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Premixed filtration combustion of micron and sub-micron particles in inert porous media:
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Abstract—An analytical model for one-dimensional premixed filtration combustion of volatile fuel particles-air mix-
ture is presented. It is presumed that fuel particles first vaporize and a gaseous fuel with definite chemical structure is
formed, which is subsequently oxidized in the gas phase. Flame structure is considered in the three zones. In the pre-
heating vaporization zone, the mixture is heated until it reaches ignition temperature. In the reaction zone, the combustible
mixture burns and the post flame zone is occupied by the combustion products. The temperature and mass fraction
profiles are obtained of gaseous fuel in these three zones at a semi-infinite inert porous media. Thereafter, the effects
of various parameters such as gas velocity, porosity, fuel particles diameter, number density of fuel particles, and heat
of chemical reaction on the temperature and mass fraction profiles are investigated.
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INTRODUCTION

In the free laminar premixed flames, flame speed and rate of re-
leased heat per unit area depend on conductive heat transfer and
thermal radiation of gas mixture. In these flames, temperature is
locally high, because there is not adequate heat loss from combus-
tion zone. It also causes pollutions such as NO,. In the porous media,
these limitations have been reduced to an acceptable amount. Filtra-
tion combustion includes a heterogeneous exothermic combustion
along a porous medium in which a solid, liquid or gas fuel with an
oxidizer reacts that pass through this medium [1]. When the gas-
eous mixture in the porous medium ignites, released heat from this
reaction is absorbed by the porous bed and is transmitted to adja-
cent layers. This process is a type of the process of increasing en-
thalpy. Gas combustion in porous media is of the most interest, due
to its industrial applications, such as oil extraction, infrared burner
and heater development, ceramic materials synthesis, porous cata-
lysts, volatile organic compound destruction in the air, diesel engines,
and pollution control [2]. In recent decades, porous media burners
of gaseous fuel have shown many advantages among the conven-
tional burners. The advantages of porous media burners are high
power density, very low emission, very wide power range, com-
bustion stability over wide range of equivalence ratio and high ther-
mal efficiency. These advantages of radiative porous burners have
led to their various thermal applications [3].

Filtration combustion includes complex processes, such as chemi-
cal kinetics, thermodynamics, combustion theory, and fluid dynam-
ics. A large number of studies on this subject have been performed
experimentally [4-7], analytically [8-11], and numerically [1,5,9,12].
Also, a comprehensive review has been done by Howell et al. [2],
Kamal and Mohamad [13] and Abdul Mujeebu et al. [14] on this
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subject.

The feasibility of burning solid fuels in the form of fine powder
inside porous media has been numerically investigated by Kayal
and Chakravarty [15]. A one-dimensional heat transfer model was
developed using the two-flux gray radiation approximation for radi-
ative heat flux equations. The effects of absorption coefficient, emis-
sivity of medium, flame position and reaction enthalpy flux on ra-
diative energy output efficiency have been presented. It was revealed
that in porous medium the combustion of suspended carbon particles
is similar to premixed single phase gaseous fuel combustion, except
that the former has a shorter preheating temperature zone length.

Filtration combustion of carbon is used in various industrial pro-
cesses, namely, underground coal gasification, in situ combustion
for residual oil recovery, and such large-scale production as roast-
ing and sintering of ores, blast-furnace process, and direct reduc-
tion of iron from beneficiated iron ores. Becker et al. [16] studied
the kinetics of the overall reactions of carbon gasification at tem-
peratures up to 1,600 K. The kinetic characteristics of the reactions
are taken into account in a distributed mathematical model of filtra-
tion combustion of carbon. By computational experiment at differ-
ent values of process control parameters (the gas flow rate, the frac-
tion of the oxidant in the gas, and the mass ratio of carbon to the
inert material in the combustible mixture), it was found that, in the
wave of filtration combustion of carbon under superadiabatic con-
ditions, carbon gasification can predominately yield either CO, or
CO.

