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The twotemperature model of gas combustion in a porous body of cylindrical heatgenerator has been offered and numerically analyz
ed. Heat exchange between solid frame and gas; burning products interaction with heatexchanger; distinction of diffusion speeds and
heat conductivity in the gas phase are considered in the model. The influence of model parameters on characteristics of stationary mo
des of gas combustion for various heat exchange conditions of porous torch with heat exchanger is investigated. The results of numeri
cal research do not contradict with observable laws that indicates the opportunity of model use for statement and solving the problem
of work optimization of the real burning device.

Introduction

The phenomenon of combustion front distribution
in porous media at gas filtration attracts the researchers’
attention. The academic interest to this group of sy
stems occurred as an answer to the practice require
ments including the filtration combustion processes in
to flow charts of different production. Such largescale
industrial processes as blastfurnace iron smelting, ores
burning and agglomeration, catalyst regeneration by the
method of carbon burning, oil production by interbed
ding combustion and others are referred to the objects of
filtration combustion.
The process of distributing the region of gasphase
heatproducing reaction in the inert porous medium at
filtration supply of gaseous agents to the chemical con
version zone is understood under gas filtration combu
stion [1]. Such processes represent a kind of heterogen
eous combustion as a result of active participation of two
phases – solid porous medium and reacting gas – in the
mechanism of wave propagation and have the important
scientific and practical value. The occurrence of two
phases predetermines the multiparameter of the pro
cesses, variation of phase interactions, occurrence of fil
tration and other effects of heterogeneity. As a result of
interaction of various physical processes the multiple
stationary and nonstationary thermal combustion mo
des, different conditions of transformation mode occur
rence, combustion waves with specific structure, proper
ties and propagation mechanism are implemented [2, 3].
One of the possible practical applications of filtra
tion combustion refers directly to the development of
the environmentally safe porous burners functioning on
poor mixtures and providing gas fuel economy; practi
cally full gas combustion in porous body volume and
high efficiency.
It is necessary to study possible modes of gas combu
stion at process parameters variation for the existing
burners operation optimization. In the experimental in
vestigation the parameters variation in the wide range of
their change is rather difficult. Therefore, mathematical
simulation is used for studying combustion modes. The
currently known theoretical works on gas filtration
combustion are restricted by analytical survey of the ex
perimental data, physical property description and pro
24

blem statement [4]; or by single private designs on the
basis of rather complex models and algorithms [5–7], or
by conditions implemented in the laboratory experi
ment [8].
The model of gas combustion in porous cylindrical
burner, the geometry and properties of which corres
pond to the burner described in [9] in onedimensional
twotemperature approximation is proposed and studi
ed below.
Mathematical statement of the problem

Let us suppose that the burner representing the
complete cylinder made of the material with specified
density ε, has large sizes: the specified inner R1 and ou
ter R2 radii so that the change of gas density ρg at thic
kness of burner working section R1≤r≤R2 may be neglec
ted. Fuel gas gets into inner area of cylinder and then it
is redistributed by special devices so that the rate of its
arrival into porous body Vg along the whole length of the
burner (along cylinder) was almost the same. According
to Darcy law
Vg = − k f ∇P,
where kf is the filtration factor; P is the pressure. At spe
cified pressure drop ∇P at gas input into porous body
and at output of it at a first approximation gas velocity
may be considered constant. The continuity condition
according to which and subject to Vg=const we have
ρg~R1.ρg,1/r where ρg,1 is the gas density at the input into
porous body, will be fulfilled more strictly in stationary
conditions in gas. Gas pressure in pores and its tempe
rature are exactly connected with the state equation
P = ρ g RTg mg−1 ,
where mg is the molar mass of agent and reaction pro
duct mixture, R is the universal gas constant J/(mo
le.K).
As a rule, studying the models of filtration combu
stion one is aimed at determining combustion rate,
pressure in gas and phase temperature depending on gas
feed rate and conditions of interphasic heat exchange
[1]. In this case the combustion rate is determined for
infinitely great gas volume at transition to the coordina
te system connected with the advancing reaction front.

