is the viscous stress tensor. The conservation of

energy in the fluid is represented by Eq. (4):

v

vt

�
rf Cpf Tf

�
þV ,

�
rf Cpf Tf v

�
¼ �hconv

�
Tf �Ts

��V ,
�
kfVTf

�� Qch

(4)

where Qch is the rate of heat release from the chemical re-

actions defined as Qch ¼P
k

ð _ukhkWkÞ. As for _uk, it stands for the

rate of production/consumption of the kth species, while hk

and Wk are its molar enthalpy and molecular weight, respec-

tively. The gas-specific heat, Cpf , has been calculated using the

mass-weighted mixture method, while the thermal
atrices and inlet conditions.

Pore dia.
(mm)

Cell dia.
(mm)

Surf/Vol.
(m�1)

Eq.
ratio (�)

Inlet
vel. (cm/s)

3.1 4.5 508 1.5 and 2 17

1.8 2.6 865 2 28

1.9 2.7 726 2 14

1.9e3.7 2.6e4.2 793 2 15

pact of tailored porous media design on syngas production from
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Fig. 2 e Description of the geometry and boundary

conditions. Left: CADmodel of a unit cell; Right: CADmodel

of the column for CFD calculations.
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conductivity follows the Mathur-Saxena averaging method

based on themole fractions of the different species [32]. Then,

the energy conservation in the fluid is expressed as per Eq. (5):

v

vt
½rsCsTs� ¼V , ½ksVTs� þhconv

�
Tf �Ts

��V, q!rad (5)

where Cs, Ts, ks, and rs represent the heat capacity, the tem-

perature, the conductivity, and the density of the solid phase,

respectively. Both energy equations (Eqs. (4) and (5)) are

coupled by the heat convection coefficient, hconv, modeledwith

a conjugate heat transfer boundary condition at the fluid-solid

interface.

In the fluid energy equation (Eq. (4)), gas radiation has not

been considered following [20], while the solid matrix is

regarded as a gray and homogeneous medium that can

absorb, emit or scatter radiation. The radiative heat flux

V, q!rad appearing in Eq. (5) is calculated with Eq. (6):

V , q!rad ¼
Zþ∞

0

al

�
4pIbl �

Z
IlðUÞdU

	
dl (6)

where al is the absorption coefficient at the wavelength l, and

Ibl is the spectral intensity of a black body evaluated using the

Plank's law. The transport of the radiant intensity for a specific

wavelength is governed by the radiative transfer equation

(RTE) defined in Eq. (7):

dIl
ds

¼alIbl �ðal þ dlÞIl þ dl

4p

Z
4p

IlðUÞdU (7)

where dl is the scattering coefficient. The matrix acts as a ho-

mogeneous gray medium and al likewise dl are considered as

independent of thewavelength. One can add that this equation

was solved using the discrete ordinate method.

Lastly, an equation for the species conservation is used (Eq.

(8)):
Please cite this article as: Roussel Y et al., Numerical study of the im
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rf Yk

�þV ,


rfYk u

!�¼V ,


rfDk;mVYk

�þ _ukWk (8)

where Dk;m is the diffusion coefficient between species. The

diffusive flux was evaluated based on the Fick's law using the

kinetic theory for the calculation of the molecular diffusivity

of the species k in the mixture.

Boundary conditions

For the single column burner illustrated in Fig. 2, the following

boundary conditions are imposed on the fluid phase: at the

inlet, a perfectly premixedmethane-air gas mixture is injected

at a constant velocity to ensure a stable flame within the

burner; thus, ux ¼ uy ¼ 0; uz ¼ uinlet;Yi ¼ Yi;4;0; Tf ¼ T0 ¼ 300 K.

At the outlet, a zero normal gradient is imposed on the specie

mass fractions and temperaturewhile the pressure is set to one

atmosphere. In the solid, radiationwith the environment at 300

K is applied at the inlet and outlet faces and is expressed as

qrad;out ¼ � εsðT4
s � T4

0Þ, where s is the Stefan-Boltzmann con-

stant. At the fluid-solid interface, a no-slip condition is applied.

Finally, on the four lateral sides of the computational domain, a

periodic boundary condition is used to ensure solution conti-

nuity of the solid and fluid phases, so that only a single column

of the burner is modeled, as illustrated in Fig. 2.

