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a b s t r a c t 

Inside porous burners, chemical combustion reactions coincide with complex interaction between 

thermo-physical transport processes that occur within solid and gaseous phase and across phase bound- 

ary. Fluid flow, heat release and resulting heat flows influence each other. The numerical model used 

in this work considers gaseous and solid phases, includes fluid flow, enthalpy transport, conjugate heat 

transfer, and radiative heat transfer between solid surfaces, as well as combustion kinetics according to a 

skeletal chemical reaction mechanism, fully resolved on the pore scale in three-dimensional space (Direct 

Pore Level Simulation, DPLS). The calculations are performed based on the finite volume method using 

standard applications implemented in the OpenFOAM library. The present study presents simulations of 

three different structures, each at four settings of specific thermal power. Results indicate that specific 

surface area of the porous structure is a major influencing parameter for increasing radiation efficiency, 

whereas no correlation of the orientation of an anisotropic structure on radiation efficiency was observed. 

© 2022 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

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

The term ceramic covers a range of nonmetallic, inorganic ma- 

erials, mostly oxide, carbide, nitride or boride metal compounds 

r mixtures of such. In modern processes, advanced ceramics are 

pplied to exploit special properties such as hardness, chemical 

nertness, thermal stability, or combinations of those [1] . In ce- 

amic porous media, the ceramic material forms a rigid matrix 

hose cavities (pores) are filled with a fluid. Open pore configura- 

ions are characterized by interconnected cavities, permitting fluid 

ow through the solid ceramic matrix. Such ceramic porous media 

re used in various industrial applications such as catalyst support 

2] , liquid metal filtration [3] , heat exchangers [4] , high tempera- 

ure thermal energy storage [5] , volumetric receivers [6] or radiant 

orous burners [7] . 

Traditional manufacturing processes of ceramic porous media 

roduce foam-like structures [8] that are associated with certain 

anges in size and form of the void cells and solid elements. An 

dvanced technology that builds upon additive manufacturing of 

olymeric precursors and successive ceramic replication offers the 

pportunity to manufacture geometrically defined ceramic struc- 
∗ Corresponding author. 
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ures [9] . This technology offers a wide range of design oppor- 

unities and has been applied to volumetric receivers in labora- 

ory scale experiments [10] . In such receivers, the solid porous 

edium is heated by absorption of concentrated solar radiation. 

ubsequently, the heat is transferred to a fluid that flows through 

he porous medium. 

A similar application for ceramic porous media with inverse 

eat fluxes is the volumetric porous burner, where heat is pro- 

ided from the fluid phase and thermal radiation is emitted by the 

olid structure. Radiant porous burners following a two layer de- 

ign [11] consist of a flame trap and an open pore solid in which

eat release due to combustion occurs. The flame trap is a perfo- 

ated plate made of mullite fiber, a ceramic material with low ther- 

al conductivity. The unburned premixed air-fuel mixture passes 

he flame trap through a pattern of straight circular ducts. The 

orous structure is made of silicon-infiltrated silicon carbide (Si- 

iC), a ceramic composite material resistant to thermal and me- 

hanical stresses in an oxidative high temperature environment 

12] . Heat release associated with the combustion reaction within 

he cavities of the Si-SiC heats the porous structure up to a tem- 

erature in the order of the gas temperature. At this high tem- 

erature, the solid material emits intensive thermal radiation. The 

ame trap prevents from upstream flame propagation by the com- 

ined effect of inducing a gas velocity exceeding the flame speed 

nd thermal quenching by comparatively small dimensions in the 
stitute. This is an open access article under the CC BY-NC-ND license 
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Fig. 1. A) Schematic drawing of flat two layer porous radiant burner; B) Sketch of 

the computational domain cross section; C)-E) Solid domain parts left to right: KC, 

RC-D, RC-L; top to bottom: 3D-view on structures, top view on porous structures, 

flame trap hole pattern. 
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ucts. With its low thermal conductivity, the flame trap also has 

he effect of a thermal barrier between the downstream high tem- 

erature combustion zone and an upstream mixing and gas distri- 

ution zone. Such porous burners feature high emission of thermal 

adiation and low emission of hazardous nitrogen oxides [13] 

Performance of a porous burner results from chemical and ther- 

ophysical processes and conditions inside the burner that are in- 

erdependent and interrelated with the solid structure. Advanced 

ontrol over the solid structure’s geometry offers the opportunity 

f process optimization; however, detailed knowledge of the com- 

lexly connected mechanisms of heat release and heat transfer are 

equired for such an optimization. 

Most literature on porous burners refers to non-ordered solid 

tructures in the form of packed beds or foams. Experimental in- 

estigations cover flame stability limits [14–16] , effective flame 

peed [17] , pollutant emissions [15,18,19] , and thermal radiation 

18,20,21] . Temperature profiles inside the porous medium were 

btained by intrusive [16–18,22–24] and non-intrusive [25] meth- 

ds. Flame front detection was performed by laser-optical species 

etection [26] , by x-ray tomography [27] and lately with a high 

peed photo camera and a thin model porous burner [28] . 

Numerical investigations cover the range from detailed three di- 

ensional to simplified one dimensional considerations. One di- 

ensional models use effective parameters to reproduce the im- 

act of the solid phase on the combustion process e.g. by means of 

 volumetric heat transfer coefficient, axial dispersion of species or 

eat, effective conductivity or extinction coefficient [29–34] . Corre- 

ation factors for the effective parameters were derived from corre- 

ations for packed beds [35] , from dedicated experiments [36] , or 

rom numerical simulations with μ-CT scans [37–39] . With com- 

arable low computational effort for a single simulation, one di- 

ensional models are suitable for parametric surveys such as [40] , 

here the impact of different effective parameters on porous burn- 

rs has been studied. 