Power engineering

From practical point of view the stationary combustion
modes in a burner unit of finite size is of interest. Such
modes are implemented at achievement of stationary
operation condition by the burner unit. To determine
the combustion rate by traditional method is of no sen
se in this case.
The mathematical statement of stationary problem
in cylindrical coordinate system includes the heat con
duction equation for gas and solid body and diffusion
equation with convective summands and sources of he
at and mass owing to chemical reaction:
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dr
where Tg,1 is the gas temperature at the output of porous
body (or the heat exchanger temperature); ηb is the un
expended agent portion.
«Combustion velocity» is determined in the fol
lowing way. Let us suppose that the continuity condition
is fulfilled in the reaction front the position of which
r=rf is unknown beforehand; it is written in the fol
lowing way
r = R2 : Tg = Tg ,1 ;

(6)

where uT is the «combustion velocity» or burning rate,
m/s. It is obvious that gas temperature to the right and
to the left from r=rf is the same.
Then u may be calculated from solution of the pro
blem (1)–(5), where the coordinate of maximum tem
perature in gas is taken as the reaction front coefficient.
If maximum temperature is on the outer surface of the
burner then [λg(dTg/dr)]γ=γ =0.
More general problem definition given below takes
into account the solid frame heat exchange with heat
exchanger by radiation by StefanBoltzmann law in the
condition (5).
f+0

Dimensionless parameters

⎞
⎟⎟ ,
(3
⎠
where Tg is the gas mixture temperature, К; Ts is the po
rous frame temperature, К; t is the time, s; r is the spa
ce coordinate, m; κg, κs are the effective factors of gas
and solid body thermal diffusivity respectively m2/s; α is
the coefficient of interphasic heat exchange, W/(K.m2);
cg, cs is the specific gas thermal capacity at constant vo
lume and solid frame heat capacity, J/(К.kg); ρg, ρs are
the gas and solid frame densities, kg/m3; Q0 is the ther
mal effect of overall reaction in gas phase, J/m3; k is the
constant of the reaction rate, s–1; n is the reaction order;
Ea is the activation energy, J/mole; η is the agent con
centration (mass fraction); (1–κ) is the conversion de
gree, Vg is the gas velocity, m/s; D is the diffusion coeffi
cient, m2/s, which is considered to be different from the
coefficient of thermal conductivity κg, D≠κg in compa
rison with the known filtration combustion and gas
combustion models.
The equation system (1)–(3) is closed by the boun
dary conditions at inner (r=R1) and outer (r=R2) burner
surfaces. Let us use the temperature constancy condit
ion as a boundary condition at inner surface; it equals to
cold gas temperature T0, and conversion degree equal to
zero (or agent concentration equal a unit), i.e.
r = R1: Tg = Ts = T0 , η = 1;
(4)
Vg

⎛ dTg ⎞
⎛ dTg ⎞
− ⎜ λg
= Q0uT ,
⎜ λg
⎟
⎟
dr ⎠ r = r + 0 ⎝
dr ⎠r =r − 0
⎝
f
f

Let us pass on dimentionless variables for carrying
out the detailed parametric study allowing determining
possible modes of stationary combustion
T −T
T −T
x= r ,
θ1 = g 0 , θ 2 = s 0 ,
T* − T0
T* − T0
R2
where T*=T0+Q0/cgρg=Tg,1 is the typical temperature
scale (adiabatic temperature of gas combustion). Then
the problem (1)(5) takes the form:
dθ
⎛ dθ ⎞
w δ 1 = 1 d ⎜ x 1 ⎟ − Biδ (θ 1 − θ 2 ) + δϕ (θ 1 ,η ); (7)
dx x dx ⎝ dx ⎠ ε
1 d ⎛ x dθ 2 ⎞ + Bi δ 1 (θ − θ ) = 0;
x dx ⎜⎝ dx ⎟⎠ K λ 1 − ε 1 2
wδ

dη
1 d ⎛ dη ⎞
= Le
⎜x
⎟ − δϕ (θ 1 ,η );
dx
x dx ⎝ dx ⎠

x = x1 : θ1 = 0, θ 2 = 0, η = 1;