Solution method

The calculations are conducted with the commercial CFD

software STAR-CCMþ. The SIMPLE (Semi-Implicit Method for

Pressure-Linked Equation) algorithm is employed to solve the

coupling between the pressure and the velocity in the mo-

mentum equation. A second-order implicit formulation is

used for the temporal discretization with a time step of 10�5 s.

A second-order upwind scheme is used for the spatial dis-

cretization. The equations are solved and a convergence cri-

terion of 10�5 is required especially for the energy residual

[20]. Computations were carried out on the Graham super-

computer managed by Compute Canada.
Grid Independence and Numerical Model
Validation

Amesh independence study was first conducted to determine

the impact of the mesh refinement on the solution. The study

consisted in modeling an isothermal airflow at 300 K in order

to validate the pressure drop along the porous matrix. Thus,

different mesh densities were tested using the geometry of

the reference case A. The mesh study was conducted in two

steps. The first consisted in evaluating the influence of the

mesh size without using prismatic layers, with a polyhedral

mesh size that is gradually increased from about 500,000 to 7.6

million. As can be seen in Fig. 3, the relative error decreases

toward a minimum as the number of cells increases.

In order to reduce the relative error on the pressure loss, the

second step looked at the impact of adding prismatic layers to

themesh. The thickness of theprismatic layerswas set to 5%of

the strut diameter, and the number of layerswas varied from 1
pact of tailored porous media design on syngas production from
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Fig. 3 e Mesh convergence study.
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to 10. This prismatic layer sensitivity studywas conducted on 3

different meshes: coarse (~1 million cells), medium (~2million

cells) and fine (~3 million cells). The results showed that 8

prismatic layers resulted in a good convergence of the numer-

ical results and thus more mesh sizes were studied. Fig. 3 pre-

sents the impact of the number of cells for a constant 8

prismatic layer. When considering the computation time and

the relative error on the pressure drop, ameshwith 2.8 million

cells, including 8 prismatic layers, was chosen as a good

compromise with a 0.2% relative error.

Based on this choice, themesh configurationwas applied to

cases A and B, and a validation was conducted with a non-

reacting flow through the porous medium, with inlet veloc-

ities ranging from1to40cm/s.Theresultswerecomparedto the

Darcy-Forchheimer pressure drop law using the correlations

proposed by Ergun [33], Fand [34] and Du Plessis [35] based on

theporosity (f), porediameterand tortuosity, as shown inFig. 4.

TheDarcy velocityuD, also called the superficial velocity, can be

definedasuD ¼fuz,withuz being theaverageporeflowvelocity.

As illustrated in Fig. 4, the results, having a quadratic form in

both cases, are close to the literature correlations. The results in

case A are in very good agreement with the correlations
Fig. 4 e Validation of the macroscopic pressure gradient wit

Please cite this article as: Roussel Y et al., Numerical study of the im
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proposed for different types of porous media (foam or beads)

and different porosities (maximum relative error of ~3.7% with

respect to [33]). Although a more significant deviation with the

correlation's predictions is observed for case B (relative error of

~13% with [33]), the results from the proposed model lie

somewhere in-between the correlations of [33] and [35]. It is

eventually observed that the pressure drop is higher for matrix

B because of its higher pore density as compared to matrix A.

From convergence and isothermal flow study results, it can

be stated that the proposedmesh is suitable for predicting the

flow characteristics. The characteristic average mesh sizes in

the fluid phase for cases A and B are 80 mm and 65 mm,

respectively. Details of the mesh for the different geometries

tested in this study are presented in Table 2. Since the geom-

etries of casesC andDare based on casesA andB, respectively,

the samemeshing approach is used in all cases. In addition to

the fluid domain, the solid domain must be meshed, and is

constrained by the choice of the fluid region mesh. Due to the

refinement of the cells at the interface, the solid cells have an

average size of 81 and 68 mm for cases A and B, respectively.

To complete the model validation, the influence of the

equivalence ratiowas studied to see the response of themodel

using 4 values of 1.5 and 2with the geometry of case A. To this

end, the scalar fields of CO and H2 mole fractions plotted on a

median plane from 1.5 cm to 5 cm are presented in Fig. 5 for

both conditions.

