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Abstract. The work is devoted to theoretical estimates of the maximum achievable efficiency of
radiative burners with filtration gas combustion in a porous medium. The theoretical estimates
obtained for a cylindrical burner with two coaxial porous shells, between which the flame is
stabilized, and for a single-layer porous burner with filtration combustion of combustion gas. In the
first case, heat regeneration is carried out due to radiation heat exchange between the layers, and in
the second case, it occurs due to the thermal conductivity of the porous frame. It has been shown that
the radiation efficiency of the burners is approximately the same and does not depend on the heat
recovery way. At the same time, a two-layer system has an obvious advantage over a single-layer
burner due to significantly lower material consumption and lower hydraulic losses when filtering gas
through a porous medium.
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1. Introduction

The gas combustion in systems with heat return from combustion products to the combustible
mixture without mixing them is widely used in practical burners. Various schemes of burners with
heat return are described in classical works [1-4] and others.

Researchers' interest in such systems is due to the possibility of lean gas mixtures burning,
achieving superadiabatic temperatures and creating burners with low emissions of harmful
substances (NOx, CO) into the atmosphere. Processes with heat return also include filtration gas
combustion (FCG). The theory and experimental study of combustion processes in such systems
were developed in works [5—8]. Heat recirculation during filtration gas combustion occurs due to
the heat transfer from combustion products through a porous medium to the preheating zone, where
the combustible mixture is heated by heat exchange with the porous medium. Then the heated
combustible mixture enters the chemical reaction zone, and after combustion, a of the combustion
products heat is returned to the porous medium. This method of heat return is widely described in
the literature and it explains the possibility of lean gas mixtures burning [9] and achievement of
superadiabatic temperatures in the gas combustion zone [10]. To stabilize the flame inside a porous
burner, a cylindrical [11-13] configuration of burners with a radial supply of the combustible
mixture to the center of the burner is often used. This configuration makes it possible to create a
diverging radial gas flow and stabilize the filtration gas combustion wave inside the porous frame.
Porous burners make it possible to effectively convert combustion heat into thermal radiation,
which, unlike the heat carried away by the convective flow of combustion products, is convenient to
use in energy-converting devices, for processing materials and other applications [14-16].
Therefore, an important task is to assess the efficiency of a radiation burner, which is the ratio of the
thermal radiation flux to the heat flux released during combustion of the fuel mixture.

Typical cylindrical burners are hollow, cigar-shaped, porous shells within which gas
combustion occurs [11]. The thickness of such shells rarely exceeds several centimeters and the gas
combustion often occurs not inside the outer porous shell, but in the internal space between the
combustible mixture supply system and the porous shell.

In this case, the heat recovery mechanism as during filtration gas combustion is no longer
possible, since the combustion of the mixture occurs in front of the porous medium that exclude the
heat return from combustion products to the fresh mixture via heat exchange with porous shell. At
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the same time, the preheating of the combustible mixture can be due to radiative heat transfer from
the outer shell to the combustible mixture supply system inside the burner, which transfers heat to
the incoming combustible gas. It is due to such heat regeneration in thin-walled porous burners that
it is possible to achieve superadiabatic temperatures and burn extremely lean mixtures. This method
of heat recovery and its effect on combustion characteristics are poorly described in the literature.

This work is devoted to assessing of the radiant burners efficiency with the return of
combustion products heat to the combustible mixture through radiation heat exchange between the
outer shell and the combustible mixture supply system. In experiments or in practical burners,
injection is carried out through a nozzle connected to a heat-conducting platform. In the idealized
model, we will assume that the gas combustion occurs in the space between two coaxial cylindrical
porous shells. The combustible mixture is fed through the inner shell, which is heated by radiation
from the outer porous shell. Gas combustion occurs between two coaxial cylindrical porous layers,
and the hot combustion products exit radially through the outer porous layer into the environment.
Radiation from the outer porous layer goes both outside, into the surrounding space, and inside the
burner, where it heats the inner porous shell. The combustible mixture is heated by the internal
porous layer and enters the combustion zone at an elevated temperature. This heat return
mechanism allows lean mixtures to be burned and combustion to be stabilized. This work compares
the characteristics of a cylindrical porous burner with filtration gas combustion and a two-layer
porous burner with radiation heat return.

