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a b s t r a c t 

The filtration gas combustion in a porous cylindrical tube with axial injection of combustible mixture is 

numerically investigated. This configuration can be potentially used as new type of heater for the contact- 

less heating of materials in industrial processes. The material under treatment is placed inside the cylin- 

drical porous tube and is heating by radiative flux from the cylindrical tube wall. The simulation of the 

filtration gas combustion in porous burner was carried out within the framework of the two-temperature 

thermal-diffusion model. Conducted numerical modeling yields qualitative description of the effects of 

heat removal from the burner on the limits of a stable combustion regime. The data about range of the 

gas flow rates and the intensity of the heat losses on the burner’s inner surface corresponding to the 

stable combustion were obtained. The temperature distributions in the gas and the porous burner were 

as well gas flow field were obtained in general case, without addresing to the details of the material 

processing. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

The filtrational gas combustion in a chemically inert porous me- 

ia allows create an intensive radiative heat fluxes compared with 

adiation from free flame. Other advantages of filtrational gas com- 

ustion burners over combustion systems with free flame are the 

igher burning rates, increased power dynamic range, extension of 

he lean flammability limits, and the low emissions of pollutants 

1–3] . 

Extensive experimental and numerical works were carried out 

nd are still underway, to explore the feasibility of porous burners 

ith filtrational gas combustion for energy production and others 

pplications [4–9] . In the review of Banerjee et al. [10] one can find

xamples of filtrational gas combustion applications from classical 

elds like turbines, internal combustion engines, heat exchangers, 

il and gas extraction devices to modern areas like food processors, 

hermoelectric generators, etc. The state-of-the-art experimental, 

nalytical and numerical published studies are surveyed in detail 

nd categorized according to their objectives in review of Ghare- 

ghani et al. [11] . 
∗ Corresponding author at: Department of Computational Informatics, Institute of 

pplied Mathematics, Radio 7 st., Vladivostok, Russia. 

E-mail address: datsep@gmail.com (E. Dats) . 
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Porous radiation burners are promising for creating sources of 

hermal radiation with controlled power, spectrum and distribu- 

ion of radiation density for contactless heating of workpieces or 

aterials in industrial processes. The porous radiant burners po- 

entially can be applied in those technical processes where electri- 

al heat sources are used. It can significantly increase production 

fficiency due to the absence of the electricity generation stage 

rom energy produced by combustion and the transmission elec- 

ricity losses. Another advantage of porous radiant burners is the 

nsensitivity to the electromagnetic interference and the absence 

f open flames, reduction of accidents when using lean mixtures, 

s well as stability of operation and protection from external in- 

uences, which is ensured by the gas combustion occurring inside 

he burner’s porous body. Modeling of porous radiant burner can 

elp clarify issues related to burner development, design and per- 

ormance. To stabilize the flame inside a porous burner, one can 

se a cylindrical [ 12 , 13 ] or even spherical configuration of burners 

14] with a radial inlet of the combustible mixture to the center of 

he burner. This configuration makes it possible to create a diverg- 

ng radial gas flow and to stabilize the filtration gas combustion 

ave inside the porous carcass. This work presents a theoretical 

tudy of cylindrical porous burner with axial gas flow. Previously, 

ang et al. [15] performed the numerical simulation of combus- 

ion in a continuous porous cylindrical burner with axial gas sup- 

ly. The configuration considered in this paper represents a porous 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123141
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.123141&domain=pdf
mailto:datsep@gmail.com
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Nomenclature 

The table of parameters. 

parameter symbol 

Temperature of solid phase T s 
Temperature of gas phase T s 
Inner radius of the burner r 1 
Outer radius of the burner r 2 
Length of the burner h 

Initial temperature T 0 
Fuel concentration of the lean combustible mixture Y 

Initial fuel concentration of the lean combustible mixture Y 0 
The activation energy N a 
The universal gas constant R 