In two dimensional models, radial gradients and distribution of 

emperature and species are captured in homogeneous [41] and 

eterogeneous [24,42,43] consideration of gaseous and fluid phase. 

he importance of local thermal non-equilibrium has been demon- 

trated for volume averaged models [44] as well as for geometri- 

ally resolved models [43] . For a porous micro-combustor with sys- 

ematically arranged porous structure, a pore-scale model resulted 

n more accurate predictions than the volume averaged model [45] . 

or the simplified case of combustion in a narrow channel, Miyanta 

t al. showed an increased thermal flame thickness well above 

 mm by direct numerical simulation [46] . Ferguson et al. rated 

 mesh resolution of 100 μm as sufficient for capturing flame sta- 

ilization in two dimensional simulation of porous media combus- 

ion [42] . 

Three-dimensional numerical simulations of porous burners 

ith processes resolved on pore scale require significant compu- 

ational effort and are rarely found in the literature. Bedoya et al. 

imulated combustion of methane (CH 4 ) in a divergent random 

oam based porous medium in 3D DPLS employing a single step 

eaction mechanism and neglecting radiation [17] . They deduced a 

robability density function of local temperature for application in 

ne-dimensional models of porous media combustion. Hoda et al. 

nvestigated a two layer porous burner with gaseous and solid 

hases homogenized in local thermal non-equilibrium, account- 

ng for radiation with a discrete ordinate method [47] . They al- 

ered macroscopic radiative properties of the porous medium and 

ound that an increased optical thickness and reduced scattering 

lbedo have beneficial impact on radiation output. Yakovlev et al. 

erformed 3D DPLS of CH 4 combustion in a packed bed and in- 

estigated flame stabilization in thin layered porous burners, em- 

loying a detailed chemical mechanism and considering radiation 

n a view-factor model [4 8,4 9] . They found that the structure of
2 
he porous matrix has significant impact on the interrelated pro- 

esses and expect underestimation of heat transfer for volume- 

veraged models. For thin layered radial porous burners they iden- 

ified three regimes of flame stabilization. Billerot et al. simulated 

 representative element of a single layer porous burner in pore 

evel resolution with a single step reaction mechanism and ac- 

ounting for radiation with a discrete ordinate method [50] . Their 

orous structure refers to a geometry produced with additive man- 

facturing technology. For their structure of 46% porosity they 

nd negligible contribution of radiative heat transfer compared to 

onduction. 

Continuous research on porous burners in recent decades has 

romoted insight into porous media burners and covered a wide 

ange of applications [51] . However, for the efficient application 

f new manufacturing opportunities, understanding of the solid’s 

tructural parameters impact on phenomena like flame position 

nd heat transfer need to be improved. 

The present study is focused on the net radiative emission of 

wo layer porous burners and on the impact of different well de- 

ned porous structures. 3D DPLS of radiant porous burners, em- 

loying a skeletal chemical reaction mechanism and a finite vol- 

me discrete ordinate method (fvDOM) are used to examine three 

ifferent porous structure setups at different loads of thermal 

ower. Integral radiation efficiency is determined, load dependency 

f internal fields and structure dependency of heat transfer at the 

as-solid interface are investigated. 

. Numerical methods 

.1. Numerical domain 

The investigated design of a typical planar radiant porous 

urner is shown in Fig. 1 A; it comprises a pipe for pre-mixing 

ir and fuel, the gas distribution device, the flame trap, and the 

orous structure. Numerical simulation of the entire device with 

he 3D DPLS approach including radiative heat transfer is an un- 

easonable task from computational effort point of view. For the 
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Table 1 

Geometric information on the three setups. 

Number of Cells Domain Dimensions Porous Structure Porosity Specific Surface Area 

�x �y � z � z ε S V 
Units 10 6 mm mm mm mm - m 

−1 

KC 6.8 6.0 6.0 44.0 18.0 90.0% 471 

RC-D 5.1 6.5 8.0 46.5 22.5 90.3% 362 

RC-L 7.8 8.0 11.3 43.5 19.5 90.4% 365 
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resent study, we therefore neglect the mixing pipe and gas distri- 

ution section and assume the gas as homogeneously mixed and 

istributed at the inlet of the flame trap. Lateral extents of the 

urner plate are reduced to a representative element of the consid- 

red porous structure. In the present work, the porous structures 

re composed of periodic repeatable structure elements termed as 

unit cells’. By application of periodic boundary conditions to the 

nit cell in lateral directions comparable to [50] , the simulated 

tructure is treated as a representative element of an infinitely ex- 

anded planar radiant porous burner. This approach excludes radial 

osses and focuses on the impact of structures and their orienta- 

ion on axial radiation emission. Constriction of the computational 

omain in lateral dimensions introduces limitation in the possible 

ateral extents of flow field patterns. With the maximal lateral ex- 

ensions of the cavities captured and high surface-to-volume ratio 

n the present setups of regular porous structures, confident as- 

umption is made that the application of representative unit cells 

s valid. 