Bubnovich et al. [10] performed an analytical study of combus-
tion waves during the filtration of lean methane-air mixtures in inert
porous media using the one-temperature approximation. The ana-
lytical solution was built in three different regions: the preheating
region, the reaction region and the region occupied by the combus-
tion products. Analytic expressions predicting the temperature and
methane mass fraction profiles in the wave, as well as, the com-
bustion wave velocity and the longitudinal extension of the reac-
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Fig. 1. Schematic diagram of combustion system in a porous me-
dium.

tion region were derived.

This study was aimed at investigating the filtration combustion
of uniformly distributed volatile fuel particles in air. For this, an
analytical model based on analytical solution presented by Bub-
novich et al. [10] is developed. The temperature profile obtained is
compared with that of the analytical study of Bubnovich et al. [10].
The effects of varying parameters such as gas velocity, and poros-
ity on the temperature and mass fraction profiles of gaseous fuel in
all pre-combustion, combustion and post-combustion flame zones
are also analyzed.

MATHEMATICAL MODEL

Fig. 1 shows a schematic illustration of the porous media com-
bustor. Combustible mixture enters to the inert porous medium com-
bustor with a length of / at ambient temperature with uniform veloc-
ity. In the initial part of the channel the mixture inflames and a nar-
row reaction zone is formed with a thickness of /, moving in the
direction of fuel flow with uniform velocity u,.. The entire region
of combustion is divided into three regions. The preheat zone begins
from entrance edge of flow into the channel to the location that mix-
ture temperature reaches the ignition temperature. The chemical
reaction region is defined from the end of the first zone to where
reaction is completed and finished. The last region is the post-com-
bustion region, which is occupied by the combustion products.

The chemical reaction of combustion process is modeled as a
one-step overall reaction

Vi F]+1,,[O,]+inert component—> v,[P]+inert component @)

where the symbols F, O,, and P denote the fuel, oxygen and product,
respectively, and the quantities v, 1, and v, denote their respec-
tive stoichiometric coefficients.

Modeling of filtration combustion of combustible mixture includ-
ing uniformly distributed volatile fuel particles in air involves con-
servation equations for species and energy and boundary conditions
prescribed on problem. Here a one-dimensional model of the prob-
lem is presented and solved. All external forces including gravita-
tional effects are assumed to be negligible. Other introduced ap-
proximations are that diffusion caused by pressure gradient is negli-
gible and Soret and Dufour effects are negligibly small. For simplic-
ity it is assumed that solid temperature and gaseous fuel temperature
are approximately equal to the oxidizing gas temperature.
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- a%(ﬂg—D —hy(T=Ty) = 6Quwy+ 8Qwr, (3)

where Q is the heat release per unit mass of consumed gaseous fuel,
Q, is the heat associated with vaporizing per unit mass of fuel and
h,; is the heat transfer coefficient to surroundings per unit of tube
diameter d..

Thermal conductivity of the porous media A can be written in
the form

A (1= DAt A @)

Radiation is a significant heat transfer mechanism in the solid phase
of packed bed; it enhances the heat transfer in the bed and broad-
ens the reaction zone. The extended reaction zone exhibits intense
superficial radiation from the packed material, but due to multiple
reflections it is essentially contained within an approximate length
equal to the tube diameter. Thus, the gas in this region can be treated
as a thick gas for computation [17]. For simplicity a radiation term
is added to the gas and solid thermal conductivity by a radiant con-
ductivity model [18]

32e0d,T?
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Arad= (5)
where o'is the Stephan-Boltzmann constant.

In the analysis it is assumed that the fuel particles vaporize first
to yield a gaseous fuel of known chemical structure, which is sub-
sequently oxidized in the gas phase. Thus, surface reactions are neg-
lected. The kinetics of vaporization are assumed to be represented
by the expression [19]

w,=And T, ©)

where the quantities A and n are constants which are assumed to
be known, n, is the local number density of particles and T denotes
the gas temperature.

Reaction rate of species can be written in the form [20]

w=pkY, e, Q)

where k, E and R are the pre-exponential factor, activation energy
and universal gas constant, respectively.