The pre-exponential factor A 

The thermal effect of reaction Q

Heat flux density H

The thermal conductivity coefficient of solid phase λs 

The thermal conductivity coefficient of gas phase λg 

Density of solid phase ρs 

Density of gas phase ρg 

The diffusion coefficient of gas phase D c 
The average pore size d p 
The characteristic size of the structural element of the porous 

media 

d s 

The solid medium porosity ε

Nusselt number Nu 

Heat capacity of solid phase c ps 

Heat capacity of gas phase c pg 

Molar mass of gas phase M

Permeability of solid phase k 

Dynamic viscosity of gas phase μ
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ollow cylinder with the axial supply of a combustible gas mixture 

hrough the end surface of the cylindrical burner. The heated sam- 

le is placed in the inner cavity of a cylindrical burner with imper- 

eable to gas walls, which ensures the sample is isolated from in- 

eraction with combustion products or a combustible mixture. The 

uter surface of the porous reactor is thermally insulated. The sam- 

les under treatment are heated by radiation from the hot walls of 

he porous cylindrical burner, inside which the filtration gas com- 

ustion wave is stabilized. This scheme of filtration gas combustion 

an be used to create chemical reactors for contactless heating by 

adiative heat flux of various materials to high temperatures. Since 

he inner walls of the hollow cylindrical reactor is impermeable to 

he combustible mixture or combustion products, the internal cav- 

ty in which the sample is placed can be filled with an inert gas 

r even evacuated to avoid oxidative processes in the heated sam- 

le. At the same time, the absorption of the radiation heat flux by 

he sample can lead to a decrease in the temperature of the inner 

alls and change the structure of the filtration combustion wave 

nside the porous cylindrical burner. Therefore, in this work, we 

et the goal of elucidating the effect of radiation heat losses from 

he inner walls on the structure of the filtration combustion wave. 

he limits of stationary combustion wave existence depending on 

he flow rate of the combustible mixture and other parameters are 

stimated too. 

The numerical simulations of filtrational gas combustion in a 

orous cylindrical burner is carried out within the framework of 

 two-temperature thermo-diffusion model [ 1 , 3 , 16 ] taking into ac-

ount the gas filtration effects described by Darcy’s law. The ne- 

essity to separate energy equations for solid and gaseous phases 

two-medium or two-temperature model) has been demonstrated, 

n particular, in the works of Chen et al. [17] and Oliveria et al.

18] . The effects of conduction and radiation, as well as convec- 

ion of solid with the gas, are incorporated in the solid phase 

quation. The combustion in a porous medium is described within 

 two-dimensional model that includes one-step Arrhenius type 

hemistry, radiative heat losses from the inner surface of hollow 

ylindrical burner, separate gas and solid energy equations and the 
2 
ransport of fuel concentration in the case of lean mixture. The 

ypical parameters are chosen close to those previously used in 

odeling the filtration gas combustion (see, for example, the pa- 

ers [ 19 , 20 ]). In the review [21] , one can find a comparison of the

alculated data on the propagation velocity of the filtration gas 

ombustion wave obtained by Zhdanok et al. [19] with experimen- 

al data Henneke et al. [20] , which showed good agreement. This 

llows considering that the calculations performed in this work 

ithin a similar model have a physical basis and will capable of 

escribing, at least qualitatively, the experimental phenomena. 

. Mathematical model 

In the absence of the local thermal equilibrium between the 

olid and gas phases, the energy equations for solid and gaseous 

hases are used separately in modelling of the premixed gas com- 

ustion in porous media (two-temperature model). 

In the cylindrical coordinates ( r, z ) these equations read 

g c pg 

(
∂T g 

∂t 
+ u z 

∂T g 

∂z 
+ u r 

∂T g 

∂r 

)
= λg �T g + ρg QW ( Y, T g ) 

− α

d p 
( T g − T s ) (1) 

s c ps 
∂T s 

∂t 
= λs �T s + 

α

d s 
( T g − T s ) (2) 

here T s , T g are the temperatures of the porous medium and the 

as mixture, respectively. The effects of convection, conduction, 

hemical energy release due to combustion and the heat exchange 

ith the solid phase are included in the gas phase Eq. (1) . The ef-

ects of heat conductivity including radiative and conductive heat 

ransfer and heat exchange of solid with the gas are incorporated 

n the solid phase Eq. (2) . Here and below, the subscripts s , g de-

ote the model parameters related to the solid and gas phases, 

espectively. � = 

1 
r 

∂ 
∂r 

+ 

∂ 2 

∂r 2 
+ 

∂ 2 

∂z 2 
is the Laplace operator in cylin- 

rical coordinate and W ( Y, T g ) = A · Y exp ( − N a 
T g R 

) is the single-step

hemical reaction rate, where Y is the fuel concentration of the 

ean combustible mixture; N a is the activation energy; R is the 

niversal gas constant and A is the pre-exponential factor in one- 

tep chemical reaction model. Q is the thermal effect of reaction; 

