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Abstract

Present work is a numerical analysis of combustion of submicron carbon particles inside an inert porous medium where the particles
in form of suspension in air enter the porous medium. A one-dimensional heat transfer model has been developed using the two-flux gray
radiation approximation for radiative heat flux equations. The effects of absorption coefficient, emissivity of medium, flame position and
reaction enthalpy flux on radiative energy output efficiency have been presented. It is revealed that in porous medium the combustion of
suspended carbon particles is similar to premixed single phase gaseous fuel combustion except the former has shorter preheating tem-
perature zone length. Use of porous ceramic having high porosity and made of Al2O3 or ZrO2 with stabilized flame position operated
nearer to downstream end will ensure radiative output maximum and minimum at downstream and upstream end, respectively.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, the development of porous radiant bur-
ner concept for gaseous fuels has also taken new dimension
due to its several advantages over the free flame burners. In
a porous burner, combustion of premixed gaseous fuel-air
mixture inside the porous matrix releases energy to heat up
the matrix which converts sensible heat of combustion gas
to radiative energy. The radiative energy, apart from pre-
heating the gas-air mixture for combustion augmentation,
is emitted at the downstream end to heat up the load. In
comparison to conventional burners, the porous gas burn-
ers have higher thermal efficiency, high power density, low
emission of CO and NOx and better flame stability. Vari-
ous thermal applications in both domestic and industrial
sector have been reported [1,2].

Elaborate analytical and experimental studies have been
made to analyze the combustion characteristics of porous
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medium burner for gaseous fuel-air mixture system [3–7].
Limited number of experimental and numerical studies have
been reported for combustion of liquid fuel using porous
medium [8–13]. In these studies, the oil was fed in form of
oil spray or drops in air at the entry point and the vaporiza-
tion of oil occurs with the upstream radiative heat before
combustion of oil vapor-air mixture within the porous
matrix. Fuse et al. [14] used the upstream radiative heat
from the combustion of oil in the matrix and furnace wall
to vaporize the oil from oil container for sustained oil vapor-
ization and stable combustion. Kayal and Chakravarty [15]
developed a two-dimensional model based on a conceptual
system where the liquid fuel is vaporized through indirect
heat transfer from vaporized fuel combustion zone. The
vaporization energy has been derived through radiative
interaction of the vaporizing plate and an upstream end sur-
face of the porous medium. The medium converts the sensi-
ble heat of the combustion gas to downstream radiative heat
flux. Emmisivities of vaporizing plate and porous medium
along with optical thickness of medium affect the radiative
output of the system significantly. Several experimental
studies have been made [16–18] on the combustion behavior
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Nomenclature

a specific area, m�1

a* absorption coefficient of porous medium, m�1

a*0 effective absorption coefficient of region A, m�1

b enhancement factor of absorption coefficient,
a*0/a*

c specific heat of mixture at constant pressure,
J kg�1 K�1

d carbon particle diameter, m
E* emissivity of inert solid medium
E0 downstream radiative efficiency in percent, q*(L)

q0�1

E00 total radiative efficiency in percent, [q*(L) �
q*(0)]/q0

f equivalence ratio
h heat transfer coefficient, W m�2 K�1

i radiation intensity, W m�2

ib black body intensity, W m�2

k thermal conductivity, W m�1 K�1

L porous layer length, m
L0 dimensionless preheating temperature zone

length, (x* � x0)/L
m mass of single carbon particle, kg
M molecular weight, kg mol�1

M1,M2,M3 dimensionless quantities as in Eq. (11)
n number density of carbon particles, m�3

p pressure, N m�2

q radiative heat flux, W m�2

q* net radiative heat flux, W m�2

q0 reaction enthalpy flux, W m�2

Q dimensionless radiative heat flux, qr�1T�4
i

Q* dimensionless net radiative heat flux, q�r�1T�4
i

Q0 dimensionless reaction enthalpy flux, q0r�1T�4
i

R universal gas constant, J mol�1 K�1

s scattering coefficient, m�1

s1, s2 scattering coefficient of region C and A, respec-
tively, m�1

T temperature, K
TA autoignition temperature, K
T* dimensionless temperature, (Tg � Ti)/Ti

