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Abstract. The nonadiabatic case of propagation of a stationary wave of
combustion of a methane-air mixture in an inert porous medium is consid-

ered. A large number of temperature profiles of porous medium and gas

obtained by numerical solution of the problem are analysed. The realisation
of phase temperature profiles satisfying the boundary conditions is taken as

a basis for the existence of a low-speed stationary mode of wave propagation.

For dangerous velocities of methane-air mixture blowing into a porous block,
the boundaries of existence of a stationary mode of wave propagation on the

plane of the porous medium particle diameter and heat transfer coefficient to

the external medium are determined. The lower boundaries correspond to the
minimum diameters of porous medium particles, and the upper boundaries

correspond to the maximum diameters. At relatively high value of the heat
transfer coefficient, the upper and lower boundaries intersect, and further,

there is no stationary regime. With the decrease of the blowing rate of the

mixture, the intersection points shift towards the decrease of the heat trans-
fer coefficient, i.e. the area of existence of the stationary mode narrows and

at the minimum blowing rate disappears. The effective pore diameters, wave

velocity, wave propagation time and maximum temperature of the porous
medium were determined at the lower and upper regime boundaries. The

wave structure transforms as the particle diameter increases from minimum

to maximum for any fixed heat transfer coefficient. At the minimum critical
particle diameters, due to a significant increase in the intensity of interphase

heat exchange, the temperature profiles of the phases merge and there is no

sharply detached temperature peak of the gas mixture. The maximum of
the heating zone thickness and minimum of the cooling zone thickness are

observed at 2/3 of the particle diameter interval for any fixed heat trans-

fer coefficient. As the upper limit (maximum diameter) is approached, the
thickness of the heating zone decreases and the cooling zone increases.

1. Introduction

Published scientific works in the field of filtration gas combustion (FGC) show
that FGC processes are widespread in chemical technology, power engineering, me-
chanical engineering, fire and explosion safety, ecology, and in everyday life [1,2].
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In this connection, one cannot but note the fundamental experimental and theo-
retical studies of FGC processes [3-10], which were further continued by Belarusian
[11-16] and other scientists [17-33].