is the thermal conductivity coefficient, ρ is the density and α
 (λg Nu) /d p is the heat exchage coefficient related with the Nus- 

elt number Nu and the average pore size d p . c ps and c pg are the

olid and gas heat capacities, respectively. d s = d p ( 1 − ε ) / ε is the 

haracteristic size of the structural element of the porous media 

nd ε is the solid medium porosity. The equation for fuel concen- 

ration reads 

∂Y 

∂t 
+ u z 

∂Y 

∂z 
+ u r 

∂Y 

∂r 
= D c �Y − W ( Y, T g ) (3) 

here D c = λg / ( c pg ρg ) is the diffusion coefficient that is assumed 

o be equal the gas thermal diffusivity. 

Gas flow in a porous medium is described by Darcy’s law as- 

uming that the gas flow velocity components u r and u z are pro- 

ortional to the pressure gradients p along the corresponding di- 

ections 

 r = − k 

μ

∂ p 

∂r 
, u z = − k 

μ

∂ p 

∂z 
(4) 

Physically, the pressure drop during the gas motion in a porous 

edium is associated with the momentum loss due to viscous and 

ynamic friction. To describe the momentum loss associated with 

iscous friction, the Darcy model can be used, since the effects of 

ynamic friction (Forchheimer’s equation [22] ) are usually applied 

t high Reynolds numbers Re >> 100. When the Reynolds number 
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s compared to one, one can prove that pressure drop is a lin- 

ar function of the velocity, and order of magnitude analysis sug- 

ests that this linear dependence may persist for a wide range of 

eynolds numbers [22] . The typical values of the Reynolds num- 

er are about 100, so for simplicity we used the Darcy equation 

 23 , 24 ]. 

Darcy’s Eq. (4) with the equation of state of an ideal gas 

g = 

p 

MRT g 
(5) 

nd the equation of continuity form a system of equations describ- 

ng the gas flow in a porous medium: 

∂ρg 

∂t 
= 

∂ ( ρg u r ) 

∂r 
+ 

ρg u r 

r 
+ 

∂ ( ρg u z ) 

∂z 
(6) 

ere k is the permeability of the porous medium, μ is the dynamic 

iscosity of the gas-air mixture and M is the molar mass of the 

ombustible gas-air mixture. 

. Boundary conditions 

Radiation burner made of porous material is a cylinder of 

ength h , with inner and outer radiuses r 1 , r 2 , correspondingly. 

he methan-air mixture is supplied in axial direction through the 

nd of the cylinder z = 0. Thermal radiation is emitted by the in-

er surface of the porous frame r = r 1 . The outer side surface of

he burner r = r 2 is thermally insulated. Combustion products exit 

hrough the end of the burner z = h . The scheme of the porous

urner is shown at Fig. 1 . 

The numerical simulation is carried out in a rectangular com- 

utational domain r 1 ≤ r ≤ r 2 , 0 ≤ z ≤ h with the boundary condi- 

ions: 

 = 0 : Y = Y 0 , T g = T 0 , 
∂T s 

∂z 
= 0 , p = p 0 + �p (7)

 = h : 
∂Y 

∂z 
= 0 , 

∂T g 

∂z 
= 0 , 

∂T s 

∂z 
= 0 , p = p 0 (8)

ere Y 0 is the initial concentration of the fuel, T 0 is the initial gas

emperature, p 0 is the atmosphere pressure, �p is the pressure 

ifference between the ends of the burner. 

Let us assume that in the inner cavity of a cylindrical burner 

here is a sample with a temperature T re f which creates an 

xisymmetric radiation flux in the radial direction towards the 

urner walls. 

In this case, the boundary conditions on the inner wall of 

orous burner are as follows: 

r = r 1 : 
∂Y 

∂r 
= 0 , 

∂T g 

∂r 
= 0 , 

−λs 
∂T s 

∂r 
= σsb 

(
ε s T 

4 
s − ε r T 

4 
re f 

)
, 

∂ p 

∂r 
= 0 (9) 

ere σsb is Stefan-Boltzmann’s constant and ε s and ε r are the 

lackness degree of the porous burner wall and the sample sur- 

ace, correspondingly. In the absence of a sample that absorbs heat, 

he conductive flux from the burner walls is zero λs ∂T s /∂r = 0 , and

he temperature T ref is equal to the temperature of the inner wall 

f porous burner T ref = T s . Thus, the T ref determines the level of the

adiation heat loss from the inner surface of the burner. The outer 

ide surface of the burner is thermally insulated and it is impermi- 

ble for the gas, therefore the all fluxes at this surface are zeros: 