(8)
(9)
(10)

dθ 2
= 0, η = ηe ,
(11)
dx
where ϕ(η,θ)=ηn.exp((θ–1)/(θ+(1–σ)/σ)/β); δ=R22/(κt*)
– is the parameter of FrankKamenetskiy (the ratio of
outer radius to heat penetration size which is formed for
some characteristic time t*=k0–1exp(1/β) the time of che
mical conversion at T=T*); w=t*V/R2 is the dimensionless
gas speed; Bi=αt*/(cgρg) is the parameter Bio; ϕ(η,θ) is
the function of chemical heat generation; Le=D/κg is
the Lewis number; σ=(T*–T0)/T* is the small dimen
sionless parameter; x1=R1/R2<1 is the inner dimension
less radius of cylinder; Kl=λs/λg; β=RT*/Ea is the parame
ter characterizing sensitivity of the reaction rate to tem
perature change, σ=(T*–T0)/T*≡βθ0, θ0=(T*–T0)E/(RT*2)
is the temperature head or Zeldovich number.
Condition (6) now looks like this
⎛ dθ1 ⎞
⎛ dθ1 ⎞
(12)
⎜ dx ⎟ − ⎜ dx ⎟ = δ wb ,
⎝
⎠x
⎝
⎠x
x = 1: θ1 = 1,

f +0

f −0

where wb=uTt*/R2, xf=rf/r.
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Stationary problem (8)(11) is numerically solved by
the sweep method by the following algorithm: at first the
temperature distribution and conversion degrees (θ1,η1)
are determined, using «testing» function of heat genera
tion ϕ(θ,η); then the following approximation (θ2,η2) is
found out, computing the heat generation function by
(θ1,η1). The algorithm is repeated till the moment when
the meansquare deviation of two approximations by
temperature and conversion degree is less 1 %.
Gas and solid frame temperature fields, agent con
centration, as well as the width of chemical reaction zone
(reaction zone coordinate ξη was determined by the value
of concentration η<0,99) and «combustion rate» wb de
pending on model parameters were defined in calcula
tions. Further as the text goes the quotes are omitted.
Supposing that solid frame is made of Al2O3+Fe+Cr,
and gas is a mixture of 10 % of methane and 90 % of air let
us estimate the dimensionless parameters included into
model. According to [10, 11], we have: cs=1250 J/(kg.К);
cg=2600 J/(kg.К); ρs=3750 kg/m3; ρg=0,717 kg/m3,
λs=8 W/(m.К), λg=0,0821 W/(m.К); Ea=103800 J/mole;
Q=1,26.106 J/m3; R1=0,225 m; R2=0,3 m;
Dg=0,2717.10–4 m2/s; k0=10–9 s–1; T0=300 К;
Vg=0,01...2 m/s, α=82.1...104 W/(m2.К). As a result we
obtain t*=5.10–3 s; T*=900 К; Kλ=97,76; σ=0,66;
Le=0,6175; β=0,1; Bi=10–5...0,2; δ=4.105; w=0,001...0,2.
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At numerical calculation of the problem (7)–(11)
for a set of parameters characterizing [9], and at low he
at exchange between gas and solid frame (Bi<<1) it was
determined that within the frame of one model at varia
tion of gas feed rate two different modes of combustion
may be realized (Fig. 1). The first one is characterized
by practically linear temperature distribution (Fig. 1, а)
and gas concentration (Fig. 1, b) from inner to outer ra
dius of the burner working section. In this case the who
le working section may be considered to be the reaction
zone. Such mode is not of practical interest. The second
mode is observed at w>0,05 and characterized by the re
action zone adjoining the outer surface of the burner
(curves 4–7, Fig. 1).
Solid frame is not practically warmedup due to the
inner heat exchange so we do not have to speak about he
at exchange with the environment by radiation: solid fra
me temperature at this set of parameters in the conditions
of outer surface (11) does not increase (2...7).10–6.
Fig. 2, a, illustrates the change of the reaction zone
boundary coordinate at variation of different parameters
at low heat exchange with the frame. In a certain region
of changing the gas feeding parameters the boundary
position ξη changes considerably then the dependence
ξη(w) does not change qualitatively.
Increasing δ the velocity range w where the combu
stion behavior interesting from practical point of view is
realized, is extended. The combustion velocity wb, de
termined according to the condition (12) increases at
growth of w and the burner radius δ (Fig. 2, b).
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Distribution of: а) gas temperature; b) agent concentra
tion along the burner radius at different gas feed rates
and x1=0,75; β=0,1; Kλ=97,56; ε=0,5; σ=0,66; ηb=0;
Le=0,6175; δ=300; Bi=3.10–5. Gas feed rate w:
1) 3,75.10–4; 2) 0,005; 3) 0,01; 4) 0,05; 5) 0,1; 6) 0,3; 7) 1
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The frame warming up at change of Bi in the range
of 0,001...0,1 for the set of parameters characterizing
the burner [9], in the whole, within the frames of the
model (7)–(11) turns out to be insignificant.
The influence of Lewis number Le on combustions
modes is of interest. At the selected set of parameters
(x1=0,75; β=0,1; Kλ>1; ε=0,5; σ=0,66; ηb=0;
Le=0,6175; Bi=0,001...1,0) the ratio of the diffusion
coefficient to the factor of thermal conductivity affects
slightly the temperature profile form but it affects con
siderably the agent concentration distribution and the
refore, the position of the reaction zone coordinate ξη.
Fig. 3 illustrates this: the reaction zone coordinate tends
to the burner outer radius at increase of gas feed rate.
Possible modes of the reaction agent conversion