The resulting simulation domain ( Fig. 1 B) covers the unit cell’s 

xtents in lateral directions; in axial direction it comprises the en- 

ire dimension of flame trap and porous structure, and an addi- 

ional space between the porous structure and the outlet bound- 

ry. In the present work, we focus on unit cell based structures 

hat are composed as three-dimensional networks of solid cylin- 

rical struts. These geometric models are comparable to the real 

efined porous structures for burners produced with the replica 

echnique [9] ; however, the technical structures have hollow struts 

hat originate form the polymeric precursors [52] . Two different 

nit cells, namely the Kelvin Cell (KC) and the Rotated Cube (RC) 

re investigated. The Kelvin cell, also known as tetrakaidecahedron, 

s a widely spread model for open-cell foams [53,54] . A KC unit 

ell of 6 mm size in axial and lateral directions was used; the 

tack of three unit cells in axial direction corresponds to a struc- 

ure height of 18 mm ( Fig. 1 C). The Rotated Cube structure is

ased on the edges of a cube and has been applied e.g. in het- 

rogeneous catalysis applications as a catalyst support [55] . The RC 

nit cell in this work has extents of 6.3 mm × 8.0 mm × 11.3 mm

nd is applied in two different orientations, a ‘dense’ (RC-D) con- 

guration with high optical blockage in axial direction and a ‘light’ 

RC-L) configuration with low optical blockage in axial direction. 

wo RC unit cells are stacked for the RC-D structure ( Fig. 1 D) and

hree unit cells for the RC-L structure ( Fig. 1 E), corresponding to 

n axial structure dimension of 22.5 mm and 19.5 mm, respec- 

ively. The volume spanned by the structure’s dimensions is used 

o determine porosity ε = V por / 
(
�x �y �z por 

)
and specific surface 

rea S V = A I / 
(
�x �y �z por 

)
from the porous structure’s solid vol- 

me V por and the interface area A I , respectively. All three consid- 

red structures have a porosity of 90% and comparable pore vol- 

me (118 mm 

3 for KC and 97 mm 

3 for RC); specific surface area is

71 m 

−1 , 362 m 

−1 , and 365 m 

−1 for KC, RC-D, and RC-L, respec-

ively. RC-D and RC-L are deduced from the same unit cell, there- 

ore the same value for S V is expected; the deviation is caused 

y the different values of surface area at the downstream end of 

he structures. The flame trap geometry features an axial extent 

f 20 mm and axial ducts of 1 mm in diameter for all three se-
3 
ups. Lateral extents and duct pattern are adjusted in each setup 

or a uniform pattern with application of periodic boundary con- 

itions. Table 1 summarizes geometrical parameters of the three 

etups and Fig. 1 C–E gives graphical representations of flame trap 

nd porous structure for all three geometry setups. 

The computational mesh was created with the snappyHexMesh 

tility of the OpenFOAM library ( [56] , version v1912). Resulting 

eshes are separated into three regions with mesh cell size less 

han 300 μm for the solid flame trap region and less than 55 μm

or the fluid region and the solid porous structure region; the total 

esh size ranges from 5 to 8 million cells. 

.2. Numerical model 

This section describes the mathematical model, assumptions, 

overning equations, and boundary conditions that were used to 

imultaneously simulate the flow and diffusion of the reactive mix- 

ure, chemical reactions including heat release, transport of heat 

n thermally coupled gaseous and solid regions, and radiative heat 

ransfer through the fluid region. 

The fluid phase of premixed methane combustion is modeled as 

erfect gas with the respective equation of state that is formulated 

or each species K in Eq. (1) [57] . 

K = 

pM K 

R T 
and c P,K − c V,K = 

R 

M K 

(1) 

ith density ρ , pressure p, temperature T , molar weight M and 

deal gas constant R . c P and c V denote the isobaric and isochoric 

pecific heat capacity, respectively. 

In line with direct pore simulations in the literature, the fluid 

ow is assumed as laminar due to low Reynolds numbers [17,49] . 

ustification of this assumption for the present work is discussed in 

ection 3 . Gravitation, respectively buoyancy effects are neglected 

n the present case of forced gas convection through the porous 

edium. The gas is assumed as a Newtonian fluid, viscous heat- 

ng, gas radiation, and scattering are neglected. The difference in 

eat capacity of fluid and solid regions results in different time 

cales for reaching thermal equilibrium. In laboratory experiments, 

t takes several minutes for the solid phase to reach thermal equi- 

ibrium after ignition. In contrast to this, the time scale for chem- 

cal reactions is in the order of fractions of a millisecond. In order 

o compromise between a stable simulation and computational ef- 

ort, the fluid phase is simulated transiently, while the solid phases 

re treated in steady state as described at the end of this section. 

With these assumptions, equations for balance of mass, mo- 

entum, species, and energy in fluid and solid phases denote 

s Eqs. (2) , (3), (4), (5) , and (6) , respectively. The present study

mploys the chtMultiRegionFoam solver of the OpenFOAM library 

 [56] , version v2006) for solving this set of governing equations. 

∂ρ

∂t 
+ ∇ · ( ρ�

 u ) = 0 (2) 

∂ ( ρ�
 u ) 

∂t 
+ ∇ · ( ρ�

 u � u ) = −∇p + ∇ ·
(
μ

[ (
∇ 

�
 u + ( ∇ 

�
 u ) 

T 
)

− 2 

3 
( ∇ · � u ) ̂ I 

] )
(3) 
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Table 2 

Polynomial coefficients for thermo-physical properties of the solid regions. 

a 0 a 1 a 2 a 3 

porous κ 165.3974 -0.2294 1.4328 ·10 −4 -3.0685 ·10 −8 

structure c p 662.5489 0.5348 - - 

flame κ 2 . 27 · 10 −2 1 . 0 · 10 −4 - - 

trap c p 312.7912 1.5205 - - 
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∂ ( ρY K ) 

∂t 
+ ∇ · ( ρ�

 u Y K ) = ∇ ·
(
μe f f ∇Y K 

)
+ M K R K (4) 

∂ ( ρh ) 

∂t 
+ ∇ · ( ρ�

 u h ) − ∂ p 

∂t 
− ∇ · ( α∇h ) = 

˙ Q reac (5) 

 = ∇ · ( α∇h ) (6) 

In the above set of equations, � u denotes the velocity vector, t

he time, μ the dynamic viscosity, ˆ I the unity vector, Y K the mass- 

raction of the K-th species, R K the species’ reaction rate, h the sen- 

ible enthalpy, α the thermal diffusivity, and 

˙ Q reac the heat gener- 

tion due to reaction. 