 = r 2 : 
∂Y 

∂r 
= 0 , 

∂T g 

∂r 
= 0 , 

∂T s 

∂r 
= 0 , 

∂ p 

∂r 
= 0 (10)

Note that the two-temperature model of filtration gas combus- 

ion (1-6) with the boundary conditions (7-10) makes it possible 

o estimate the temperature distribution in a porous burner and 
3

he radiation flux in the inner cavity. Notice, that if the porosity of 

he solid medium is large and the porous media is transparant for 

adiation, it is necessary to take into account the radiation transfer 

etween the structural elements of the porous medium [ 14 , 25 ]. In

his case, Eqs. (1) –(6 ) must be supplemented with an equation for 

he radiation flux density inside the medium. As it was shown in 

25] the radiation from the inner layers of the porous body to the 

mbient in some cases can be even larger than the radiation flux 

rom the surface of the porous burner due to higher temperature 

f the inner layers of porous matrix. In the papers of Chen et al. 

26] and Ferguson et al. [27] it was demonstrated that transport 

rocesses and reactions occurring in the pores and at the interfaces 

ignificantly affect the performance of the porous media, yet these 

ore-scale phenomena neglected in the conventional volume aver- 

ged models. Accounting of the porous medium discrete structure 

n the modeling of gas combustion performed at the level of indi- 

idual pores makes it possible to explain the occurrence of acous- 

ic noise, flame oscillations and to describe the complex dynamics 

f the filtration gas combustion wave consisting of the individual 

icro flames [ 28 , 29 ]. 

The numerical simulations within these models require huge 

omputational resources, therefore, for a qualitative description of 

he combustion wave behavior in this configuration of a cylindri- 

al burner, the traditional two-temperature model of filtration gas 

ombustion [16] is used. The model allows roughly estimate the 

adiation fluxes and to clarify the features of filtration combustion 

ave stabilization. 

. Numerical simulations 

The system of Eqs. (1) –(6 ) with the boundary conditions (7-10) 

as solved numerically by the finite element method with using of 

omsol Multiphysics 5.6 software. The calculation area was divided 

nto two parts and the each part consisted of triangular finite el- 

ments. The lower part of the computational region, in which the 

eaction zone was located, had a size of 0 < z< ( h /4) and consisted

f 1.3 ×10 6 small triangular elements with the maximum element 

ide 5 ×10 −6 m. The mesh size was chosen in such a way that at

east five finite elements fit into the chemical reaction zone. To de- 

ermine the convergence of numerical solution, a set of grids with 

n element side of 2 ×10 −6 m, 5 ×10 −6 m and 8 ×10 −6 m was used

or this region. The flame front position was measured under zero- 

ux condition on the inner surface for each grid. It was found that 

he difference between the flame front location for grids with ele- 

ent side 5 ×10 −6 m and 8 ×10 −6 m is less than 1%, and for grids

f 2 ×10 −6 m and 5 ×10 −6 m the differrence is less than 0.05%. 

hus it was concluded that the grid size of 5 ×10 −6 m is sufficient 

o observe correct numerical results. 

The upper part of the computational domain had a size ( h /4) 

 z < h and consisted of 8.2 ×10 4 larger triangular elements with 

he maximum side of the triangular element 5 ×10 −5 m. This rep- 

esentation of the computational grid allows to reduce the compu- 

ational error and speed up the process of finding stationary solu- 

ions. The size of the computational domain with smaller triangu- 

ar elements was choosen from the preliminar simulations shownig 

hat the flame was stabilized in the region ( h /15) < z < ( h /5) where

he maximum temperature gradients were observed. At the first 

tage, for the effective search of the stationary solutions for dif- 

erent parameters of the two-dimensional problem, the tempera- 

ure distributions of the gas and the porous frame are calculated 

or zero-flux condition ∂ T g /∂ r = 0 at the inner surface of porous

urner r = r 1 . In the absence of the inner heat losses one can use

 one-dimensional formulation, when the distributions of temper- 

tures, velocity, pressure, and density depend on the azimutal co- 

rdinate z only. The set of those one-dimensional solutions for the 

iven pressure drops is used as a initial distributions in simulations 
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Fig. 1. Scheme of the cylindrical radiant burner with temperature distribution in the porous body. r 1 = 0 . 03 m , r 2 = 0 . 06 m , h = 0 . 15 m . 
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f the two-dimensional problems taking into account the radiative 

eat flux from the inner surface of the burner. The burner geome- 

ry was set by the following parameters: 

r 1 = 0 . 03 m , r 2 = 0 . 06 m , h = 0 . 15 m . 