Despite the fact that numerical modelling of FGC is considered to be extremely
difficult, due to the large variation in the processes of gas combustion, heat transfer
in porous medium, thermal interaction between the gas phase and porous medium,
and heat transfer to the external medium, numerous studies have been carried out
by numerical methods. Note [17], where the Runge-Kutta numerical method of the
fourth order of accuracy was first applied to study the structure of the stationary
FGC wave. In [18], the influence of the gas velocity and heat transfer from the
surface of the frame to the external medium on the combustion parameters was
analysed in a single-temperature model. Critical conditions of stationary combus-
tion failure at the outer surface of the layer were determined. The advantages
of combustion in burners with porous media were noted in [19] and a numerical
and experimental study of the stabilisation of methane-air mixture combustion in
inert porous media was carried out. Due to the insufficient study of the condi-
tion of flame front stabilisation inside a porous heat generator and the condition
for the existence of stationary modes of gas combustion in finite-size burners, a
simple model of gas combustion in a cylindrical porous burner with low thermal
conductivity of the frame was proposed in [20] and a numerical study of possible
stationary modes of gas combustion was carried out. Critical conditions sepa-
rating different combustion modes, interesting from the practical point of view,
were found. In [21] the problem of communicating flame arresters is given and
the results of tests of a prototype flame arrester for flame slip and burnout are
presented. It is shown that the process of burn-through of the fire barrier con-
sists of three stages: flame entry into the porous block, propagation through it
and flame exit from the porous block. It is noted that there are two parameters
of the process, which can be changed within relatively wide limits, these are the
average grain size of the porous medium and the level of heat loss. In [22] a nu-
merical analysis of the burnout process of porous flame arresters was carried out
and it was shown that the burnout time of channel-type porous flame arresters
is determined by the time of flame entry into the porous element, while that of
bulk-type flame arresters is determined by the time of propagation through it.
In the work, the characteristics of industrial flame arresters and related problems
are thoroughly covered. In [23], a stationary model of filtration gas combustion
is proposed and numerically analysed, taking into account the conditions at the
inlet to the porous body and the conditions of heat exchange with the gas phase,
heat exchange with the surrounding burner, and with the heat exchanger. The
parameter regions in which the gas combustion mode with a narrow reaction zone
near the outer surface of the porous body is realised have been determined. In
[24] a relatively complete review of experimental and theoretical works on FGC
up to 2009 is presented. Numerical modelling of the processes of filtration gas
combustion in inhomogeneous porous media is performed in [25]. In [26], un-
steady filtration combustion of gas in an inert porous layer with consideration of
the gas pressure distribution in the pores was considered, and the limits of the
stationary mode of combustion inside the layer depending on the gas flow rate
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and interfacial heat exchange parameters were determined. It is noted that af-
ter switching off the external heating, the combustion zone is shifted downstream
with the combustion front leaving the boundaries of the layer and the tempera-
ture of the frame decreases to the initial temperature. In [27], the stability of a
stationary FGC wave under heat losses to the external medium was studied by
the method of small perturbation theory, in the framework of a one-temperature
unsteady FGC model. It is shown that the limiting heat transfer coefficient de-
pends on the mixture inlet velocity, and parameter dependences at the boundaries
of oscillatory and exponential instability are obtained, in particular, confirming
the stability conditions of the condensed matter combustion front. In [28], a nu-
merical calculation of the stationary structure of the filtration combustion wave
of a hydrogen-air mixture (65%H2) in an inert heat-dissipating porous medium in
the intervals of blowing velocity(0.5 − 2.5m/s) ), particle diameter (0.5 − 9mm),
and surface heat loss coefficient (900− 1200W/(m2K)) was carried out, the FGC
wave velocity, phase temperature distributions, maximum temperatures of gas and
porous medium, equilibrium temperature, thickness of heating, combustion, inter-
nal relaxation and cooling zones were determined. In particular, comparisons of
calculated values of the wave velocity (for different blowing velocities, composi-
tions of hydrogen-air mixture and particle diameter equal to 1 mm) found by the
ratio and numerical method are in satisfactory agreement [33].

As we can see from the above review of scientific papers, a large number of
them are devoted to burners with porous media and the development of flame
arresters, which are designed for localisation of combustion and are installed on
storage facilities, technological devices and communications, where there is an ex-
plosive environment. In spite of the research conducted on flame arresters, there is
still no design that provides flame containment for 2 or more hours.Although, the
flame arrestor tests conducted on the flame containment capability for methane-
air mixtures at gas flow rates of 100 and 10% of the nominal flow rate (13.9l/s)
show that flame passage through the flame arrestor is not possible [21].Conse-
quently, a theory or mathematical model of the FGC is needed to confirm the
above tests. In this connection, in this paper, for the completeness of the FGC
study, a numerical investigation of the structure of a stationary combustion wave
of a methane-air mixture at the boundaries of existence of the stationary mode at
downward propagation of the wave is carried out, which is not sufficiently consid-
ered in the scientific literature. Numerous temperature profiles of porous medium
and gas mixture obtained by numerical Runge-Kutta method of the fourth order
of accuracy are analysed. At the same time, the realisation of phase temperature
profiles satisfying the boundary conditions is taken as a basis for the existence
of a low-speed stationary mode of wave propagation. For dangerous velocities of
methane-air mixture blowing into the porous block, the boundaries of existence of
the stationary mode of wave propagation on the plane of the porous medium parti-
cle diameter and heat transfer coefficient to the external medium are determined.
Here it is necessary to clarify the realisability and non-realisability of temperature
profiles of porous medium and gas mixtures in the numerical solution of the prob-
lem on the structure of a stationary FGC wave. Temperature and concentration
profiles are considered realisable if, when selecting the wave velocity, the calculated
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profiles at special points (boundary points) meet the boundary conditions (tem-
perature and concentration gradients are equal to zero, and phase temperatures
are equal to the laboratory temperature) Fig.1,2. Otherwise, the profiles are con-
sidered as not realised and the stationary regime is absent. It is assumed that in
the combustion wave, the combustion zone is followed by a region of internal heat
recovery and then a region of system cooling. Since a nonadiabatic combustion
regime is considered, in the tail part of the wave, the temperature should decrease
to the laboratory temperature [26]. The thickness of the cooling zone is defined
as the difference between the coordinates of the laboratory temperature and the
gas temperature at the level of the maximum temperature of the porous medium.
This is due to the fact that in some phase temperature profiles a narrow region of
internal heat recovery is observed, where the gas temperature sharply decreases
to the maximum temperature of the porous medium. Now, the question arises
why the numerical calculation of profiles is taken as a basis and is considered as
a reliable result. Firstly, the numerical Runge-Kutta method of the fourth order
of accuracy for solving the system of ordinary differential equations is generally
recognised, secondly, the calculated temperature profiles are realistic, similar to
the experimentally obtained profiles, and the selected wave velocities [17] are in
agreement with theoretical and experimental results [6,16,21,33].