In first observing the formation of CO (column on the right)

at an equivalence ratio of 1.5, a high CO concentration spot is

located in the reaction zone, and is then partially oxidized by

residual oxygen to formCO2. ThisCO concentration peak is not

visible at an equivalence ratio of 2 (caseA), where CO is formed

more gradually. Eventually, the mole fraction of CO produced

is, as expected, higher at an equivalence ratio of 2. Further-

more, when comparing the concentrations of CO and H2 at the

burner outlet for an equivalence ratio of 1.5 to the experi-

mental results of Zeng et al. [3] obtained with beads, a good

concordance is noted. Indeed, the model predicts CO and H2

concentrations andamaximumgas temperatureof 8.3%, 8.5%,

and 1813 K, respectively, while experimental values of 7.8% for

both speciesandagas temperatureof 1880Kare reported in [3].

Similarly, the values of CO, H2 and the maximum gas
h pressure drop law correlations: (a) Case A; (b) Case B.

pact of tailored porous media design on syngas production from
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Table 2 e Mesh characteristics.

Case Fluid
cells (106)

Solid
cells (105)

dfluid

(mm)
dsolid

(mm)
dmin;fluid

(mm)
dmax;fluid

(mm)

A 2.8 4.2 80 81 5 372

B 1.9 3.7 65 68 5 336

C 1.9 6.7 73 112 7 324

D 1.9 3.5 66 72 7 388

Fig. 5 e Influence of the equivalent ratio on CO and H2

scalar fields for geometry A at an equivalence ratio of 1.5

(left) and 2 (right).
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temperature obtained by themodel at an equivalence ratio of 2

(9.4%, 11%, and 1804 K, respectively) are in concordance with

the 2D numerical results (VAM and skeletal kinetic mecha-

nism) of Dai et al. [8], who obtained 10%, 12%, and 1641 K

respectively, using a cylindrical pellets bed.

From the above results, the model shows a very good

agreement with the pressure loss correlation of [33] as well as
Fig. 6 e Temperature and HRR

Please cite this article as: Roussel Y et al., Numerical study of the im
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with experimental specie concentrations (maximum relative

error of 9%) and maximum gas temperature (relative error of

3.6%) of [3]. Thus, the model is used as is thereafter.
Results

In the following sections, four designs exhibiting varied pore

diameter and porosity are compared, while a burner with

varying pore diameter is also studied. The equivalence ratio is

kept constant and equal to 2, but the inlet mass flow rate is

adjusted similarly to Bubnovich et al. [36] for each case in

order to provide a stable flame or quasi-steady state with

respect to the species, heat release rate and temperature

profiles at themacroscopic scale. It could be said that the inlet

velocity presented in Table 1 is close to the lowest value

ensuring a stable burner operation. Indeed, the macroscopic

thermal wave can propagate within thematrix on a time scale

of 101e102 s although the phenomena at the pore scale are

unsteady and local fluctuations are observed [21]. The analysis

first emphasizes phenomena at the macroscale such as the

flame structure, heat recirculation and flow in the burner.

Then, the paper highlights the influence of the matrix design

parameter on syngas production and pollutant formation.

Flame structure

As the flame stabilizes in the burner around a quasi-steady

position, three zones can be identified when looking at the

fluid and solid temperature profiles and the heat release rate

(HRR) curve as shown in Fig. 6 for case A. The results are mass

flow-averaged at every 0.5 mm using 100 planes over the

height of the column. The first region corresponds to the

preheat zone, where the matrix temperature is higher than

that of the unburned gas mixture. In this region, heat is

transferred from the solid to the gas by convective heat

transfer. At a height of 2.19mm, the reaction zone begins. This

position matches the location where 1% of the peak of HRR is

released. Within the reaction zone, the gas temperature is

higher than that of the solid due to exothermic reactions.
profiles related to case A.
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Consequently, heat is transferred from the gas to the matrix

by convective heat transfer. The third region corresponds to

the post-flame zone, where both phases reach a thermal

equilibrium. This region extends from the end of the reaction

zone to the burner exit plane. In the vicinity of the burner

outlet, an inflection of the temperature is visible because of

the heat losses by radiation with the environment at 300 K.

Heat transfer and energy recirculation

The above description is linked to the heat recirculation

phenomenon commonly observed in CPM [37]. Fig. 7 presents

the non-dimensional volumetric convective heat transfer,

defined with respect to the highest value of case B, from the

gas to the matrix for cases A, B and C.

The three zones described in section Flame structure can

also be identified in Fig. 7 since the preheat zone is dominated

by the heat transfer by convection from the solid to the gas.