The properties of the porous nickel-aluminum alloy material 

ere described by the following parameters: 

dp = 0 . 001 m , ε = 0 . 5 , λs = 20 W / ( m K ) , c ps = 700 J / ( kg K ) ,

s = 2650 kg / m 

3 , k = 25 · 10 −9 m 

2 , μ = 2 · 10 −5 Pa s . 

Preexponential factor A and the activation energy E were fitted 

o that to roughly approximate the laminar flame speed for the 

ethane-air mixture in the range of equivalence ratios 0 . 5 < ϕ < 

.8 at normal conditions. The simulations conducted with the fol- 

owing parameters, corresponding to the methane-air mixture with 

= 0 . 8: 

T 0 = 300 K , Y 0 = 0 . 0445 , Nu = 8 , λg = 0 . 052 W / ( m K ) , c pg =
200 J / ( kg K ) , M = 0 . 029 kg / mol , p 0 = 10 5 Pa , A = 10 9 s −1 , Q =
2 · 10 6 J / kg , N a = 1 . 25 · 10 5 J / mol , ρg = 1 . 16 kg / m 

3 

As it shown in papers Zhang et al. [ 30 , 31 ], the effective heat

ransfer coefficient in a porous medium is a complex thermophys- 

cal parameter determined by the internal structure of a porous 

edium, radiative heat transfer, and many other factors. The liter- 

ture uses values of the heat transfer coefficient obtained from 

xperiments both with individual particles and with different par- 

icle packings. Experiments with individual particles have shown, 

or example, that over a wide range of Reynolds numbers, the Nus- 
h

4 
elt numbers measured at the leading edge of a particle with an 

ncoming gas flow and in the stagnant zone in the tail of a stream- 

ined particle differ by no more than 30-60%. Under filtration con- 

itions, with variable flow directions in the interpore space, these 

ariations in heat transfer coefficients smooth out, and the mini- 

um Nusselt number is 2, as in the case of a gas at rest. The typ-

cal values of the Nusselt number were chosen similar to that pre- 

iously used in modeling the filtration combustion of gases [ 19 , 20 ].

he choice of the Nusselt number is due to the semi-empirical 

ependence for the packing of balls, presented in the work of N. 

akao and S. Kaguie [32] : 

u = 2 + 1 . 1 ε 0 . 6 Re 0 . 6 P r 1 / 3 (11) 

According to this formula, the value of the Nusselt number in 

he packing of balls varies from 6 to 20 when the Reynolds number 

hanges from 30 to 300 for porosity ε= 0.4 and Pr = 0.7. 

. Results 

Calculations have shown that in the absence of heat flux from 

he inner walls of the burner ∂ T s /∂ r = 0 , the flame front has a flat

hape and the flame ring is located perpendicular to the symmetry 

xis. In the case of heat losses from the inner burner surface, the 

osition and shape of the front change depending on the level of 

eat losses and the flow rate of the fuel-air mixture. 
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Fig. 2. The gas temperature distribution T g evaluated at = 10 0 0 Pa and T re f = 70 0 K . 

Fig. 3. The porous medium temperature distribution T s evaluated at �p = 10 0 0 Pa and T re f = 70 0 K . 

Table 1 

Limits of pressure drop values at which a stable combustion mode is observed evaluated for ϕ= 0.8 , Nu = 8 . 

/ K �p min / Pa min. mass flow rate/(kg/s) �p max / Pa max. mass flow rate/(kg/s) max T s ( r 1 ) / K 

∂ T s /∂ r| r= r 1 = 0 450 0.0073 1150 0.0186 1740 

1400 650 0.01 1100 0.0178 1590 

700 800 0.013 1000 0.0162 1534 
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Stationary solutions exist in a certain range of flow rates of the 

ombustible mixture, determined by the maximum and minimum 

ow rates of the combustible mixture, which correspond to the 

aximum �p max and the minimum pressure drop �p min at the 

nds of the burner. At low flow rates of the combustible mixture 

small values of the pressure drop �p < �p min ), the flash back 

henomenon occurs, and at high flow rates (large pressure drops 

p > �p max ), the flame is blown out and the combustion wave 

ropagates downstream towards the burner outlet. The level of 

eat losses is determined by the sample temperature T re f accord- 

ng to the boundary condition (9). There is no heat loss ∂ T s /∂ r = 0

f T re f = T s . At lower sample temperatures T 0 ≤ T re f < T s , the range

f the gas flow rates at which stationary solutions exist is nar- 

owed. 