2. Mathematical model

An unconfined porous block is considered in comparison with the thickness of the
combustion zone in which the stationary wave travels along the direction of the gas
mixture flow (downwash wave). Perhaps the wave thickness in some cases exceeds
the size of the porous block of the fire barrier [21], but it is not the thickness
of the combustion zone, which is the smallest part of the combustion wave. In
our calculations, the thickness of the combustion zone is always much smaller
than the characteristic size of the porous block of the fire barrier. Therefore, we
consider our studies in the framework of the steady-state FGC model acceptable.
To find the travelling wave solution, the following mathematical model of the FGC
is considered, consisting of the equations of heat transfer in the porous medium
and gas mixture, the mass conservation equation of the mixture as a whole and
the missing gas component, and the equation of state [6,16,21,26,28,32]:

ρ1cp
∂T1

∂τ
+ ρ1cpv1

∂T1

∂ξ
= −αcSc(T1 − T2) + ρ1JQη0,

ρ2c2
∂T2

∂τ
= α2λ2

∂

∂ξ

(
∂T2

∂ξ

)
+ αcSc(T1 − T2) + α0,e(T0 − T2),

ρ1
∂n

∂τ
+ ρ1v1

∂n

∂ξ
= −ρ1J, J = nk0 exp(−E/RT ),

∂ρ1
∂τ

+
∂ρ1v1
∂ξ

= 0, ρ1T1 = ρ10T10,

Nu = 0, 395Re0.64Pr1/3, Re =
|v1|deffρ1

µ1α1
, P r =

cpµ1

λ1
,

(2.1)
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αc =
Nuλ1

deff
, deff =

2α1ds
3α2

, Sc =
6α2

ds
, α0,e =

2αw

Rw
.

Initial and boundary conditions of the problem have the form

τ = 0 : T1 = T10(ξ), T2 = T20(ξ), n = 1,

ξ = 0 : T1 = T0, T2 = T0, n = 1,

ξ = l :
∂T1

∂ξ
= 0,

∂T2

∂ξ
= 0, n = 0.

(2.2)

Here T1, T2 - temperatures of gas and porous medium respectively; n, η0 - rel-
ative and initial mass concentration of the missing component of the mixture; v1
- filtration rate of the gas mixture; ρ1, ρ2 - reduced densities of phases; cp, c2 -
specific heat capacities of gas and porous medium; λ2 - effective heat conductivity
coefficient of porous medium;alphac - surface heat exchange coefficient between
phases; Sc - specific surface area of particles; α0,e - heat transfer coefficient to
the external medium; Rw - tube radius; Q - heat effect of reaction; E - activa-
tion energy; R - universal gas constant; k0 - pre-exponent; Nu, Re, Pr - Nuselt
numbers, Reynolds numbers, Prandtl accordingly; deff - the represented diameter
of the channels; ds - particle diameter; α1, α2 - volume contents of phases; µ1 -
viscosity coefficient; T0 - initial temperature; ρ10 - is the reduced density of the
initial mixture.