2. Mathematical model

The problem is solved within the framework of a two-temperature thermal diffusion model
[5, 6]. In the stationary formulation, the equations for the gas temperature 7,, temperature of the
porous media 7 and the concentration of deficient reactant in combustible mixture Y have the form:

U 8T 18T azT
PaCos 5t = o ;52 52) + P QW (V. T) — = (T, — T2) (1)
2
1 (GoE+5E)+ (1, —T) =0 @)
wef _p (2E+ ) -w(v.T,) 3)

The equations are written in the cylindrical coordinates under the assumption that all quantities
depend only on the radial coordinate ». The indices s and g refer to the porous media and the gas,
respectively. The inlet gas velocity into porous medium is vo and the gas mass velocity p,vr is a
constant value. It is considered that the heat capacities cps, cpg, thermal conductivity coefficients A,
As and the density of the solid porous medium ps do not depend on temperature. The heat transfer
coefficient between gas and porous medium is determined by the relation a = (A;Nu)/d,, where Nu
is Nusselt number, d, is the average pore size, ds is the characteristic size of an element of a porous
medium. The porosity m is determined by the relationship m=d,/(dy+ds). D=N/(cpepe) is fuel
diffusion coefficient in lean combustible mixture. The rate of one-step chemical reaction is set as

W(Y,T,)=A4-Y-exp (—;—“R)
where Y is the concentration of deficient reactant in combustible mixture; N, is activation energy; R
is universal gas constant and A4 is pre-exponential factor. Q in equation (1) is thermal effect of
chemical reaction.

Equations (1)—(3) are supplemented with boundary conditions at the boundaries of the porous
medium. The problem is solved for two geometric configurations. In the case a), the filtration gas
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combustion occurs inside a cylindrical porous layer and in the case b), the gas combustion occurs in
the free space between two cylindrical layers. The gas combustion diagram is shown in Fig. la and
1b.

Fig. 1. Scheme of the computational domain: a) one-layer burner; b) two-layer burner. Areas with a porous medium
are marked in gray, and free space is marked in blue.

For both configurations, it is assumed that there is an internal volume ro < r < ri, into which a
premixed fuel-air mixture is supplied. In the case of the one-layer porous media (it is shown in
Fig. 1a) when the combustion occurs inside porous media 71< r < r4, the boundary conditions read:

ATy

r=1:Y =Yy, T, =Ty; T=?‘1:;=0_: 4)
ar. aT, ayr
r=r1g At = ca (T — T3, a_rg: 0, —-=0. (5)

Here ¢ is the emissivity of the outer shell, and o 1s the Stefan-Boltzmann constant. On the internal
and external surfaces of the porous medium r=r; and r=r4 the gas temperature 7, and
concentration Y are continuous.

In the case when combustion occurs in a volume between two porous shells, as shown in the
diagram Fig. 1b), conditions (4), (5) are supplemented by conditions at the boundaries » =, and
r=r3. Taking into account the radiative heat exchange between the surfaces » =2 and » =r3, the
conditions for heat fluxes at the boundaries of porous shells have the form:

ATs(r=
rem AT = L (THn) ~TH1)) (6)
o Ts(rs) _ _ q 4, 4.
r=r;: ‘15' ar _r_a (Ts [:?2) - Ts (?3)) (7)

In the areas where there is no porous medium ro<r <r, r2<r <r3 the porosity m is equal to one
m = 1. During combustion under adiabatic conditions, the temperature of the mixture is equal to the
adiabatic temperature 7, therefore the energy flow entering the burner with the combustible
mixture is equal to voropecpe(Tr—T10), the thermal radiation flux from a unit of the external surface of
the burner is equal to

(1 — m)ry055 (T3 (1) — T5)-

1597



S.S. Minaev et al.

The efficiency of the radiation burner is calculated by the formula:

_ s(1-m)r,o5p(Ts ':i-d] o), 1009% (8)
VoToPgtpg(Th—To)

To calculate the efficiency by formula (8) it is necessary to calculate the wall temperature
T(r4). The temperature value T(r4) can be estimated as follows. Let's multiply equation (3) by p.0,
equation (2) by dy/d, and add these equations with equation (1). The resulting equation will be:

Pglaly d (14 a2 ds
mr ar (CPQTTQ + QY) - (;E + E) (R‘QT}" +p‘gQDCY +RS E TS) (9)

Let us now multiply (9) by r and integrate the resulting equation from » = ro to = r4, taking into
account conditions (4)—(7) at the boundaries of porous layers. As a result of integration, one can
obtain the law of conservation of energy in the form:

dS
Eﬂ%cpg(rg (1) _TD) = —HEE%E(T?@’Q _Tﬁt) (10)
Taking into account (10), the expression for burner efficiency (8) can be written in the form