Here, a coordinate system x attaching to the reaction region is
defined

x=z—2(t), ®)

where z(t) is the location of the reaction zone and therefore u.=
Z(t) is reaction front velocity. Mathematical model after using this
new moving coordinate with assuming n=1 in dimensionless form is
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where Y is the so called dimensionless mass fraction. The struc-
ture of the flame is assumed to consist of three regions: a preheat
vaporization zone, a reaction zone and the region occupied by the
combustion products. Boundary conditions with these descriptions
are as follows:
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atX=+00: T=0, Y=0 15)
ANALYTICAL SOLUTION

Fig. 2 shows a schematic illustration of the presumed flame struc-
ture in porous medium. It consists of a broad preheat-vaporization
zone, a thin reaction zone, and a broad post-flame zone. To solve
the conservation equations governing in this environment and to
determine the structure of these regions, a series of assumptions is
considered which will be brought in each region separately.

1. Preheat-vaporization Zone

For simplicity, it is assumed that in all regions the properties of
mixtures are constant and Lewis number Le is unity. In the pre-
heat-vaporization zone the rate of chemical reaction between the
fuel and oxidizer is assumed to be small, and the structure of this
layer is determined from a balance between the convective, diffu-
sive, and vaporization terms in the conservation equations. First,
the energy equation and then the species conservation equation will
be solved. The temperature distribution in this area is as follows:

R p—

Fig. 2. Schematic illustration of the presumed structure of the
flame.
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With boundary conditions T, =0at x=—1 and T,=1 at X=0 con-
stants ¢, and ¢, are found.
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With the temperature distribution, (9) can be resolved and distribu-
tion of the mass fraction of the gaseous fuel is obtained. For this
purpose, it is assumed that the temperature appeared in the expo-
nential term of (9) is constant and equal to the mean value of the
initial temperature of the mixture and the ignition temperature. As
aresult, there is
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2. Chemical Reaction Region

In the second zone the vaporization terms are assumed to be small
in comparison with the convective, diffusive and reactive terms. In
this thin region is also assumed that in the exponential terms the
temperature is constant and equal to the ignition temperature. With
these assumptions,

p=pe 22)
YH: dgekﬁ + d4ekﬁ (23)
K _1=J1+48 K 1+ 1+4 8 24

= k=TT @4

Here, for the general solution (23), because k, is positive, the second
term is cancelled and d,=0. By using the boundary conditions Y =
0atx=—/and Y,=Y, and Y =Y, at X=0 the values of d,, d, and
d, are obtained in a system of linear equations. The solution of the
system by Cramer’s rule [21] is given by
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With a gaseous fuel mass fraction profile, the temperature profile
will be obtained.
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3. Post-combustion Region

In the case of rather slow addition of the oxidizer or a high tem-
perature, the reagents are consumed completely. Considering the
small amount of A in this region, Y is close to zero. However, for
the mass fraction profile in the third area, Eq. (23) is used. To acquire
the temperature profiles, it is assumed that vaporization and reac-
tive terms are small in comparison with other terms.

?m =d; ekjg (35

Tu=cse” +ce™ (36)
With the boundary condition T=0 at X=t+o00, ¢;=0 is obtained. With
boundary conditions T,=T, at x=0, T,=T,, at x=dand T,=T,,
at Xx=0'the values of c;, ¢, and ¢, are obtained in a system of linear
equations by Cramer’s rule.