Chemical kinetics are modeled with finite rate chemistry [58] . 

The skeletal chemical reaction mechanism employed in the 

resent study considers 17 species and 58 chemical reactions [59] . 

hermal diffusivity α = κ/ 
(
ρ · c p 

)
is defined as function of ther- 

al conductivity κ , density ρ and isobaric heat capacity c p . For 

he fluid region, thermodynamic properties ψ of the mixture are 

pproximated as mass-averaged values from the species data ψ K . 

 cell = 

∑ 

K 

Y K · ψ K (7) 

sobaric heat capacity c p,K of the individual specie is calculated 

rom temperature dependent polynomials. The coefficients are also 

sed for calculation of enthalpy H 

0 [60] . 

 p = R M 

−1 
(
a 5 T 

4 + a 4 T 
3 + a 3 T 

2 + a 2 T + a 1 
)

(8) 

 

0 = R T 
(
a 5 T 

4 / 5 + a 4 T 
3 / 4 + a 3 T 

2 / 3 + a 2 T / 2 + a 1 + b 1 /T 
)

(9) 

Temperature dependent determination of dynamic viscosity μK 

ollows the Sutherland model [61] with correlation factors A S and 

 S 

= 

A S 

√ 

T 

1 + T S /T 
(10) 

hermal conductivity of the gas is modeled according to Eucken 

62] as a function of the dynamic viscosity and the isentropic spe- 

ific heat that depends on c p,K according to Eq. (1) 

= μ · c v ·
(

1 . 32 + 1 . 77 · R 

c v 

)
(11) 

hermal conductivity and specific heat of the solid phases are 

xpressed as temperature dependent polynomial functions in 

he from ψ = 

∑ n 
j=0 = a j · T j . The polynomials have been fitted 

o material data provided by manufacturers [63,64] and ASPEN 

PV88:PURE32 Database, Table 2 provides the respective coeffi- 

ients a j . 

Thermal coupling of fluid and solid regions at the interface fol- 

ows two conditions that are presented in Eq. (12) . First, the inter- 

ace temperature is the same for both regions. Second, the continu- 

ty of heat flux over the interface is ensured by considering ther- 

al conductivity and temperature gradient in both regions. Pos- 

tive q rad denotes the net radiative heat flux from the solid sur- 

ace that calculates as the sum of emitted radiation and reflected 

raction of the incident radiation, which is calculated according to 
4 
q. (16) . Indices f and s denote the fluid and the solid phase, re-

pectively. Equation (12) also applies for the coupling of two solid 

hases, in which case the radiative heat flux cancels out. Normal 

ector ˆ n is defined to point out of the fluid phase into the solid 

hase. 

 f = T s and k f 
dT f 

d ̂  n 

= k s 
dT s 

d ̂  n 

+ 

˙ q rad (12) 

Radiative heat transfer through participating media is described 

y Eq. (13) [65] with radiation intensity I 
(

ˆ s 
)

depending on direc- 

ion vector ˆ s . 

dI 

ds 
= 

ˆ s · ∇I 
(

ˆ s 
)

= εg I b − βg I 
(

ˆ s 
)

− σs I 
(

ˆ s 
)

+ 

σs 

4 π

∫ 
4 π

I 
(

ˆ s ′ 
)


(
ˆ s ′ , ̂  s 

)
d�i 

(13) 

urther, εg denotes the emissivity, βg the extinction coefficient, σs 

he scattering albedo σs of the participating medium, and  the 

hase function [65] . In the present work, premixed, soot-free com- 

ustion of methane is considered at ambient pressure. Within the 

hort distances between solid surfaces inside the porous structure, 

as-radiation interaction is marginal. Therefore, scattering, absorp- 

ion and emission by the gas phase are neglected; the heat trans- 

ort equation reduces to ˆ s · ∇I = 0 . As a consequence, radiation in- 

ensity distribution and transferred heat are solely dependent on 

he boundary conditions of the gas phase. 

In the present study, solid surfaces are considered as opaque, 

ray diffusive emitting and reflecting surfaces; the radiation inten- 

ity I w 

that is directed from the solid into the fluid volume calcu- 

ates as sum of surface emission, and reflection of incident radia- 

ion [65, Eq. (16.2)] . 

 w 

= εw 

I b,w 

+ 

1 − εw 

π

∫ 
ˆ n · ˆ s ′ > 0 

I 
(

ˆ s ′ 
)

ˆ n · ˆ s ′ d�′ (14) 

ith εw 

denoting the wall emissivity, I b,w 

the wall’s integral black 

ody irradiated intensity based on the Stefan-Boltzmann-law I b,w 

·
= σSB · T 4 w 

[65, Eq. (1.32)] with the Stefan-Boltzmann constant 

SB and wall temperature T w 

. The integration limit ˆ n · ˆ s ′ denotes 

he dot product of the surface normal vector and the incident 

adiation direction. Both vectors are defined with magnitude of 

nity; therefore the dot product represents the cosine of the an- 

le formed by the two vectors. Since the surface normal vector ˆ n 

oints out of the fluid volume, integration over positive values of 

he dot product covers the radiation direction vectors pointing at 

he surface element, respectively the incident radiation directions. 