The heat transfer is negative according to the sign convention

adopted herein. Following this energy transfer to the gas, a

positive heat transfer (thus, gas to solid) is observed and re-

sults from the higher gas temperature due to combustion in

the reaction zone. Then, the heat transfer in the post-flame

zone is almost zero because a thermal equilibrium between

the solid and the gas is reached. The heat recirculation is

induced by radiative and conductive heat transfers within the

solid phase. The energy gained by the solid from the gas in the

reaction zone is then partly transferred upstream in the pre-

heat zone by both mechanisms and increases the solid tem-

perature. Simultaneously, heat transfer by convection in the

upstream region increases the entrant gas temperature. The

fraction of heat recirculating in the burner can be quantified

by calculating the preheat efficiency defined as the ratio be-

tween the heat transfer from the solid to the fluid in the pre-

heat zone and the total amount of heat release. From this

definition, efficiency of 43%, 53% and 63% is obtained for cases

A, B and C, respectively, illustrating the impact of the pore

density (case A vs. case B) and porosity (case B vs. case C) on

the preheating process. This enhancement of the preheat
Fig. 7 e Influence of pore diameter (case A vs. case B) and poros

heat transfer.
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efficiency with a higher pore density is mainly due to the high

surface-to-volume ratio of the B medium (see Table 1) as the

porosity ofmatrices A and B is similar. The net consequence of

a higher pore density is a higher amount of energy transferred

from the reaction zone to the preheat zone. The width of the

preheat zone in case B is also larger, as shown in Fig. 8 that

presents the temperature profiles, which promotes heat

transfer to the fluid. For case C, the mass of the burner being

higher due to the low porosity, more energy is consequently

stored and transferred to the preheat zone. Eventually, the

front flame stabilizes close to the outlet (see location of posi-

tive heat transfer in Fig. 7), resulting in a larger preheat zone,

which contributes to improving the heat recirculation.

Influence of the matrix geometry at the macroscale

Fig. 8 depicts the solid and temperature profiles for three

porous geometries tested herein. The maximum flame tem-

peratures were compared in order to look at the impact of the

pore diameter at a constant porosity (case A vs. case B) and by

comparing the porosity at a constant pore diameter (case B vs.

case C). Peak temperatures of 1800 K and 1830 K are obtained

for case A and case B, respectively, confirming the presence of

a superadiabatic combustion as the adiabatic flame temper-

ature of a methane-air mixture at a 4 of 2 is 1630 K. Moreover,

the results show that halving the porosity by nearly 2, such as

in case C, resulted in a higher peak temperature of 1873 K.

To help explain the differences in maximum temperatures

observed, the analysis now looks at the effect of the medium

geometry on the reaction zone thickness based on the HRR

profile. From the results presented in Table 3, it can be

observed that the width of the reaction zone differs with the

pore density and medium porosity. As the pore diameter de-

creases by increasing the number of pores per inch, as in case

B, or by reducing the porosity, as in case C, the flame thickness

is reduced and a strong relationship between the cell size and

the flame thickness is obtained. Indeed, the results suggest

that chemical reactions are taking placemainlywithin a single

cell for every porous medium tested herein. Matrices with a
ity (cases A and B vs. case C) on the gas-to-solid convective
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Table 3 e Influence of the matrix design on the peak
temperature, flame thickness and heat recirculation
efficiency.

Case A B C

Diamond lattice cell dia. (mm) 4.5 2.6 2.3

Flame thickness based on HRR (mm) 4.5 3.0 2.3

Peak flame temperature (K) 1800 1830 1873

Heat recirculation efficiency (%) 43 53 63

Fig. 8 e Influence of pore diameter (case A vs. case B) and porosity (cases A, B vs. case C) on the temperature profiles.
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small cell size thus concentrate the heat release in a smaller

volume. For example, the maximum heat release per unit

volume is about 2.5 times higher with case B due to a smaller

cell volume of that medium as compared to case A, although

the enteringmass flow rate is 1.6 times less. As a consequence,

the local flame temperature and temperature gradient are

slightly higher for case B as this geometry offers a greater

surface area per volume for heat exchange by convection be-

tween the solid and the gas (see Table 1, Surf/volume ratio),

thus also favoring a higher equilibrium temperature at the

outlet (Fig. 8).