T*0 dimensionless peak gas temperature, (Tm � Ti)/
Ti

T �A dimensionless autoignition temperature, (TA �
Ti)/Ti

u axial velocity, m s�1

uf laminar flame burning velocity of carbon dust at
stoichiometric dust concentration in air, m s�1

V* dimensionless burning velocity, u3/u1

x axial coordinate, m
x* axial coordinate at flame plane, m�1

x0 value of x at T* = 0.01
X* dimensionless axial coordinate in flame plane,

x*L�1

X dimensionless axial coordinate, xL�1

y mass fraction of gaseous product

Greek symbols

a absorption coefficient, m�1

u porosity
q density, kg m�3

r Stefen–Boltzman constant, W m�2 K�4

w inertial impact factor
k cross sectional area ratio of solid with and with-

out suspended carbon particles

Superscripts
+ forward direction
� backward direction

Subscripts

e exit plane
g gas
gc between gas and carbon particle
gs between gas and solid medium
i inlet plane
m maximum
s solid medium
1, 2, 3, 4 interfacial plane
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of kerosene when kerosene oil was added dropwise at the
top of the ceramic porous matrix. The oil got vaporized dur-
ing its downward passage inside the porous media and had
combustion after mixing with air inside the matrix. Kayal
and Chakravarty [19] presented numerical analysis of com-
bustion of liquid fuel oil where the oil flows under gravity
through an inert porous medium wetting its solid wall with
con- current movement of liquid fuel and air under steady
state conditions. The effects of various properties of porous
medium and operating parameters on the vaporization zone
and radiation energy output have been discussed. Non-iso-
thermal plug flow of pulverized bituminous coal suspension
has been used to estimate and verify experimentally data
regarding various involved operations upto combustion of
individual coal particles [20]. Three-dimensional computa-
tional fluid dynamics have been carried out extensively for
boilers using pulverized coal [21]. In recent years, the focus
is on utilization of various waste materials in conjunction
with conventional fuel for combustion in fluidized bed or
in form of pulverized particles. Bubbling fluidized bed com-
bustion of coal, biomass, agricultural waste, industrial
waste has been studied experimentally with theoretical
model recently [22]. Fluidized combustion of municipal
solid waste and lignite has also been studied [23]. Coal com-
bustion behavior has been studied [24] using semi-empirical
model in estimating particle size distribution in a circulating
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fluidized bed where both axial and radial segregation of coal
particles were considered. Experimental and theoretical
study of combustion of coal reburn with natural gas in
pulverized fuel combustion was made for predicting NOx

emission [25]. No numerical and experimental study of com-
bustion of pulverized fuel in inert porous medium has been
reported so far. The present study investigates numerically
the thermal behavior of a highly porous ceramic matrix
for combustion of submicron carbon (carbon black) parti-
cles suspended in air.

2. Mathematical analysis

2.1. Analytical model

The schematic diagram representing one-dimensional
model under steady state condition is shown in Fig. 1. A uni-
form suspension of carbon (carbon black) particles in air
with mass velocity qu in laminar flow enters an adiabatic
duct containing inert porous medium of length L. The parti-
cle laden air enters medium (x = 0) at temperature Ti, burns
near the region at x = x* and flows out at x = L at tempera-
ture Te. The porous medium is divided into three regions A,
B and C. The interfacing planes which are perpendicular to
x-direction are separating the regions and designated by 1,
2, 3 and 4. The radiative heat fluxes in forward and backward
in the porous medium are q+ and q�, respectively.

The principal assumptions used in the formulation are
as follows:

a) The working gas is non-radiating as the emissivity of
gas is much less than that of porous material.

b) The pressure drop across the porous media is negligi-
ble due to laminar flow of gas through highly porous
structure. This is justified as the usual matrix struc-
ture [6] of radiant burners is in the form of open cel-
lular foams or ceramic fiber structure having porosity
in the range of 0.95–0.99.

c) The porous medium and the carbon particles are able
to emit and absorb radiation in local thermal equilib-
rium while radiative scattering is ignored. This
q-

u
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q-
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Fig. 1. Schematic diagram of a combustion system in a porous medium.
assumption is realized to cover most of porous med-
ium such as ceramic foam [5] and porous metallic
structure [3].

d) The porous medium is a homogeneous continuum,
the physical properties of which are given by multi-
plying those of porous material by a factor of (1 � u).