Table 1 shows the maximum and minimum values of the pres- 

ure drops depending on the choice of T re f , at which a stable com-

ustion mode is observed. The calculations were conducted for the 

ixture with equvivalence ratio ϕ= 0.8. 

It follows from the Table that as the sample temperature T ref 

ecreases, the range of gas flow rates at which flame stabiliza- 

ion is possible decreases too. Table 2 shows the range of pres- 

ure drops of combustible mixture with equvivalence ratio ϕ= 0.7 

epending on the choice of T re f . As expected the range of pressure 

rops corresponding to the stable combustion mode decreases. The 

alues of the minimal and maximal pressure drops �p become 
min 

5 
maller than values obtained for mixture with ϕ= 0.8. This occurs 

ecause the normal burning velocity decreases with dilution of the 

ombustible mixture. 

The pressure drop limits of stable combustion and the maxi- 

al temperature of the inner porous burner surface T s for differ- 

nt sample temperature T re f determining the level of heat losses 

y Eq. (9) . 

Figs. 2 and 3 show the temperature distributions in the gas and 

n the porous medium, respectively. The calculations were carried 

ut for the values of the pressure drop �p = 10 0 0 Pa and the val-

es of the sample temperature T re f = 700 K . 

At a given pressure drop �p = 10 0 0 Pa , the sample tempera-

ure T re f = 700 K determines the lower temperature limit for the 

xistence of stationary solutions, which exist only at temperatures 

 re f ≥ 700 K . Taking into account the axisymmetric formulation of 

he problem, it follows from Figs. 2 , 3 that the filtration gas has

he shape of a truncated cone. 

The combustion wave front, located closer to the symmetry 

xis, is farther from the gas inlet into the burner than the wave 

ront located closer to the outer side of the cylindrical burner. This 

s due to the fact that the temperature of the the porous medium 

ayers near the inner wall of the porous burner has a lower tem- 

erature than the temperature of the layers near the outer sur- 

ace of the burner due to radiation losses. At the same time, the 

emperature of the combustible gas entering the reaction zone re- 
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Table 2 

Limits of pressure drop values at which a stable combustion mode is observed at ϕ= 0.7 , Nu = 8 . 

/K �p min / Pa min. mass flow rate/(kg/s) �p max / Pa max. mass flow rate/(kg/s) max T s ( r 1 ) /K

∂ T s /∂ r | r= r 1 = 0 400 0.0065 950 0.0154 1549 

1300 550 0.0089 900 0.0146 1488 

600 650 0.0105 800 0.013 1420 

Fig. 4. Lines of the gas temperature level near the combustion wave, corresponding 

to the calculations shown in Fig. 3 . The maximum temperature at the combustion 

front is 2380 K. Level lines are plotted with a step of 40 K. 
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ains practically constant along the entire surface of the combus- 

ion front, as follows from Fig. 4 , on which the gas temperature 

evel lines are plotted corresponding to Fig. 3 . The volumes of com- 

ustible gas in front of the chemical reaction zone are heated due 

o heat exchange with a hot porous medium. To heat up to the 

ame temperature of the combustible gas before the start of the 

hemical reaction, the heating time of gas volumes near the inner 

all should be longer than the time for heating the gas near the 
ig. 5. Temperature distribution of the gas T g and the porous medium T s at �p = 10 0 0 Pa

urner. The temperature distributions at zero heat flux on the inner surface of the burner

6 
uter wall due to the non-uniform distribution of the temperature 

f the porous medium caused by radiation heat loss. Therefore, the 

ombustion wave form is set so that the combustible gas entering 

he reaction zone has approximately the same temperature. This 

nteresting effect is associated with the “self-organization” of the 

ltration combustion wave, which manifests itself in the slope of 

he combustion wave front. 