D 1 0
rs0 )
E ¢ Sy
5 |
F re™ —r¢
Cci= 37
1 1 0
%) ) o
e e —e
0 5 730
e’ re™ —re
1 D 0
) 2
"R e
3 o)
rie”” F —1e”
C4= (3%
1 1 0
36 7S 6
e e —e
) 6 5]
e re™ —re

February, 2011

Cs= : (39
1 1 0
6 "o 16
(S (5] —€
) "o 16
e e —rse

where constants D, E and F are as follows:
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4. Reaction Region Thickness and Combustion Wave Velocity

The dimensionless reaction region thickness is unknown in the
obtained relations. Regarding the combustion region, it can be said
that it starts where the temperature is equal to the ignition tempera-
ture, T=1, and ends in X=6 where the mass fraction of combusti-
ble is close to zero (Y=A). From (23)

A=dye= 5= klslnd% 3)
Therefore, the reaction region thickness can be calculated by means
of a value of A. Here, the mass fraction of gaseous fuel is assumed
to be 1/100 of the value of Y,

Combustion wave propagation velocity can be obtained from
boundary condition T, =T, at X=0 which an implicit relation is ob-
tained.
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where ¢, ¢, and d, are obtained from (37), (38) and (27), respec-
tively.

RESULTS AND DISCUSSION

In this paper, filtration combustion of uniformly distributed fuel
particles in an oxidizing gas is modeled. For analyzing the results,
it is assumed that the gaseous fuel that evolves from the fuel particles
is methane [19] and physical properties ¢, ,=947¢**"*"" J/(kg K),
p=1.13kg/m’ and 1,=4.82x107"c, ,T,"”” W/mK) for the mixture
are considered. Combustion of the mixture is described as a single-
step overall chemical reaction that released heat per unit mass of
consumed fuel is equal to Q=50150000 J/kg and Q,, is equal to 0.01Q.
The reaction rate obeys first-order Arrhenius relation with the acti-
vation energy E=129999.97 J/mol and pre-exponential factor k=
2.6x10%s™'. For the vaporization term, values of A=3.713x10"* kg/
(m* Ks) and n=1 is chosen to be equal to rate of devolatilization of
coal at T=1400 K [22]. The value of n, is 4x10° m™ except in those
charts in which the effects of its variation are considered.

It is assumed that the semi-infinite porous channel is made up of
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5.6 mm diameter alumina spheres forming porosity of £=0.4 between
particles [11]. These alumina spheres have a density p=3987 kg/m’,
specific heat capacity ¢, ,=29.567+2.61177T,~0.00171T;+3.382x107
T? J/(kg K) and thermal conductivity 4,=—0.21844539-+0.00174653T,
+8.2266x107°T.? W/(mK). Heat transfer coefficient to surroundings
per unit of tube diameter d, is

4
h,= g—r(h + g’g”o{, — ,E] @ , 45)
where £=0.45 is the emissivity of the solid spheres, £=0.38 is the
transmissivity factor for the pipe materials, h=10 W/(m* K) is the
heat transfer coefficient and is the Stefan-Boltzmann constant.

For simplicity, properties of the mixture are regarded as constant.
Values of /=0.25 m, T,=300 K, Tig=1150K, c, ,=1087.8 J/(kg K),

1.2 T T T
=% - The present model

. —®— Analytical solution from [10]
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Fig. 3. Comparison between the predictions of the present analyti-
cal model for particles of diameter 5 um and analytical so-
lution by Bubnovich et al. [10] for methane-air mixture un-
der similar conditions.
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Fig. 4. Dimensionless temperature T versus dimensionless mov-
ing coordinate in different gas velocity for particles with the
diameter of d=3 pm.
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Fig. 5. Dimensionless gaseous fuel mass fraction versus dimension-
less moving coordinate in different gas velocity for particles
with the diameter of d=3 pm.

4,=0.0531 W/(m K), 4=1.1445 W/(m K)) and 2=1.1652 W/(m K)
are chosen and value of b, is considered to be 1,000 W/’ K), except
for those charts in which the effect of heat loss from lateral surfaces
has been assessed. Therefore, by considering u,=0.8 m/s and for
particles with the diameter of 3 um, combustion wave displacement
speed from (44) is obtained approximately u,,=1.3%10"* m/s.

Since there are no analytical, experimental or numerical studies
similar to this study, the obtained results for particles with 5 micron
diameter are compared with the analytical solution of premixed com-
bustion of methane-air mixture at identical conditions performed
by Bubnovich et al. [10]. Fig. 3 shows that in the first and the second
zones of the flame, the temperature of the particle-air mixture is
lower than that of the methane-air mixture, and in the last zone vice
versa. Therefore, the predicted maximum temperature for the parti-
cle-air mixture is lesser.