Tp—Tglrs)
n= ﬁ' 100% (11)
Note that the maximum possible burner efficiency can be estimated from the following
considerations. As follows from the calculations given in the next section, the temperature of the
combustion products decreases with distance from the flame, and the temperature of the porous
medium in the outer shell monotonically increases, but always remains less than the gas
temperature. In the limiting case of a very large shell thickness and the absence of radiation heat
loss to the environment, the temperature of the porous medium and gas will be equal to the
adiabatic temperature. Since, according to formula (8), the burner efficiency monotonically
increases with increasing surface temperature 7s(r4), then for an upper estimate of the efficiency by
formula (8) one can assume that the gas temperature is equal to the porous layer temperature at its
outer boundary Ty(rs) = Ts(ra) =T .
An estimate of the maximum burner temperature 7" can be found from solving the equation
that follows from the law of conservation of energy (10) under the condition Ty(r4) = T(ra) = T":
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~

T"—T,) =0 (12)

Then substituting the value of 7" into formula (11) or (8) one can obtain an estimate of the
maximum efficiency.

The calculation was carried out using the finite element analysis program Comsol Multiphysics
6.1. The search for solution of equations (1)—(3) is implemented using the establishment method. In
this method the time derivative is added to the left sides of the equations and, using a variable time
step, a stationary solution is sought. Initial time step is df=10"%s. The computational domain
consists of finite elements of the same size, having a length d/ = 2-107° m.

The initial conditions in the calculations had the form:

r <71 <05(r +1): Tg(?l to) = T(rty) =T, Y(r.tp ) = Yo;
05(r +n) <r<r: T,(rt) =T, (rt) =T, Y(r.ty ) =0.

Calculations were performed for the following values of the problem parameters: ro =3 mm,
m=0.5, Nu=4,dp=1mm, c,g = 1200 (J/kg-K), A; = 0.03 W/(m-K) and A; = 10 W/(m-K). Initial
gas temperature 7o = 300 K, adiabatic flame temperature is 7, = 2000 K, heat of reaction Q =
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46-10° J/kg, pre-exponential 4 = 10® (1/s) and the activation energy N, = 12.5-10° J/mol in reaction
rate approximately corresponded to a methane-air mixture with a stoichiometric ratio ¢ = 0.8.

3. Results

Let us consider a single-layer porous burner with gas combustion inside a porous medium
r1<r<r4 (Fig. 1a) and a two-layer burner (Fig. 1b) in which the combustion of the mixture occurs
between two porous shells. To compare the characteristics of two burners, calculations were
performed at the same values of the gas input velocity vo and the same radii 71 and 4. The radii of
the first layer are 1 = 5 mm and > = 10 mm, and the radii of the second layer are 3 = 40 mm and
r4= 50 mm.

Fig. 2 shows the temperature distributions of the gas and the single porous frame at different
inlet gas velocities vo. Fig. 3 shows the distributions of the gas temperature and the temperature of
the two porous layers.
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Fig. 2. Temperature distributions of the gas (dashed
curve) and the porous frame (solid curve), calculated
for different gas inlet velocities vo. The radii of the
porous burner are r; = 5 mm and r4 = 50 mm.

Fig. 3 Temperature distributions of the gas (dashed curve)
and the porous layers (solid curve), calculated for different
velocities of the inlet flow of the combustible mixture.

Fig. 2 demonstrates that the gas combustion occurs at a superadiabatic temperature (adiabatic
temperature is 7, = 2000 K), the maximum value of which is almost irrespective to the gas flow. An
increase in gas flow rate shifts the combustion zone closer to the outer surface of the burner and
leads to increase of the gas and the porous shell temperatures.

Just as in the case of filtration gas combustion in a single-layer porous burner, gas combustion
in the free space between two re-emitting porous layers occurs at a superadiabatic temperature. The
maximum gas temperature in a two-layer system increases as the gas supply rate to the burner
decreases, while in a single-layer porous burner, the maximum gas temperature increases with
increasing flow rate of the combustible mixture. Note that the maximum gas temperature of the
filtration combustion wave in a single-layer system (Fig. 2) significantly exceeds the maximum gas
combustion temperature between porous layers (Fig. 3). The temperature difference for the selected
set of parameters is 15%.