At model parameter variation the other modes of
conversion of the reaction products which may be of
practical interest were found out. The values of Lewis
number rather different (both upwards and downwards)
from real values were purposely selected for illustration.
In spite of the fact that the form of heat generation fun
ction (Fig. 4, a, dotted lines) changes considerably at Le
change because of the different character of the reaction
zone (Fig. 4, c), the temperature distribution in solid fra
me and its numerical value (continuous curves Fig. 4, b)
do not practically differ from each other. At Le increase
at gas feed rate w=0,1 the maximum heat generation in
the reaction decreases, almost the whole working section
of the burner becomes the reaction zone, therefore, the
heat used for the solid frame warming up decreases as
well. Owing to the high thermal conductivity of the fra
me it temperature equalizes and the frame becomes the
source of heat for gas in the center of the burner that is
seen from the comparison of continuous and dotted cur
ves in Fig. 4.
At low rate of gas feeding the marked maximum of
heat generating function is in the medium part of the
burner (Fig. 4, right), that results in occurrence of heat
generation maximum at Le<1 in the region distant from
the outer surface x=1. The maximum temperature exce
eds considerably the adiabatic temperature θg,1=1 at

x=1. Increasing Le owing to diffusive admixture the re
action zone broadens, the maximum in gas temperature
disappears (dotted curves 1 and 2 in Fig. 4, b, right). So
lid frame is the «heat source» for gas near the outer sur
face owing to its high heat conductivity, Kλ>>1.
The influence of the number Le on the combustion
rate wb, determined by the equation (12) turns out to be
different. For example, at high rate of gas feeding w=0,1
the change of Le by two orders (from 0,01 to 10) resul
ted in change of the rate wb from 6,82 to 8,83 (Fig. 4, b,
left). But at w=0,03 the combustion rate increased con
siderably (Fig. 4, b, right).
The calculations showed that the decrease of solid
frame heat conductivity at consistency of all the rest pa
rameters results in the reaction zone shift to the outer
surface of the burner both at w=0,1, and at w=0,03 (it is
not shown in the Figures). A narrow reaction zone (with
a complex structure) much more less than the burner
working section requires the use of another algorithm
with assignment of the region of considerable tempera
ture change and agent concentration.
Combustion behavior at high external heat
exchange of gas with surface