The system (1) with boundary conditions (2) is used to describe the structure
of unsteady FGC waves. As we can see, this model neglects diffusion and heat
conduction processes in the gas mixture due to their relative insignificance in com-
parison with the thermal conductivity of the porous medium and the intensity of
heat exchanges (internal and external). Here, the wave refers to the profiles of
temperatures (gas, porous medium) and concentration of the missing component
of the mixture, which depend on time and coordinates. Note that in combustion
theory, to study the structure of stationary combustion waves, one moves to a
mobile coordinate system by means of a linear transformation of the coordinate
system. It is assumed that all the unknown functions included in the system do
not depend on time, and, as a consequence, the time derivatives of these functions
are considered to be equal to zero. But, the obtained system of differential equa-
tions contains an additional unknown constant of the wave velocity - U, which
complicates the solution of the problem. In spite of this, in the present work, the
transition to the mobile coordinate system (x = ξ −Uτ, t = τ) is also carried out,
and the system (2.1) has the form

ρ1c1(v1 − U)
dT1

dx
= −αcSc(T1 − T2) + ρ1Qη0J,

− ρ2c2U
dT2

dx
= α2λ2

d2T2

dx2
+ αcSc(T1 − T2) + α0,e(T0 − T2),

ρ1(v1 − U)
dn

dx
= −ρ1J, J = nk0 exp(−E/RT1),

ρ1(v1 − U) = ρ10(v10 − U), ρ1T1 = ρ10T0.

(2.3)
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In this case, the boundary conditions are set at infinity

x → −∞ : T1 = T0, T2 = T0, n = 1,

x → +∞ :
dT1

dx
= 0,

dT2

dx
= 0, n = 0.

(2.4)

For numerical solution of the problem, the system (2.3) and boundary conditions
(2.4) are appropriately decimated. The stationary velocity is chosen in such a
way that the solution of the unmeasured system (2.3) leaves one special point

(T1 = T0, T2 = T0, n = 1) and enters another (
dT1

dx
= 0,

dT2

dx
= 0, n = 0).

To exit the region where the chemical reaction rate is negligible, the analytical
solution of system (2.3) is used (in the absence of the heat release term due to the
chemical reaction).

3. Results and their discussion

Note that all results given in the present work refer to 8.5% methane in the
total methane-air mixture and do not essentially differ from the results for the
stoichimetric mixture (9.5%CH4). The upper and lower limits of existence of
the low-velocity stationary mode of wave propagation in filtration combustion of
methane-air mixture are defined on the plane of heat transfer coefficient and par-
ticle diameter of porous medium. That is, at a fixed heat transfer coefficient there
is an interval of values of the porous medium particle diameter (from minimum
to maximum) at which stationary phase temperature profiles are numerically re-
alised. Fig.1,2 show variants of realisation of phase temperature profiles at the
lower and upper boundaries of existence of low-speed stationary mode of filtration
wave propagation of methane-air mixture combustion respectively. Similar profiles
were obtained in the form of functional dependence of phase temperatures on time
and coordinates during the theoretical study of the problem within the framework
of the equivalent unsteady FGC model in the presence of heat losses [32,34]. The
one-temperature regime (Fig.1) is realised at the lower regime boundary, at rela-
tively small particle diameters of the porous medium. The step of dimensionless
grid in all calculations is equal to 2 · 106, on the graphs of temperature values is
printed after 1000 steps. The thickness of the porous block equal to 0.1 m is taken
as a characteristic size. Calculations were carried out at the following values of
physicochemical parameters of porous medium and methane-air mixture [19,20]

ρ01 = 1.142kg/m3, ρ02 = 3900kg/m3, cp = 1000J/(kgK), c2 = 800J/(kgK),

λ1 = 0.1W/(mK), λ2 = 0.5W/(mK), Tb = 2320K, T0 = 300K, η0 = 0.085,

α1 = 0.45, α2 = 0.55, k0 = 1011, E = 226000J/mol.