Furthermore it is observed, in Fig. 8, that case C has the

highest solid and gas temperature in the preheat zone. The low

porosity matrix, due to its larger mass, recirculates more
Fig. 9 e Influence of porosity on streamlines: high por
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energy to the fluid when compared to the other media as was

shown in Table 3. Finally, the temperature profiles in Fig. 8 also

show that the flame in case C, stabilizes farther downstream,

although the gas inlet velocity is the lowest (17 cm/s in case A

and 28 cm/s in case B vs. 14 cm/s in case C). This is because the

pore and cell sizes are smaller in case C (see Table 1), leading

the flow and the front flame to reach a higher velocity at the

pore scale, as will be shown in section Flow analysis.

Flow analysis

The preheating of the incoming gasmixture highlighted above

increases the unburned mixture velocity due to gas expan-

sion. This ensures flame stabilization within the burner

whereas the inlet velocity in case A is equal to 17 cm/s, while it

is 28 cm/s in case B and 14 cm/s in case C. These values should

be put into perspective considering that a laminar flame speed

of 3.9 cm/s is obtained for a freely propagating flame at an

equivalence ratio of 2. From this observation, the presence of

the porous medium allows attaining maximum burned gas

velocities of 1.8m/s, 3.16m/s and 2.17m/s in cases A, B, and C,

respectively. This can be observed for cases A and C in Fig. 9

that presents four streamlines of the fluid within the porous
osity (case A, left) vs. low porosity (case C, right).
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Table 4 e Characteristics of each layer of the variable pore
density matrix.

Layer Stretching
factor

Average
Porosity (%)

Equivalent
cell dia. (mm)

1 1 86 2,6

2 1.42 2,9

3 1.96 3,2

4 2.62 3,6

5 3.41 3,9

6 4.34 4,2
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medium. Although the inlet velocity is lower in case C than in

case A, the peak velocity is higher by a factor 1.2 because of the

low porosity of the matrix, which results in narrow openings

responsible for accelerating the flow. A similar observation

can bemade by comparing case A to case B (results not shown

for brevity), where the higher pore density reduces the cell

size.

Nonetheless, a similarity in the flow pattern is observed in

all configurations, which is due to a maximum pore Reynolds

number (Rep;max) of 23e24 for cases A and B,while it has a value

of 15 for case C. These values are associated with the laminar

Forchheimer regime, which is characterized as lying between

a flow dominated by the viscous forces (Darcy regime with

Rep;max <6) and a flow where the inertial forces are dominant

(nonlinear regime with Rep;max >60� 65) [34]. The structured

nature of the matrix and the laminar regime of the flow

translate into a channeling flow, with a limited interaction

between the helicoidal-shaped streamlines, as was already

observed by Ref. [20].

Variable pore density

To enhance the stabilization range and the heat recirculation

efficiency, it has been suggested that a graded matrix geom-

etry can be used [23,28]. Thus, in this section, the effect of

linearly varying the pore density along the burner while

keeping the porosity equal to 86% (case D) is explored. The
Fig. 10 e Influence of variable pore d
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bottom layer has the properties of case B and the 5 upper

layers are obtained by stretching the lattice in the z-direction

in order to get a top layer having the properties of case A.

Thus, the pore density decreases from the inlet to the outlet.

In order to keep a 5 cm column with the same mesh base size

as in the first layer, the first layer mesh is deformed into a

rectangular cuboid having the same cell volume as in case B.

The deformation factor of the intermediate stages is obtained

by linear interpolation between the two extremities. The

characteristics of each section are presented in Table 4.

Because of stretching, the cells of the matrix have an ellip-

soidal shape. The equivalent cell size shown in Table 4 is

calculated from the diameter of a sphere having the same

volume.

Temperature profiles
A simulation was conducted at an equivalence ratio of 2 and

the results are compared with cases A and B. Fig. 10 presents

the solid and fluid temperature profiles for the three cases.

Because the new burner has a variable pore diameter geom-

etry, the front flame stabilizes farther downstream. As a

consequence, the preheat zone is larger in comparison with

cases A and B, resulting in a highly efficient heat recirculation

within the matrix. Indeed, the preheat efficiency is 43% and

53% in cases A and B, respectively, while it rises to 59% in case

D. Nevertheless, the performances of the low porosity matrix

(case C) are better in terms of heat recirculation (63%) because

of its higher thermal inertia although the thermal load applied

at the burner inlet is roughly 2 times smaller than in case D.