Figs. 4 and 5 show variation of dimensionless temperature T and
dimensionless mass fraction of the gaseous fuel Y defined in (11)
versus dimensionless moving coordinate in different gas velocities
with the assumption of constant combustion wave velocity u,=1.3x
10* m/s for the particles with the diameter of d=3 pum. By increas-
ing the gas velocity from 0.7 m/s to 1 m/s, the process of the tem-
perature increase is delayed, but by initiating, the slope of increas-
ing of the gas temperature increases and reaches to higher maxi-
mum temperature in the combustion zone. The slope of decreasing of
the temperature decreases during and after combustion, and in the
farther distance from combustion zone, the gas temperature reaches
to ambient temperature. In Fig. 4 according to the definition of Y,
in (11) that does not depend on gas velocity, by increasing of gas
velocity, at first, the mass fraction of gaseous fuel Y has a lower
value, but because slope of decreasing of the mass fraction decreases
during and after combustion, in the larger distance from the first
zone approaches to zero.

In Figs. 6 and 7 dimensionless temperature T and dimensionless
gaseous fuel mass fraction Y charts as a function of dimensionless
moving coordinate X is depicted in various porosities with assump-
tion of constant combustion wave velocity for particles with diam-

eter d=3 um. The effect of porosity increase on the temperature

Korean J. Chem. Eng.(Vol. 28, No. 2)
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Fig. 6. Dimensionless temperature T versus dimensionless mov-
ing coordinate in different porosity for particles with the
diameter of d=3 pm.
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Fig. 7. Dimensionless gaseous fuel mass fraction versus dimension-
less moving coordinate in different porosity for particles with
the diameter of d=3 pm.

distribution resembles the effect of increasing of gas velocity. It means
that by increasing of porosity from 0.4 to 0.5 in the first zone, the
temperature decreases, and afterwards temperature increases. Due
to the weak dependence of Y, on porosity, the increase of porosity
causes that the mass fraction of gaseous fuel Y at the end of first
zone has a lower value, but at the beginning and middle of the first
zone and second and third zones, the increase of porosity from 0.4
to 0.5 has no considerable influence on the mass fraction profile of
the gaseous fuel.

Figs. 8-11 show the effect of particle diameter and the number
density n, on the dimensionless temperature profile and dimensionless
mass fraction, with the assumption of constant combustion wave
velocity. Because in Figs. 8 and 9, in contrast to other charts, the
nano-sized diameter is also used; it is assumed that 4=0.0001. Parti-
cle diameter increase or number density of particles has no effect
on temperature distribution in the preheat zone. In the combustion
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ter of d=3 pum.
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sionless mass fraction profile for particles with the diame-
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Fig. 12. The effect of increasing of the heat loss of the system from
lateral surfaces on temperature distribution for particles
with the diameter of d=3 pm.

and post-flame zones, these increases are equivalent to the temper-
ature increase. The mass fraction of gaseous fuel Y has also higher
values in all zones by particle diameter or number density increases,
owing to the increase of vaporization rate of fuel particles.

The effect of the heat loss from lateral surfaces of the system by
natural convection and thermal radiation on the temperature distri-
bution and mass fraction is shown in Figs. 12 and 13. As expected,
by increasing of the heat loss from the system, the gas temperature
decreases. The mass fraction of gaseous fuel also decreases due to
the temperature and therefore vaporization rate of fuel particles de-
crease, but this is negligibly small in the second and third zones.

Fig. 14 is related to the effect of the combustion enthalpy, with
the assumption of constant combustion wave velocity and Q,. As
seen, because the chemical reaction is ignored in the preheating zone,
there is no variation in the temperature distribution in this zone. The
temperature profile is proportional to the heat of reaction in the com-
bustion and post-combustion zones.
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Fig. 13. The effect of increasing of the heat loss from lateral sur-
faces on the mass fraction distribution for particles with
the diameter of d=3 pum.
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Fig. 14. The effect of the combustion enthalpy variations on the
dimensionless temperature profile for particles with the
diameter of d=3 um.