e) In precombustion region A, the presence of carbon
particles leads to increase in effective absorption coef-
ficient of matrix a few fold. This assumption is realized
as the increase of absorption coefficient has been
observed for ceramic matrix [7,26] and metallic wire
mess structure [17,27] when the porosity of structure
decreases in both cases. For ceramic foam structure
(PSZ) of 10 and 65 ppi (pores per inch), the porosities
of matrix are 0.87 and 0.84 and absorption coefficients
(1/m) are estimated to be 72 and 250–750, respectively
[26]. In the present study, the effective porosity of solid
for flow of gas decreases from 0.95 to 0.873 due to pres-
ence of carbon particles in the voids of matrix for stoi-
chiometric carbon loading in air. So the presence of
carbon particles leads to significant increase in absorp-
tion coefficient in the precombustion zone A. How-
ever, no mathematical correlation between porosity
and absorption coefficient has been reported so far.

f) A one-dimensional radiative propagation occurs in
x-direction without any reaction being taken place
in region A and C. This assumption is reasonable
due to high thermal insulation outside the duct in
presence of negligible radial flow.

g) Physical interaction between porous medium surface
and suspended carbon particles in air stream in
region A is negligible. For ceramic foams with high
porosity i.e. low number of pores per inch, the col-
lecting structure of porous medium [14,26] for solid
carbon particles in air is between 1.5 and 2.5 mm.
Inertial impaction factor (w) based on Stokes law
for cylindrical targets on the suspension flow of car-
bon black particles in the size range of 28–500 nm
[28] has been estimated [29]. Corresponding inertial
impact collection efficiency of target is nearly nil
[29], confirming no interaction between flowing parti-
cles with porous structure.

h) No temperature gradient exists inside each solid par-
ticle as Biot number [hd/ks] is estimated to be much
less than 0.1 for fine particles [30].

i) The porous medium is non-catalytic.
j) The suspension of particles in air enters the region at

a temperature Tg 6 TA where TA is the autoignition
temperature of carbon black-air suspension. The
maximum temperature of carbon particle-air suspen-
sion is the autoignition temperature, TA before it
enters the reaction region B. However, gas entry tem-
perature T2 for methane combustion in porous
matrix was obtained to be less than TA [3].

k) The oxidation reaction of carbon particles starts and
gets completed at constant temperature Tg = Tm. As
the porosity of solid medium is very high (u > 0.9)
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and the air flow is laminar, the flow may be assumed
to be of plug flow nature. For isothermal plug flow of
pulverized char particle, the complete burnout time
for carbon particles of average size, 100 nm (with
100% carbon content) at stoichiometric dust concen-
tration in air, has been estimated [31] to be about
6 � 10�4 seconds using effective rate constant (includes
both kinetics and diffusion) as 0.5 g/(cm2 s atm O2),
at 1600 K, carbon density [30] as 2 g/cm2. For the
present system, the reaction thickness with this burn-
out time is estimated around 0.6 mm. This dimension
is smaller or nearly equal to the dimension of cavity
for highly porous ceramics [5] and metallic structure
[4]. With high permeability and porosity of matrix,
the combustion can be realized as if in open flow
condition in such a small thickness so that the
assumption of constant temperature Tm of reaction
zone B is justified.

l) At interface 2, the particle suspension in air at
Tg 6 TA when enters the reaction region B instanta-
neously reaches the reaction peak temperature Tm

because of high reaction enthalpy flux. So the inter-
face 2 exchanges radiative enthalpy from reaction
region B only through emissive/absorptive interac-
tion between reaction temperature Tm and low tem-
perature (Tg 6 TA) of solid matrix and carbon dust.
2.2. Basic equations

Using the above mentioned assumptions, the continuity
equations for species, the energy equations for both the gas
and solid phases are formulated respectively [4,31,33].