For solving the radiative heat transfer, the present study em- 

loys OpenFOAM’s discrete ordinate method fvDOM [66] , that dis- 

retizes the full solid angle of 4 π into a finite number of angular 

arts with the number of azimuthal angles in a quarter sphere n 
nd number of polar angles n �. The total number of directions is 

 rays = 4 · n  · n � and the intervals between the discrete directions 

re given by 

 = 

π

2 n 
�� = 

π

n �
(15) 

adiative energy that is emitted and reflected diffusively from a 

olid surface, is distributed over those discrete radiation directions 

hat point from the surface element into the fluid volume; conse- 

uently, the integrating term of Eq. (14) transforms into a summa- 

ion term. Equation (16) gives the local radiative heat flux at any 

oint of the wall r w 

with w i denoting the quadrature weights as- 

ociated with the respective direction vector [65] . 

 rad ( r w 

) � ε( r w 

) 

( 

σSB T ( r w 

) 
4 −

∑ 

ˆ n · ˆ s i > 0 

w i I i ( r w 

) ̂  n · ˆ s i 

) 

(16) 

n the present study, we use a symmetric set of radiation di- 

ections with 2 n = n = 6 , yielding � = �� = 30 ◦ and a total
 �
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umber of 72 rays. In a preliminary study of radiative heat trans- 

er with representative elements of the considered porous struc- 

ures, this fvDOM configuration has shown satisfactory results with 

elative deviation of emitted and absorbed radiative heat ranging 

rom 7 . 6 · 10 −7 (KC) to 4 . 6 · 10 −4 (RCL). Configurations with up to

44 rays did not provide significantly improved accuracy, however 

omputational effort increases notably with more rays. 

Boundary conditions are divided into the four groups inlet face, 

utlet face, interface and side faces. The inlet boundary affects the 

uid region and the solid region of the flame trap. For both re- 

ions, inlet face temperature are set to a fixed value of T in = 300 K .

he fluid inlet mixture with fixed species mass fractions represents 

remixed CH 4 and air at equivalence ratio of φ = 0 . 91 , resulting in

n adiabatic flame temperature of 2147 K. Inlet pressure is set as 

ero gradient ∂ p in /∂ � n = 0 , inlet velocity is set to a fixed value that

s dependent on the actual case. Internal boundary conditions at 

he interface of regions follow Eq. (12) for temperature and heat 

ux. On the fluid side of the interface, pressure and species are 

reated with zero gradient, velocity follows the no-slip condition 

  = 0 . At the outlet boundary of the fluid region, velocity, temper- 

ture and species are treated with zero gradient condition normal 

o the face; the pressure is set to a fixed value of p out = 10 5 Pa.

ll internal, inlet and outlet bounding faces of the fluid region are 

reated as opaque, gray and diffusive emitting surfaces, following 

q. (14) . Emissivity is set to unity for inlet and outlet face, to 0.9

nd 0.3 for internal interfaces with the porous structure and the 

ame trap, respectively [67] . Temperature applied in the first term 

f Eq. (14) matches the face temperature of the fluid phase for in- 

et and internal faces; on the outlet face this radiation tempera- 

ure is set to the ambient temperature of 300 K. Lateral bound- 

ries are treated as periodic, directly coupling translational neigh- 

oring boundary faces. Spatial derivatives are calculated in sec- 

nd order Gaussian integration with linear interpolation schemes. 

ime derivative in the fluid region follows first order Euler scheme, 

olid regions are simulated in steady state that does not solve for 

ime derivatives. Simulations were initialized with gas phase and 

ame trap region at 300 K, and the porous structure at 1600 K. 

nitial gas phase composition equals the inlet, velocity was set to 

uperficial velocity of the fresh mixture. Progress of the simula- 

ion was monitored at multiple sampling points in the fluid and 

olid regions. The simulation was considered as converged, when 

olid sampling points reached constant temperature, and fluctua- 

ions of pressure, velocity and temperature in the fluid sampling 

oints were below 10 −3 around the mean value for at least 10 

s of simulated time which was considered as quasi-steady state. 

esiduals in the transient simulated gas phase were below 10 −8 for 

ll species, velocity components and enthalpy, and below 10 −6 for 

ensity, respectively. The sum of local continuity errors was below 

0 −11 . 

. Results and discussion 

Simulation results provide detailed fields of fluid flow, species 

oncentration, temperature, and heat fluxes. In the following dis- 

ussion we refer to a coordinate system with axial coordinate z 

tarting from the interface of flame trap and porous structure. Po- 

itions with positive z value are termed as ‘porous structure sec- 

ion’, while the ‘flame trap region’ refers to negative z values. Over 

ll structure setups, the inlet velocity was varied from 3.0 m s −1 to 

2.3 m s −1 in order to simulate four different settings of specific 

hermal power P A which defines as 

 A = 

(
˙ m · y f 

)
inlet 

· LHV 

�x · �y 
(17) 

ith mass flow rate ˙ m , inlet fuel mass fraction y f , the fuel’s lower

eating value LHV , and the lateral domain dimensions �x and 
5 
y . With tailoring the flame trap to the porous structure, cross- 

ectional area ratio of ducts and solid flame trap varies between 

he different structure setups. As a consequence, inlet gas velocity 

aries between the structure setups for the same specific thermal 

ower. 

Three geometrical setups with four settings of specific thermal 

ower each result in a total of 12 simulations that have been con- 

ucted on high performance computing clusters with up to 600 

rocessors in parallel, consuming about 2 · 10 6 CPU-hours in total. 

The next section presents and discusses the results in terms of 

ustification of laminar flow modeling, the evaluation of net radia- 

ive flux, internal fields, and interface fluxes. 

.1. Justification of laminar flow model 

For justification of the laminar flow model, focus is set on the 

ase with highest inlet velocity that is RC-L at 903 kW m 

−2 . At the 

nlet, uniform values of velocity, density, and dynamic viscosity are 

 = 12 . 3 m s −1 , ρ = 1 . 12 kg m 

−3 
and η = 1 . 846 · 10 −5 Pa s , respec-

ively. These values result in a Reynolds number of 746 for the duct 

iameter of 1 mm. Over the length of the duct, increasing gas tem- 

erature causes an increased viscosity, consequently the Reynolds 

umber decreases. In the flame trap section, the Reynolds num- 

er is well below 2300 that is commonly considered as limiting 

alue for laminar flow in a pipe [68] . In the porous structure re- 

ion, average magnitude of the gas velocity is significantly lower 

ue to an increased cross-sectional area of the fluid phase. For a 

ore diameter of approximately 6 mm the volume averaged quan- 

ities u = 2 . 6 m s −1 , ρ = 0 . 193 kg m 

−3 
, and η̄ = 6 . 33 · 10 −5 Pa give

n average Reynolds number of 48. 