Fig. 4 shows solid surface temperature at the outlet of single-layer and double-layer burners
depending on the input flow velocity of the combustible mixture, and the temperature 7* calculated
using the approximate formula (12). Red solid squares show the surface temperature of the double-
layer burner in the case of gas combustion between the layers, and red triangles show the surface
temperature during filtration gas combustion inside the second shell. Fig. 5 shows the radiation
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efficiency of the single-layer and double-layer burners depending on the input flow velocity of the
combustible mixture, as well as the radiation efficiency, calculated by formula (12).
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Fig. 4. The temperature of single-layer T,* and the Fig. 5 The radiation efficiency of single-layer 7, and the
temperature st of double-layer burners depending on efficiency 7, of double-layer burners depending on the

the input gas velocity vo The solid green line is input gas velocity vo The solid green line is the efficiency
temperature 7", calculated by formula (12). 17, calculated by formula (12).

The calculations show that the radiation efficiency decreases with increasing the flow rate of
combustible mixture. The filtration gas combustion in a one-layer burner exists when the input gas
velocity varies in the range from 0.2 m/s to 8.4 m/s. In the two-layer burner the gas combustion
occurs between two porous layers when the input gas velocity varies from 1.7 m/s to 3.5 m/s and
the filtration gas combustion in the outer porous layer exists for the range of input gas velocity from
3.6 m/s to 7 m/s. The minimum possible flow rate in a two-layer system is determined by the case
when the speed of the combustible gas at the exit from the inner cylindrical shell is approximately
equal to the normal velocity of the laminar flame. If the speed of the combustible mixture flowing
from the outer shell becomes less than the normal flame velocity, then the flame will not be able to
stabilize between the shells. Case when the flame is stabilized in the inner porous shell are not
considered, since the inner shell is often used as a flame preventer. The maximum speed in a two-
layer burner is selected from the condition under which the flame can exist in the gap between the
two shells and does not enter the filtration gas combustion mode in the outer shell.

Note that the characteristics of a two-layer burner are close to the characteristics of a single-
layer burner when the gas combustion occurs in the space between two porous layers. In this case
the maximum difference in efficiencies of two type burners is less than 1%. The minimum
efficiency, as follows from the calculations shown in Fig. 4, corresponds to the maximum possible
gas velocity, which is achieved when the flame is established near the inner surface of the outer
shell. The difference between the maximum efficiency calculated by formula (12) n* and the
efficiencies found in numerical simulations increases as gas flow increases. This fact is explained
by more efficient heat exchange between the gas and the porous medium at low flow rates leading
to reduction of the temperatures difference of the exhaust gases and the porous layer outer surface.
At the same time the approximate formula (12) allows us to estimate the efficiency and temperature
of outer surface of porous burners with good accuracy in the case when burners efficiency is near to
maximal one.

These results show that heat recovery through radiative heat exchange between shells of two
layers burner achieve performance similar to that of single-layer burners. At the same time, double
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shell burners obviously have less weight compared to thick single-layer porous burners, which have
similar performance characteristics. In addition, the gas ignition in the space between the shells in a
two-layer burner is a fairly simple procedure compared to initiating filtration gas combustion inside
a porous layer in a single-layer burner, which requires prolonged heating of the porous medium.
Two-layer porous burner has reduced hydraulic resistance compared to a single-layer burner that, in
some cases, makes it possible to avoid the use of a compressor to increase the pressure of the
combustible mixture before feeding it into the burner and to use simpler injection methods for
supplying the combustible mixture.

3. Conclusion

Theoretical estimates of radiation efficiency for cylindrical porous burners in two typical
configurations were obtained. In the first case, filtration gas combustion occurs inside a porous
shell, which transfers heat from the combustion products to the combustible mixture due to the heat-
conducting porous media. This heat recovery mechanism is well known from numerous works on
filtration gas combustion. In the second burner configuration, gas combustion occurs in the free
space between two porous shells with thermal coupling due to radiation heat exchange. The
mechanism of heat return from combustion products to the fresh mixture is carried out due to
radiation heat exchange between the shells. The results obtained demonstrate this method of heat
recovery allows to achieve performance similar to that used in single-porous- layer burners. The
work obtained efficiency estimates and other characteristics for burners with two re-emitting shells.
Estimates for two types of burners were made based on calculations within the framework of a two-
temperature model of filtration gas combustion in a porous medium. Qualitative dependences of the
burner efficiency on the main problem parameters were obtained for a cylindrical burner with two
coaxial porous shells and a single-layer porous burner with filtration gas combustion. It has been
shown that the radiation efficiency of the burners is approximately the same and does not depend on
the method of heat recovery. At the same time, a two-layer system has an advantage over a single-
layer burner due to significantly lower hydraulic losses when filtering gas through it. Reduced
hydraulic losses, fast flame initiation in the space between the shells, reduction in material
consumption and weight of two-layer burners compared to a single-layer burner make the use of
such burners promising in practical applications.
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