Calculations have shown that when the sample temperature T re f 

hanges from 700 K to 1200 K, the maximum temperature of the 

nner wall of the burner changes very weakly and increases by 

bout 30 K. This effect can be explained by the fact that with an 

ncrease in the heat loss, the combustion wave changes its shape 

n such a way as to reduce heat loss into the porous medium from 

he chemical reaction zone. 

Fig. 5 shows the temperature distributions of the gas (dashed 

ine) and the porous frame (solid line) on the outer and the inner 

urfaces of the burner calculated for a pressure drop �p = 10 0 0 Pa

nd T re f = 700 K . The same figure shows the temperature distribu- 

ions calculated in the absence of the heat losses from the burner 

nner surface. Note that the maximum gas temperatures in the 

hemical reaction zone, both near the outer and the inner walls 

f the burner, are very close to the maximum gas temperature in 

he reaction zone in the absence of heat losses. This fact is ex- 

lained by the strong temperature dependence of the chemical re- 

ction rate. The flame propagation is possible only under condi- 

ions when the flame temperature differs from the adiabatic tem- 

erature of the free flame T b by a value less than RT 2 
b 

/N a [ 33 , 34 ]. 

Fig. 6 shows the temperature distribution in the gas, and Fig. 7 

hows the temperature distribution in the porous medium, eval- 

ated for the pressure drop �p = 1100 Pa and the sample tem- 

erature T re f = 1400 K . At a given value of the sample tempera-

ure T re f = 1400 K , the pressure drop �p = 1100 Pa determines 

he upper limit for the existence of stationary solutions. At large 

ressure drops, the combustion wave moves along the stream. 
 , T re f = 70 0 K on the inner (red lines) and outer (blue lines) surfaces of the porous 

 are shown by black lines. 
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Fig. 6. Gas temperature distribution T g evaluated for �p = 1100 K and T re f = 1400 K . 

Fig. 7. The porous medium temperature distribution T s evaluated for �p = 1100 Pa and T re f = 1400 K . 
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igs. 6 and 7 show that the parts of the combustion wave lo- 

ated near the outer wall of the cylindrical burner are farther from 

he gas inlet to the burner than the parts of the wave located 

ear the inner wall of the burner. At a value of T re f = 1400 K ,

he incoming combustible mixture near the inlet of the burner is 

eated by the radiation from the hot sample. As a result, the flame 

hape becomes such that the combustible gas entering the reaction 

one has approximately the same temperature. This effect of "self- 

rganization" manifests itself in the curvature of the combustion 

ave front. 

The distributions of the radial u r and the azimuthal u z com- 

onents of the gas velocity for the case under consideration are 

hown in Fig. 8 . The results presented in Figure show that the fresh

ixture near the burner inlet moves almost parallel to the axis of 

ymmetry of the burner. Behind the flame front, there is a slight 

eviation of the velocity vector of the combustion products flow 

n radial direction. This deviation is caused by the expansion of 

ombustion products behind the curved flame front. Far from the 

ombustion front, in the area of combustion products, the flow be- 

omes homogeneous and moves along the axis of symmetry of the 

urner. 

The upper distribution is radial component of velocity and the 

ottom distribution is azimutal component. The right distribution 

s the velocity vector field plotted for the segment marked by 

ashed rectangular area. 

Fig. 9 shows the distribution of the heat flux densities H = 

λs ( ∂T s /∂r ) from the inner wall of the burner, calculated at �p = 

0 0 0 Pa , T re f = 70 0 K and �p = 1100 Pa , T re f = 1400 K . 

The maximum value of the heat flux density for the case �p = 

0 0 0 Pa , T re f = 70 0 K turns out to be approximately 2 times higher

han the heat flux calculated for the case �p = 1100 Pa , T re f =
400 K . In the case when T re f = 700 K the heat flux is directed
7 
rom the burner towards the sample ( H > 0). At a sample temper- 

ture T re f = 1400 K , the sample gives off heat to the burner ( H <

) in the area near the inlet of the combustible mixture, and ab- 

orbs heat from the porous framework in the area of combustion 

roducts ( H > 0). 

Note that the condition assuming the constancy of the sample 

emperature T re f is satisfied only in the case of a very high ther- 

al conductivity of the sample material. If part of the sample sur- 

ace radiates heat to the burner, and the other part absorbs, then 

he total heat flux entering the sample from the burner must ex- 

eed the heat flux from the sample to the burner. Fig. 10 shows the

rea where the sample transfers heat to the burner (highlighted in 

lue) and the area where the sample absorbs heat from the burner 

highlighted in red). The total area of the red area in Fig. 10 , which

s proportional to the heat flux from the burner to the sample, is 

arger than the area of the blue area, which is proportional to the 

eat flux from the sample to the burner. In this case, no additional 

eat sources are required to heat the sample. 