.2. Analysis of radiation output 

For each of the three setups KC, RC-D and RC-L, four different 

imulations have been conducted with specific thermal power P A 
anging from 365 kW m 

−2 
to 903 kW m 

−2 
according to Eq. (17) . 

Radiation efficiency ηrad is defined as fraction of the thermal 

ower that is emitted as radiative heat to the ambient. For the 

resent simulations, ηrad is calculated according to Eq. (18) as the 

atio of area averaged radiative flux q̄ r at the outlet boundary and 

 A . 

rad = 

q̄ r 

P A 
= 

∫ 
q r dA out 

P A · �x · �y 
(18) 

Based on the simplified model of radiative heat transfer be- 

ween two infinite parallel walls of fixed temperature, for an eas- 

er interpretation of results q̄ r is also used to derive an effective 

adiation temperature T 
e f f 

rad 
as function of the Stefan-Boltzmann 

onstant σSB = 5 . 67 · 10 −8 W m 

−2 K 

−4 , the outlet boundary radia- 

ion temperature T out 
rad 

= 300 K , and emissivity of porous structure 

por = 0 . 9 

 

e f f 

rad 
= 

(
q̄ r 

σSB · εpor 
+ 

(
T out 

rad 

)4 

)0 . 25 

(19) 

Both radiation efficiency and effective radiation temperature 

re shown in Fig. 2 for all simulated cases as a function of spe-

ific burner power. For all structure setups, radiation efficiency de- 

reases with increasing burner power. For the KC setup, radiation 

fficiency ranges from 53.3% to 32.1%, while values for the RC se- 

ups range from 49.5% to 30.7%. Decreasing radiation efficiency in- 

icates that a reduced share of the energy released by combustion 

eaction is transferred into radiative heat; as a consequence, out- 

et gas temperature increases with increasing burner power. De- 

pite their difference in structure orientation, both RC setups show 

he same radiation efficiency for each thermal power setting. In 
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Fig. 2. Radiation Efficiency (solid lines) and Effective Radiation Temperature 

(dashed lines) of the simulated cases as function of specific thermal power. 
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Fig. 3. Axial profiles of solid and gas temperature and OH mass fraction for the 

KC, RC-D and RC-L structure setup at four different values of specific burner power 

each. 
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ontrast to the radiation efficiency, effective radiation tempera- 

ure increases with increasing burner power, indicating that struc- 

ure temperature and radiative flux increase with increasing burner 

ower. Again, values for RC-D and RC-L are the same and they are 

ower than the respective values for the KC setup. Equal values in 

adiation efficiency and effective radiation temperature for both RC 

etups indicate that structure orientation does not show an influ- 

nce on the net heat flux. Moreover, results indicate a correlation 

etween specific surface area and radiation efficiency. 

Keramiotis et al. [20] experimentally investigated a setup com- 

rising a 10 PPI random foam structure made of Si-SiC that was 

perated with a CH 4 /H 2 /CO/CO 2 mixture of adiabatic flame tem- 

eratures close to CH 4 but with elevated laminar flame speed. For 

n equivalence ratio of 0.91 they report radiation efficiency that 

s 6% to 11% lower than KC related values of the present work. 

akovlev et al. [49] numerically investigated a Ni-Al alloy based 

adial burner porous burner. With CH 4 at equivalence ratio 1.0 

hey report radiation efficiency of approx. 42% at thermal load of 

00 kW m 

−2 which is in good agreement with the KC structure of 

he present study. 

.3. Evaluation of internal fields 

In order to compare the simulated cases amongst each other, 

hree-dimensional data are transformed into one-dimensional plots 

long the main flow axis z. For generation of these plots, cell val- 

es of the computational domain are evaluated on 100 equidistant 

wo-dimensional slices that are oriented perpendicular to the main 

ow direction. For each slice, solid and gaseous region are evalu- 

ted separately with solid temperature T S as area weighted aver- 

ge value of the slice and fluid associated quantities ψ f weighed 

y the absolute value of axial mass flow rate. 

ψ f 

)
slice 

= 

∫ 
A ψ 

∗
f 

∣∣�
 u f luid · � n slice 

∣∣dA slice ∫ 
A 

∣∣�
 u f luid · � n slice 

∣∣dA slice 

(20) 

he simulation results are presented in Fig. 3 over the axial di- 

ection of the three geometry setups for varying specific thermal 

ower. Negative values on the horizontal axis denote the flame 

rap related part of the domain, positive values refer to the sec- 

ion including the porous structure and additional space volume. 

he additional space separates the porous structure from the outlet 

oundary; thus, values related to the gas phase cover an increased 

ange of axial coordinates. 