Syngas production
In this section, the main species of syngas production are

analyzed using Fig. 11, which presents the scalar field of CO

(Fig. 11-left) and H2 (Fig. 11-middle) mole fractions as well as

the fluid temperature (Fig. 11-right). As a first observation, it

can be stated that cases A and B (same pore density) do not

differ significantly from each other with respect to molar

concentrations but differ in flame location. Indeed, the mole

fractions of CO and H2 produced are quite similar although, a

modest increase by 5.5% and 2%, respectively, is noted for case
iameter on temperature profiles.
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Fig. 11 e Scalar fields of CO and H2 mole fractions together with fluid temperatures for cases A to D.
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B. This slightly improves the H2/CO ratio and the conversion

efficiency calculated in Table 5, likely as a result of the higher

temperature met in the reaction zone with burner B.

Lowering the matrix porosity has a positive effect on the

production of syngas as the conversion efficiency reported in

Table 5 for case C (porosity of 44%) is 53%. This thus represents

a gain of 10% as compared to case B, which has a similar pore

density. This higher conversion efficiency is similar to the

experimental results of [11], who observed an efficiency of 50%

at an equivalence ratio of 1.7 using a porous burnermade up of
Table 5 e Influence of the geometry on burner efficiency.

Case H2/CO (�) hCH4�syngas (%) Thermal load (kW/m2)

A 1.06 41 1361

B 1.13 43 2236

C 1.15 53 563

D 1.06 63 1200

Fig. 12 e Influence of burner geometry o
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pellets with a porosity of 46%. This significant improvement of

the conversion efficiency can be attributed to the high local

temperature, which reaches 2170 K within a cell of the burner,

contributing to producing H2 and CO at higher levels than in

cases A and B. With the pores being small in burner C, no

subsequent reactions involving H2 and CO occur downstream

of the main reaction zone.

Stretching the matrix in order to obtain a burner with a

graded geometry is even more beneficial for the methane-to-

syngas conversion efficiency. Indeed, a high temperature

spot is visible in the main reaction zone in burner D, where H2

and CO are produced. Then, it can be noticed that H2 is

partially oxidized close to a strut of the solid matrix. Mean-

while, at this particular location, CO is formed and reaches a

local high concentration. Just ahead of the obstacle, the

reverse water gas shift reaction (RWGS: H2 þ CO2/COþ H2O)

is likely dominant since it was also verified that CO2 is

consumed and H2O is produced. This concept is also sup-

ported by the fact that the local temperature drops and the
n soot precursors at burner outlet.
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rate of heat release becomes negative. This was expected

since the RWGS reaction is moderately endothermic [19].

However, the H2 and CO concentrations remain higher than in

cases A, B and C, but in the same proportion to case A. Even-

tually, the conversion efficiency jumps to 63% in case D.

Soot precursor emissions

Burning rich methane-air mixture for syngas production is

also accompanied with the production of particulate matter,

as observed by Toledo [38]. Thus, our investigation proceeds

by looking at the concentration of three soot precursors

(acetylene C2H2, ethylene C2H4 and ethane C2H6), for which a

comparison is possible with experimental data. The bar chart

presented in Fig. 12 shows the mole fractions of these species

produced at the burner outlet on awet basis for cases A to D. A

comparison with the experimental results of [38] is per-

formed. The authors in Ref. [38] tested a methane-air mixture

at an equivalent ratio of 2 in a porous medium consisting of

pellets having a porosity of ~40%.

Overall, in terms of order of magnitude, the species pro-

duction is consistent with the experimental results of [38].

Nonetheless, a discrepancy of two orders of magnitude is

noted for C2H6, except for case D, where a negligible amount of

ethane is produced, as observed experimentally in Ref. [38].

As a first observation, it would seem that the porosity does

not impact the production of soot precursors since theirmolar

fractions are almost equal in cases B and C, at the same pore

density but different porosity. Conversely, varying the pore

densitywhile keeping theporosity constant leads to significant

variations in C2 production. For example, the production of

acetylene in case A ismore than twice the value obtainedwith

case B. Themodelwith the newgraded geometry tested herein

(case D) exhibits a significant decrease in all soot precursors.