In a real burner device the outer surface of solid fra
me is warmed up to high temperatures and starts irradi
ating that supports heat exchange with heat exchanger.
The outer surface warming up (r=R2) may be connected
with good heat exchange inside the porous burner devi
ce and with heat exchange with gas (combustion pro
ducts), which is turbulized at output from the working
body. The introduced parameters show low interphasic
heat exchange. The condition of the external heat
exchange in the mathematical model may be expressed
by the boundary condition of the form
−λs

dTs
= α e (Ts − Tg ,1 ) − σε 0 (Ts 4 − Tt 4 ),
dr

(16)

where Tg,1, as before the hot gas temperature at the out
put from the burner device; αe is the coefficient of the
external heat exchange (αe>>α), depending on the cha
racter of gas flow, the external flow rate; σ is the Stefan
Boltzmann constant; ε0 is the dark index; Tt is the tem
perature of the heat exchanger. In the dimensionless va
riables at x=1 we have
dθ 2
= Nu(θ 2 − 1) −
dx
− B2 ((θ 2 − 1 − σ ) 4 − (θ e + 1 − σ ) 4 ) = qconv − qrad ,
σ
σ
− Kλ

where Nu is the αeR2/λg Nusselt number, θe=(Tt–T0)/(T*–T0),
B2=σεR2(T*–T0)3/λg, qconv=Nu(θ2–1) is thee convective
current, qrad=B2((θ2–(1–σ)/σ)4–(θe+(1–σ)/σ)4) is the
heat radiation flux of the frame.
Let us estimate the parameters Nu=2,25...220,5,
B2=38,25, θe=0,14 (heat exchanger temperature Tt is ta
ken equal 373 K) for the ceramic frame of Al2O3+Fe+Cr
and gas – mixture of methane and air.
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me warming up (continuous); b) gas temperature (dotted curve) and the frame (continuous); c) agent concentration at dif
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As it is seen from Fig 5, when changing the number
Le the curves qualitative distribution does not change.
Comparing with the previous one, increasing Le the re
action zone spreads considerably that affects obviously
the heat generation function. But a good heat exchange
on the boundary x=1 (at the selected parameter values)
and high frame heat conductivity result in «insensitivi
ty» of gas temperature and frame to the Lewis number
change even at low filtration rates in comparison with
that what described above.
In conditions of good external heat exchange
Nu>>1 the temperature of the solid frame inner surface

becomes high that results in heat exchange with heat
exchanger by irradiation. The temperature of solid fra
me outer surface in these conditions depends practical
ly on all parameters of the model, for example, decreas
es at increase of gas feed rate (Fig. 6, b). In the last case
the decrease of θ2 (x=1) is connected with heat removal
by heat conductivity deep into the burner. Gas tempera
ture at the output of the burner is specified (θ1=1, x=1).
Increasing the gas feed rate, as it was before, the range
of considerable change of gas temperature and the reac
tion zone get narrow (it is not shown in Figures).
Increasing the burner radius and gas feed rate the
combustion rate wb grows (Fig. 6, а), that is connected
with the increase of temperature gradient in the reaction
zone; it results, in its turn in decrease of radiation flow
(Fig. 6, а), that coordinates in the whole with the
known concepts. The constancy of Nusselt number Nu
at gas rate variation is not quite correct from the phys
ical point of view – the coefficient of external heat
exchange is the function of many values characterizing
this technology and depending both on w, and δ. Within
the frames of this model the processes at the output of
the burner device are not considered therefore, it is not
still possible to take it into account.
Conclusion