For all cases, flame trap temperature lies above gas phase tem- 

erature (negative values on horizontal axis). Temperature level 

n the flame trap section decreases with increasing burner power. 

his trend is a result of increasing the flow rate of cold gas 
6 
hat intensifies its cooling effect. Within the porous structure sec- 

ion (positive values on horizontal axis), gas temperature (black 

ines) exceeds solid temperature (red lines). After passing a coordi- 

ate of maximum value, both gas and solid temperature decrease 

owards the end of the porous structure with the solid tempera- 

ure always below the gas temperature. At the end of the porous 

tructure, both gas and solid temperature increase with increas- 

ng specific thermal power. This result is in line with Fig. 2 , where

n increased effective radiation temperature is found for increas- 

ng specific thermal power. Outlet gas temperature and radiation 

fficiency are coupled in the balance of enthalpy; with rising gas 

emperature, a reduced fraction of the combustion energy is avail- 

ble for radiative emission and radiation efficiency decreases. In all 

ases, OH mass fraction reaches its maximum at approximately the 
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Fig. 4. Axial profiles of interface heat fluxes q r , q c , q t , solid surface temperature, 

mass flow averaged gas phase temperature and specific surface area for the KC 

structure at 613 kWm 
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ame position as the gas phase temperature and solid temperature; 

he authors refer to this axial coordinate as the flame position. The 

osition of the effective radiation temperature z(T 
e f f 

rad 
) is defined as 

ownstream axial coordinate at which T S = T 
e f f 

rad 
. 

For the RC-L structure, flame position is 5 mm from the inter- 

ace of flame trap and porous structure ( z = 0 ) and almost inde-

endent of the specific thermal power. The position of effective ra- 

iation temperature is located at z = 14.1 mm, which is 5.4 mm 

rom the structure end for all considered values of specific ther- 

al power. For the RC-D structure, flame position varies in the 

ange 7 mm to 10 mm; position of effective radiation temperature 

s 5.5 mm from the structure end for the range of considered spe- 

ific thermal power. For the KC setup, flame position ranges from 

 = 3 mm to 11 mm; however, position of effective radiation tem- 

erature is independent from specific thermal power and located 

.4 mm from the structure end. The dependence of the flame po- 

ition on the specific thermal power is a result of the geometrical 

etails in the interaction of flame trap and porous structure. In the 

C setup, no duct of the flame trap is axially aligned with a strut 

f the solid porous structure; the flow from the flame trap forms 

ow profile comparable to an expanding jet. In RC setups, the axis 

f the flame trap ducts point directly towards a strut of the respec- 

ive structure. Consequently, the axial momentum of the affected 

et is deflected into lateral momentum, which leads to an axial 

ame position that is independent from the flow rate. Exemplary 

isualizations of the flame front regions in the three-dimensional 

tructures are included in the supplemental material Appendix A. 

Porous radiant burners rely on the working principle of radia- 

ion emission from hot solid surface, but the source of heat is the 

ombustion reaction, which takes place in the gas phase. Therefore, 

he gas-solid interface is evaluated on slices that are oriented nor- 

al to the main flow axis. The considered quantities ψ of interface 

eat flux and interface area are expressed as volume-specific val- 

es with the respective volume given by the cross-sectional area A S 

f the slice and finite slice thickness �z. With the value of �z ap- 

roaching zero, the specific quantity ψ �z is a function of local val- 

es ψ 

∗ and the geometric parameter l I /A S , as shown in the right

art of Eq. (21) . On a two-dimensional slice, A S denotes the slice 

rea and l I the length of the interface line; thus, the parameter 

epresents a two-dimensional analogue of the specific surface S V . 

ith the discretized space of a numerical simulation, it is conve- 

ient to integrate over the interface area A I and choose discrete 

alues of �z for the left side of Eq. (21) in such resolution that the

veraging does not obscure details of interest. 

 �z = 

∫ 
A I 

ψ 

∗dA I 

A S �z 
= 

1 

�z 

∫ z+�z 

z 

∫ 
l I /A S 

ψ 

∗d ( l I /A S ) dz 

with lim 

�z→ 0 
ψ �z = 

∫ 
l I /A S 

ψ 

∗d ( l I /A S ) (21) 

In the present work, the value of �z is systematically derived 

or each geometrical setup as 1% of the solid-associated extent of 

he domain, resulting in values of 0.38 mm, 0.42 mm, and 0.39 mm 

or the setups KC, RC-D and RC-L, respectively. The left side of 

q. (21) was applied to determine axial profiles of interface Tem- 

erature T I , net radiant heat flux q r based on absorption and emis- 

ion on the solid surface, conductive heat flux q c based on heat 

onductivity and temperature gradient on the gas phase side of the 

nterface, and total heat flux q t as sum of q r and q c . Axial profile

f the specific surface area S V was determined by application of 

q. (21) with ψ 

∗ set to unity. 

Figure 4 presents interface-related quantities for the three ge- 

metry setups at thermal load of 612 (613) kWm 

−2 . The horizontal 

xis denotes the axial coordinate with negative z-values referring 

he the flame trap section and positive z-values referring to the 

ection of the porous structure; a side projection of the respective 
7 
olid structure is provided in the background at top of each graph. 

 solid line denotes the interface temperature T I that refers to the 

ertical axis on the left side of the graphs. The mass flow rate aver- 

ged gas phase temperature is shown for reference as dashed line. 

he specific surface area is shown on the bottom of the graph and 

efers to the second vertical axis on the right side. This quantity is 

resented as columns to underline averaging over the small axial 

nterval of �z. This also applies for the columns of radiative and 
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onductive heat fluxes q r and q c that refer to the first vertical axis 

n the right side. This axis provides positive values to the upper 

nd negative values to the lower half of the graph. The total heat 

ux is shown as a solid line for the sake of easier distinction. 

For all cases, values of the conductive heat flux q c are negative 

n the flame trap section, which means that heat is transferred 

rom the hot solid to the cold gas flow. Total heat flux q t shows

he same trend as q c , indicating that radiative heat transfer does 

ot contribute significantly to heat transfer inside the narrow 

hannels of the flame trap. In the section of the porous structure, 

 r is negative which shows that the structure is net emitting at 

ny axial coordinate z except for the contact zone of flame trap 

nd porous structure. Conductive heat transfer is positive in the 

ection of the porous structure, indicating that heat is transferred 

rom the gas towards the porous structure; exception of this is 

isible for RC-L at z = 3 mm and RC-D at z = 7 mm. These are the

oordinates where cold gas jets from the flame trap hit the hot 

orous structure. 