Even though the level of acetylene is comparable to cases B and

C, ethylene production is divided by 5, and at the same time,

ethane is cut by 2 orders of magnitude in comparison with

casesA, B andC. A possible explanation for this behavior could

be the elongated ellipsoidal shape of the matrix cell obtained

by stretching the geometry. As a consequence, a long post-

oxidation region is formed downstream of the main reaction

zone, where the soot precursors can be oxidized [39]. In fact, it

was verified in case D that the soot precursors produced in the

main reaction zone are then partially consumed with residual

oxygen, supporting this idea. In comparison, the oxidation of

the C2 species was not observed in the other cases.
Conclusion

In this study, a 3D CFD model of a novel porous burner based

on a tailored porous geometry was presented. The model

allowed to study the impact of the matrix characteristics on

the production of syngas and soot precursors from amethane-

rich flame having an equivalence ratio of 2. The following

results were obtained from simulations:

� The flame settled in one open cell of thematrix, resulting in

a thinner flame and reaction zone when the pore density
Please cite this article as: Roussel Y et al., Numerical study of the im
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was increased (case B) or the porosity was lowered (case C).

A high pore density matrix is characterized by a larger

surface-to-volume ratio, which enhances the heat transfer

from the solid to the gas, and thus increases the recircu-

lation efficiency from 43 to 53%, as was found in cases A

and B, respectively.

� As the porosity is decreased by a factor 2 (case C), the mass

of the solid matrix is likewise increased, and so does its

thermal inertia. As a consequence, the matrix temperature

at the inlet is higher due to less cooling, and the tempera-

ture difference between the incoming gases and thematrix

is higher than for casesA or B. Also, it was observed that the

smaller pore diameter in case C resulted in a higher flow

velocity, leading the front flame to stabilize farther from the

entry and the preheat zone to be wider. The preheat effi-

ciency was increased from 43% in case A to 63% in case C.

� Syngas production was evaluated in terms of conversion

efficiency and it was observed that a slight improvement

from 41 to 43% was obtained with case B. The high local

temperature reached in case C allowed to produce higher

levels of syngas, resulting in a 10% conversion efficiency

gain as compared to case B.

� A graded geometry with a decreasing pore density was

simulated for the first time, and promising results were

obtained with respect to preheat efficiency and for syngas

production. Indeed, the wide preheat zone resulted in a

59% recirculation efficiency, while the conversion of CH4 to

syngas was about 20% higher than in cases A and B.

� Observations of the combustion at the pore scale revealed

that the high amount of H2 produced locally was then

mitigated and partially consumed by the RWGS reaction.

� The production of three soot precursors was significantly

reduced when burning a rich mixture in the graded ge-

ometry. The stretched cells of the matrix form an elon-

gated post-flame zone where the oxidation of three C2

species studied is possible since all the reactions occur in a

single cell.

This study revealed the advantages of using a porous

burner having a tailored geometry with a varying pore density.

The gains obtained in terms of the preheat efficiency and

conversion efficiency were also observed when the matrix

porosity was decreased.
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Chemical species and materials

CH4 Methane

C2H2 Acetylene

C2H4 Ethylene

C2H6 Ethane

CO Carbon monoxide

CO2 Carbon dioxide

H2 Hydrogen

H2O Water

SiSiC Silicon infiltrated silicon carbide

C2 Soot precursors (acetylene, ethane and ethylene)

Greek symbols

a Absorption coefficient

r Density (kg/m3)

ε Emissivity

4 Equivalence ratio

f Porosity

_u Production/Consumption rate (mol/s1/m3)

d Scattering coefficient

s Stefan-Boltzmann constant

t Viscous stress tensor (Pa)

l Wavelength

Latin symbols

Qch Chemical heat release (W/m3)

hconv Convective heat transfer coefficient (W/m2/K)

uD Darcy velocity (m/s)

hk Enthalpy of the specie k (J/mol)

q Heat flux (W/m2)

Y Mass fraction

W Molecular weight (kg/mol)

P Pressure (Pa)

Ib Radiative intensity (m2 � sr/m)

Rep Reynolds number based on pore radius

Cs Solid heat capacity

Dk;m Diffusion coefficient between species (m2/s)

CP Specific heat capacity at constant pressure (J/kg/K)

T Temperature (K)

k Thermal conductivity (W/m/K)

R Universal ideal gas constant (J/mol/K)

u! Velocity vector (m/s)
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