CONCLUSIONS

Theoretical analysis of filtration combustion of a combustible mix-
ture, including volatile fuel particles which are propagated uniformly
in an oxidizer, is presented. The temperature and mass fraction pro-
files of the gaseous fuel are obtained analytically in a semi-infinite
inert porous media. The analytical results show that for particles
with 5 micron diameters at identical conditions, the anticipated maxi-
mum temperature for the particles-air mixture is lower than that of
the methane-air mixture. Analytical results also indicate that by the
gas velocity and porosity increases, that temperature decreases first
in the preheat zone and then increases in the combustion and post-
combustion zones. By increasing of the gas velocity, at first the mass
fraction of gaseous fuel Y decreases, but since the slope of decreas-
ing of the mass fraction decreases during and after combustion, it
approaches to zero at the farther distance. The porosity increase leads
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to higher values of the mass fraction of gaseous fuel at the end of
the first zone, but has no remarkable effect on it at the other loca-
tions. Fuel particle diameter or number density of particles increases
has no effect on the temperature profile in preheating zone. In the
combustion and post-flame zones, their increase is equivalent to
increase of the temperature. By increasing the fuel particle diame-
ter or increasing of the number density of particles per unit volume
n, and consequently by increasing of vaporization rate of fuel par-
ticle, the mass fraction of gaseous fuel Y has a higher value in all
zones. Increase of heat loss from the system leads to the gas tem-
perature decrease and by decreasing of temperature and vaporization
rate of fuel particles, the mass fraction of gaseous fuel decreases,
but is negligibly small in second and third zones. Because chemi-
cal reaction is neglected in preheating zone, there is no variation in
the temperature profile with variation of combustion enthalpy, but
by increasing of heat of reaction, the temperature increases in the
other zones.

NOMENCLATURE

>

: parameter characterizing rate of vaporization of fuel parti-
cles [kg/(m* K s)]

: specific heat capacity [J/(kg K)]

: diameter of fuel particles [m]

: diameter of the solid alumina spheres [m]

: diameter of tube [m]

: molecular diffusion coefficient [m?/s]

: activation energy [J/mol]

: convection heat transfer coefficient [W/(m* K)]

: effective heat transfer coefficient for heat exchange with sur-
roundings per unit of tube diameter [W/(m’ K)]

: Arrhenius pre-exponential factor [s™']

: length [m]

: temperature exponent characterizing rate of vaporization
of fuel particles

: local number density of particles (number of particles per
unit volume) [1/m?]

: number density of particles in ambient reactant stream (num-
ber of particles per unit volume) [1/m’]

: heat release per unit mass of gaseous fuel consumed [J/kg]

: heat associated with vaporizing unit mass of fuel [J/kg]

: universal gas constant [J/(mol K)]

: temperature of gas [K]

: temperature of porous media [K]

: time [s]

: gas velocity [m/s]

- :combustion wave velocity [m/s]

: rate of vaporization of fuel particles [kg/(m® s)]

: reaction rate characterizing consumption of gaseous fuel [kg/
(m’s)]

: mass fraction

: spatial distance in moving coordinates [m]

: dimensionless spatial distance

: spatial distance [m]

SSmgeasss

B B —r
i =

=

<

EEEF T AAROO

N X X

Greek Letters
g :Porosity

February, 2011

g :porous media emissivity

& :transmissivity factor

A :thermal conductivity [W/(m K)]

A : asmall number describing the value of mass fraction of gas-
eous fuel at the end of the reaction zone

p  :density [kg/m’]

o : Stephan-Boltzmann constant [W/(m* K*)]

v :stoichiometric coefficient

Subscripts

0 : initial condition

eff :effective
F  :gaseous fuel

g :gas
O, :oxygen

p : fuel particles
P : product

rad :radiation

S : solid

I : first region

I :second region

I  :third region
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