The choice of the Nusselt number is important factor. According 

o the formula (11), the value of the Nusselt number in the packing 

f balls varies from 6 to 20 when the Reynolds number changes 

rom 30 to 300 for porosity ε= 0.4 and Pr = 0.7. 

The Fig. 10 shows the temperature distributions of the gas and 

he porous medium on the inner wall of the burner at the values 

u = 8 and Nu = 12 , evaluated for �p = 800 Pa, ϕ= 0.7, T re f = 600 K .

It follows from Fig. 10 that with an increase in the Nusselt 

umber, the position of the front shifts closer to the inlet end of 

he burner. It can be explained by the fact that under conditions 

f more intensive heat exchange between the gas and the porous 

edium, the porous medium has a higher temperature behind the 

ront and, as a result, the normal velocity of the flame front in- 

reases. Note that the maximum temperatures on the inner sur- 
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Fig. 8. Components of the velocity u evaluated for �p = 1100 Pa and T re f = 1400 K . 

Fig. 9. The heat flux densities H at the inner wall of the cylindrical burner evaluated for �p = 10 0 0 Pa and T re f = 700 K (blue line), �p = 1100 Pa and T re f = 1400 K (red 

line). In the blue area, the sample transfers heat to the burner, and in the red area it absorbs heat from the burner. 
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value of the Nusselt number. 
ace of the frame are almost the same and T s = 1420 K at Nu = 8 ,

nd T s = 1414 K at Nu = 12 . Calculations showed that at Nu = 12 

 stable combustion mode is observed at the maximum possible 

alue of the radiation flux on the inner surface of the burner when 

T re f = 300 K , and the maximum temperature on the inner surface 

n this case is T s = 1412 K . With a higher heat exchange between

he porous medium and the gas (at a higher value of the Nusselt 

umber), the porous burner heats up and reaches the stationary 
8 
ombustion mode faster. An increase in heat exchange between the 

orous medium and gas makes it possible to obtain a stable com- 

ustion mode at a higher level of radiative heat loss on the surface 

f the porous medium. It follows from the calculations ( Fig. 10 ) 

hat under the same boundary conditions (heat loss level, pressure 

rop) for higher values of the Nusselt number, the temperature of 

he surface is lower than the temperature calculated for a lower 
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Fig. 10. Temperature distributions of the gas and porous phases on the inner surface of the burner evaluated for Nu = 12 (blue lines) and Nu = 8 (red lines) and �p = 800 Pa , 

ϕ= 0.7, T re f = 600 K . 
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. Conclusion 

The aim of the work was a qualitative description of the ef- 

ects of heat removal from the burner on the limits of a stable 

ombustion regime and a demonstration of the implementation of 

uch a method of materials heating without additional detailing 

f the thermophysical properties of the porous medium and the 

rocessed samples. The filtration gas combustion in a porous tube 

ith injection of a combustible mixture through the end surface 

f a porous cylindrical tube is theoretically studied. The simulation 

f the filtration gas combustion was carried out in the framework 

f the two-temperature thermal-diffusion model. The influence of 

he gas flow rate, and the heat losses on the inner surface on the 

ame stabilization were studied. It was shown that stable combus- 

ion can take place in a certain range of pressure drops and radia- 

ion heat losses on the burner’s inner surface. High levels of radia- 

ive heat fluxes and wide range of operation condition with stable 

ombustion shown feasibility of application of this type of porous 

urners for contactless treatment of different materials. This type 

f porous radiant burner can be used, for example, as a heat source 

or the thermal conversion of low-calorie liquid fuels. In this case, 

he optimization problem can be formulated as achieving the max- 

mum conversion efficiency of the heated fuel. Another potential 

pplication may be the creation of a given field of thermal radia- 

ion, for various technological processes, for example, in the man- 

facture of glass. In this case, the optimization problem must take 

nto account the conditions imposed by the applied technologies 

n order to achieve maximum efficiency. We hope that this work 

ill contribute to the creation of new energy-efficient technolo- 

ies. Further theoretical and experimental research in this direc- 

ion will make it possible to formulate and refine a mathematical 

odel depending on the field of application of the proposed type 

f radiant burner. 
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