A tube with a diameter of 180 mm (Rw = 0.09m) was considered, as in [19,20].
The heat loss per unit of the external surface of the flame arrestor αw was assumed
to be equal to {200, 400, ...1600W/(m2K)}, respectively, the volumetric heat loss
α0,e was calculated according to the above formula. At αw = 200W/(m2K), the
volume heat loss was equal to α0,e = 4444, 44W/(m3K). Since only the volumetric
heat transfer coefficient (α0,e) was used in the numerical calculation, the results
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of the calculations will be true for variationsαw and Rw at constant value of the
volumetric heat transfer coefficient. For example, with the volumetric heat trans-
fer coefficient α0,e = 4444, 44W/(m3K), we can choose the surface heat transfer
coefficient equal to αw = 50W/(m2K),then the radius of the tube will be equal
to Rw = 0.0225m or withα0,e = 35555, 55W/(m3K) and Rw = 0.04m, the surface
heat transfer coefficient will be equal to αw = 711, 11W/(m2K).

Figure 1.Temperature profiles of porous medium and gas at the lower boundary
of the regime:α0,e = 4444, 44W/(m3K),

ds = 0.01mm,U = 0.00015915m/s, v10 = 0.535m/c.

Figure 2.Temperature profiles of porous medium and gas at the upper boundary
of the regime:α0,e = 4444, 44W/(m3K),

ds = 22mm,U = 0.00015915m/s, v10 = 0.535m/c.

As can be seen from Fig.1,2 the structure of the wave transforms essentially at
change of diameter of particles of porous medium from minimum to maximum. In
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this case, the coordinates of the maximum temperature and the thickness of the
heating zone, at 2/3 of the particle diameter interval (at any heat transfer coeffi-
cient of the considered ones), increase to some value, and then, when approaching
the upper limit (maximum diameter), decrease, that is, it has a maximum in the
particle diameter intervals. Thicknesses of heating and cooling zones at critical
particle diameters decrease as the intensity of external heat exchange increases.

Table 1 shows the maximum and minimum diameters of porous medium par-
ticles depending on the heat transfer coefficient to the external medium at fixed
mixture injection velocities, within which there is a low-speed stationary mode
of wave propagation. Note that the maximum particle diameters decrease as the
heat transfer coefficient increases (decreasing the minimum tube diameter), while
the minimum diameters increase. So, at some heat transfer coefficient they will be
equal and further, the solution of the problem does not exist, for example, in the
case of blowing velocity equal to 0.214 m/s (Tab.1). At further reduction of the
inlet velocity, the point of intersection of the maximum and minimum diameters
of the porous medium particles moves towards the reduction of the heat trans-
fer coefficient, hence, there is a certain minimum heat transfer coefficient to the
external medium at which there is no stationary mode. Here, at the lower limit,
the fact that the decrease in the intensity of internal heat transfer (increase in the
minimum diameter of porous medium particles) is accompanied by an increase in
the external heat transfer [6] is revealed. As a result, we draw the following con-
clusions from Tab.1: for a fixed velocity of mixture injection there is a maximum
heat transfer coefficient to the external medium (minimum tube diameter) above
which there is no low-speed stationary mode, and below it ’there are two branches
of the solution merging and disappearing’ [6]. In addition, there are the minimum
mixture inlet velocity and the minimum heat transfer coefficient (maximum tube
diameter) below which there is no solution to the problem, which confirms the
statement of [20] that the propagation of the combustion wave is possible in a
limited range of mixture inlet velocities.

Table 1.Intervals of porous medium particle diameters, at which there is a
stationary mode of wave propagation (ds,mm)

Table 2 shows the effective pore diameters at the upper boundary of the steady-
state regime at different mixture injection rates and heat transfer coefficients. As
can be seen from the table, at the boundary of the regime with increasing heat
transfer coefficient the pore diameters decrease, but at fixed heat transfer coeffi-
cient there is an increase in pore diameter with increasing methane-air mixture
injection rate.
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Table 2. Effective pore diameters at the upper pore diameters at the upper
boundary of the steady-state regime, mm

Figure 3. Dependences of the stationary wave velocity at the upper (a) and lower
(b) regime boundaries: curves correspond to the mixture inlet velocities, solid -

0.535 m/s, dashed - 0.214 m/s, with dots - 0.24 m/s.