The twotemperature model of gas combustion in
porous body of cylindrical heat generator is proposed
and numerically analyzed. The influence of the model
parameters on characteristics of stationary modes of gas
combustion at variation of heat exchange conditions of
porous burner with heat exchanger is studied in details.
The regularities conforming qualitatively to the
known ideas were determined on the basis of the stated
model that indicates the model validity to the experi
mental data. It was numerically shown that the increase
of the burner outer radius and gas feed rate results in the
reaction zone shift to the outer surface of the burner and
drop of combustion rate for any set of thermaphysical
parameters; change of the number Le influences greatly
the reaction zone width and at decrease of activation
energy resulting in increase of the parameter β, and re
duction of the frame heat conductivity it influences the
temperature of gas and frame; the increase of gas feed
rate at constancy of internal and external heat exchange
factors results in decrease of the temperature of frame
and heat flux by irradiation. Unfortunately, these phe
nomena are not analyzed in many theoretical works.
As the detailed study is complicated at experimental
investigations the proposed model may be used for ob
taining the preliminary estimations when studying the
functioning of the real burner devices and set of the pro
blem of their optimization.
The work is fulfilled at financial support of RFBR, grant
№ 050398000, of the program «Energy saving» of SD of RAS06.
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IGNITION OF POROUS HIGHENERGY SUBSTANCES BY LIGHT RADIATION
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The possibility of calculation of highenergy solid fuel ignition processes within the limits of the porous reacting body model has been
shown. Using the given model of ignition, it is possible to consider the dependence of ignition time on pressure which is ascertained ex
perimentally while within the limits of the classic solidphase ignition theory the ignition time does not depend on the initial and the exter
nal pressure.

As the experimental investigations show [1–3], the
process of ignition of solid fuels (SF) is accompanied by
various physical phenomena, in particular: SF gasifica
tion with heat release; the gasification products motion
in pores; homogeneous chemical reactions in the con
densed phase. At the same time the existing «solid
phase» (heterogeneous) and gaseous ignition theories
are to some extent limiting and do not consider the
whole variety of physical phenomena connected with
SF ignition. For example in [4, 5] the solidphase ignit
ion model is used. Applying it the minimum sizes of he
ated bodies capable of igniting solid fuel are determined.
In this work the above listed processes are taken into ac
count in the development of solid phase ignition model
within the frames of the model of porous reactive medi
um [6]
The reactive medium is supposed to be onetempe
rature; in the condensed phase the only effective homo
geneous reaction of the form v1M1→v2M2+v3M3, where
v1M1 is the mass of the initial condensed substance (SF)
occurs; v2M2, v3M3 is the mass of condensed and gaseous
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products of SF combustion reaction. The flux equal qe
falls from the external radiation source to the fuel surfa
ce. Gaseous products motion in pores and heatmass
exchange of fuel with the environment are taken into
account. Let us study the ignition mechanism and de
termine the ignition time.
The equation system [6] describing the concerned
process is written down in dimensionless form
∂ ϕ1
= − γ 1 ϕ1 exp θ ,
∂t
1+ β θ
∂ ( ρ ϕ3 ) ∂ ( ρ ϕ 3 u)
(1)
+
= γ 3 ϕ1 exp θ ,
∂t
∂x
1+ β θ
c ps

∂θ
∂θ ∂ ⎛ ∂θ ⎞
λ
+ ρ ϕ 3 cp u
=
+ ϕ exp θ , (2)
∂t
∂ x ∂ x ⎜⎝ s ∂ x ⎟⎠ 1
1+ β θ

u = −g πu

ϕ 3 (1 − ϕ3 ) −2
∂p
ρ (1 + β θ )
, p=
,g= 3
. (3)
∂x
πp
1+ β θ

This system was solved at the following boundary
conditions