Specific surface area S V shows a characteristic pattern that de- 

ends on the porous structure. RC-D is only composed of struts 

hat are inclined towards the lateral plane, which is normal to the 

ain flow axis. Values for S V in the RC-D setup are varying peri- 

dically with pits at z-coordinates of strut junctions and peaks in 

etween. In the RC-L setup, struts are oriented in the lateral plane 

n intervals of 3.5 mm, which are recognizable as peaks in the 

 V values. The KC setup shows pronounced peaks in intervals of 

 mm; the peaks are associated with struts forming a square that 

s oriented in the lateral plane. At positions of increased S V values, 

eaks in conductive and radiative heat flux area also present. Peaks 

n q c are shifted towards the upstream edge of the S V peak while 

eaks in q r are shifted downstream. This finding matches with the 

echanisms of heat transfer that scale with the available area. The 

ow of hot gases hits the strut on the upstream side, causing an 

ncreased transfer of heat on the concerned surface. Radiative heat 

ransfer is determined by the temperature distribution on the sur- 

aces that are in radiative exchange. Compared to the upstream 

ide, the downstream side of a strut is facing more solid surface el- 

ments with lower temperature than its local value; consequently, 

his side of the strut net emits more radiative heat. In the porous 

tructure section, surface temperature matches with the solid tem- 

erature in the respective case of Fig. 3 ; however, in the flame trap

ection, surface temperature is below the corresponding tempera- 

ure of the solid phase. This difference indicates the presence of 

ateral temperature gradient in the flame trap that is due to low 

eat conductivity and low specific surface area. 

The analysis of the gas solid interface demonstrates the impact 

f available surface area on both, heat transfer from gas to solid 

nd emission of radiative heat. In the downstream section of the 

orous structure, surface (and solid) temperature T S is well be- 

ow the mean gas temperature T G and conductive heat transfer q c 
pparently scales with the temperature difference T G − T S and the 

alue of S V . In the upstream part of the porous structure section, 

 c is positive despite the fact that T S is above T G , implying that

eat transfer takes place against the direction of the temperature 

radient. This misleading part of the graph is caused by the averag- 

ng of gas temperature that is dominated by the cold jets near the 

ame trap. Close to the flame trap, the major part of the porous 

tructure surface is in contact with recirculating gas that has con- 

iderably higher temperature than the mass flow averaged value 

t this axial position. This phenomenon is a challenge to recover 

y volume-averaged models that have been developed for unstruc- 

ured porous media in which recirculation of hot combustion prod- 

cts is expected to be less pronounced due to geometrical inhi- 

ition of pronounced fresh gas jets by the random nature of the 

opology. 
8 
. Conclusion 

Detailed three-dimensional numerical simulations of two layer 

adiant porous burners have been performed in order to investi- 

ate the impact of structure parameters on heat transfer and radia- 

ive output. Resolved consideration of both the flame trap and the 

orous body granted detailed insight on pore scale level into con- 

itions and processes inside the porous burner. A skeletal chem- 

cal reaction mechanism was employed for adequate heat release 

epresentation of premixed combustion of methane at equivalence 

atio φ = 0 . 91 . Spatially resolved radiative heat transfer between 

olid surface was accounted for by the fvDOM model, employing 

ray radiation on 72 discrete ordinates. Three regular structure se- 

ups were considered as periodic representative elements in lat- 

ral directions and with full extension of flame trap and porous 

tructure in axial direction. With progress in additive manufactur- 

ng, the application of structured porous media is expected to gain 

rowing attention also in porous burner applications. This work 

rovides detailed data sets for three structured setups. The present 

tudy focuses on the impact of the porous structure on the radia- 

ive output in a two layer porous burner. 

• It is shown that the radiative output of the burner (expressed 

as effective radiation temperature T 
e f f 

rad 
) increases with increas- 

ing thermal load. However, with increasing thermal load, the 

radiation efficiency decreases which results in elevated flue gas 

temperature. Determined radiation efficiency of the Kelvin Cell 

structure is in line with comparable literature data for a thin 

layered radial porous burner. 

• Results imply that radiation efficiency depends on the struc- 

ture’s specific surface area (Kelvin Cell vs. Rotated Cube struc- 

ture), but not on the orientation of the structure that is formed 

by a network of cylindrical struts (Rotated Cube in dense vs 

light setup). 

• Simulation results show the maximum solid temperature from 

1510 K to 1640 K which is far below the adiabatic flame tem- 

perature of 2147 K for the considered cases. Optimization of the 

structure temperature towards the maximum operating temper- 

ature of the solid material (1723 K for Si-SiC [69] ) bears poten- 

tial to improve radiative output and radiative efficiency. 

• Radiation output can be translated into an effective radiation 

temperature that is found on the axial profile of solid tempera- 

ture in a certain axial distance from the downstream end of the 

structure. This distance depends on the structure geometry but 

is independent from specific thermal power or flame position 

in the considered cases. 

• Interface heat fluxes are shown in high axial resolution and are 

quantified with respect to the individual contribution of the 

different heat transfer mechanisms. Both convective and radia- 

tive heat transfer are phenomena related to the available in- 

terphase area; simulation results recover the beneficial impact 

of increased surface area on the individual mechanisms of heat 

transfer and suggest that heat transfer from gas to solid can 

be improved through appropriate design of the flow field. Thor- 

ough discussion of such designs will be subject to future work. 

• Volume-averaged presentation of interface heat fluxes reveals 

challenge of structured porous media for volume-averaged 

models to recover appropriate heat transfer near the interface 

of the two solid layers. 
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