Fig.3 shows the dependences of the stationary wave velocity on the heat trans-
fer coefficient at the upper (a) and lower (b) boundaries of the stationary mode
existence. It should be noted that at the upper boundary of the regime (Fig.3,a), a
slight decrease of the stationary wave velocity is observed for all considered mixture
blowing velocities, and the values of the wave velocity for relatively high blowing
velocity (0.535m/s) of the considered ones increase approximately 2.5 times in
comparison with low blowing velocities. At the lower boundary of the stationary
regime (Fig.3, b), the wave velocity decreases slightly as the heat transfer coeffi-
cient increases only for the blowing velocity of 0.535 m/s, and for relatively low
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blowing velocities, its increase is observed. The analysis of the wave propagation
velocity shows that a significant decrease in the critical particle diameter at the
upper boundary of the mode does not lead to a significant reduction of the wave
velocity and, as a consequence, does not increase the burnout time of the flame
arrestor.

To determine the burnout time of a fire barrier, it is necessary to know the time
of wave formation and propagation through the porous block [19], and for a fire
barrier with a bulk porous block - the time of wave propagation [20]. The latter,
confirmed within the framework of the equivalent unsteady FGC model [30], that
the wave formation time at the entrance of the porous block is negligible. The
wave propagation time is determined by the thickness of the porous block (10
cm) and the steady-state wave propagation velocity, t = 0.1/U . Below in Table 3
are the burn-through times of the fire barrier in minutes at the lower and upper
limits of steady-state existence, respectively. From Table 3, it can be seen that
the burn-in time at the upper boundary increases slightly with increasing heat
transfer coefficient (as the wave velocity decreases), while it decreases at the lower
boundary for mixture inlet velocities of 0.214 m/s and 0.24 m/s. In addition, it is
observed that the burn-up time decreases by about a factor of two for relatively
small values of the heat transfer coefficient as the particle diameter increases from
the minimum to the maximum.

Table 3. Flame arrestor burn-through time at the lower and upper limits,
respectively, min.

To clarify the issue of melting of porous block material during combustion, it
is very important to know how much the porous medium heats up within the
limits of existence of the stationary regime. In this connection, Fig. 4 shows
the dependences of the maximum temperature of the porous medium on the heat
transfer coefficient at the upper (a) and lower (b) boundaries of the steady-state
regime for the considered velocities of the mixture blowing. From Fig. 4 we notice
that at the upper boundary, the porous medium temperature increases in the
interval from 1400K to 1630K as the heat transfer coefficient increases, and at the
lower boundary from 1350K to 1550K.
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Figure 4. Maximum temperatures of the porous medium at the upper (a) and
lower boundaries (b) of the stationary regime existence: curves correspond to the
mixture blow-in velocities, solid - 0.535 m/s, dashed - 0.214 m/s, with dots - 0.24

m/s..

Thus, if we proceed from the fact that ’under certain conditions the combustion
wave is not formed in the porous block at all and such a fire barrier will not burn
out’ [20], then the condition of not realising the phase temperature profiles in our
study is the condition of not burning out the fire barrier [20], then the condition
of not realising the phase temperature profiles in our study is the condition of
not burning through the fire barrier. The existence of critical diameters of porous
medium particles when varying different parameters is convenient from a practical
point of view, as it expands the possibilities of controlling the combustion process
in order to select the most optimal solution.

4. Conclusions

Numerical modelling of profiles temperature of gas and porous medium at non-
adiabatic filtration combustion of methane-air mixture allowed to establish:

• limits of existence of a low-speed stationary mode of wave propagation
on the plane of the porous medium particle diameter and heat transfer
coefficient to the external medium;

• absence of the stationary mode at relatively high heat transfer coefficients
and relatively low velocities of mixture injection;

• limits of variation of the maximum temperature of the porous medium at
the boundaries of the stationary regime existence;

• non-significant change of the wave propagation velocity at the regime
boundaries;

• confirmation of regularities of wave propagation at counterflow.
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