In region A

qucðoT g=oxÞ ¼ kgðo2T g=ox2Þ � hgcðnpd2ÞðT g � T cÞ
� hgaasðT g � T sÞ ð1Þ

Equation of state:

q ¼ pM=ðRT gÞ ð2Þ

In A and C regions, the net radiative heat flux, q* is related
to heat fluxes q+ and q� in forward and backward direc-
tions as

q� ¼ qþ � q� ð3Þ
oq�=ox ¼ ksðo2T g=ox2Þ þ hgsasðT g � T sÞ ð4Þ

Using two-flux gray radiation approximation [33], the
equation of transfer for intensity in each hemisphere is inte-
grated over their respective hemispheres to yield forward
and backward intensities, i+ and i� as

oiþ=2ox ¼ �ðaþ sÞiþ þ si� þ aib ð5Þ
oi�=2ox ¼ �ðaþ sÞi� þ siþ þ aib ð6Þ

where

a ¼ a� or a�0; s ¼ s1 or s2; ib ¼ black body intensity
As each intensity over their respective hemisphere is con-
stant under the two-flux model, the Eqs. (5) and (6) are
integrated over each hemisphere to yield

oqþ=2ox ¼ �ðaþ sÞiþ þ si� þ arT 4
s ð7Þ

oq�=2ox ¼ �ðaþ sÞi� þ siþ þ arT 4
s ð8Þ

In region C, a = a*, whereas in region A, a = a*0 = ba*,
where b is the enhancement factor of a* for presence of car-
bon particles in the matrix void.

At the interface 2, the absorptance of solid phase and
carbon particles at temperature T2 for incident black radi-
ation of reaction temperature Tm is equal to the emittance
of the surface at Tm for electrical nonconductors such as
ceramics, metal oxides and poor conductor carbon parti-
cles in which the monochromatic emittance is independent
of temperature [34].

At x ¼ x2 : q� ¼ E�rT 4
m � kE�rT 4

m ð9Þ

where k is the ratio of cross sectional area of solid with and
without suspended carbon particles.

Other boundary conditions are

x ¼ 0 : T g ¼ T i; qþ ¼ 0

x ¼ x2 � Dx : T g 6 T A; y ¼ 0 Dx! 0

x ¼ x2 : y ¼ 0; T g ¼ T m

x ¼ x3 : y ¼ 1; T g ¼ T m

x ¼ L : T g ¼ T e; q� ¼ 0

ð10Þ

These equations are transformed into dimensionless form
using following dimensionless quantities:

X � ¼ x�=L; T � ¼ ðT g � T iÞ=T i; M1 ¼ quc=ðrT 3
i Þ;

M2 ¼ ks=ðrT 3
i LÞ; M2 ¼ kg=ðrT 3

i LÞ ð11Þ

The energy balance of the reaction region B is worked out
by considering the total reaction release rate, sensible en-
thalpy flux of gas and radiative energy flux at 2 and 3 ends.
The overall energy balance is made by equating the total
reaction heat release rate to sensible enthalpy flux at down-
stream end, radiation losses at upstream and downstream
ends. Heat conductive energy fluxes at both ends of porous
medium are assumed to be negligible [3].

2.3. Numerical solutions

The governing differential equations with boundary con-
ditions were numerically integrated using collocation [35].
In this method, the differential equations are converted to
nonlinear system of equations with assumed polynomial
spatial profiles for temperature and heat fluxes. These alge-
braic equations were solved using computer. The base line
data are as follows:

Q0 ¼ 1� 104; T i ¼ 298 K; f ¼ 1; L ¼ 0:1 m; s ¼ 0;

u ¼ 0:95; C ¼ 1:105 kJ=kg=K; kg ¼ 0:078 W=m=K;

ks ¼ 0:18 W=m=K; E� ¼ 0:4
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The value of hgsas is estimated [4] to be 2 � 107 W/m3/K.
The particle size d of carbon black (natural gas) is taken
[28] as 40 nm with its carbon content assumed as 100%.
The autoignition temperature of carbon black, TA is taken
[32] as 591 K. For suspended coal dust (d = 10 l) in air
with stoichiometric dust concentration at finite ignition dis-
tance of 5 cm, the laminar burning velocity (uf) is experi-
mentally determined [36] to be 0.8 m/s. For fine carbon
particles, hgc is estimated [31] using Nusselt number as 2.
3. Results and discussion

The temperature of gas, solid matrix and carbon parti-
cles coincide due to firstly, high values of hgsas imposed
[4,5], secondly high value of hgc in region A. With peak
temperature above 1600 K, the assumption of constant
reaction temperature (Tm) is satisfied. The temperature
profiles as a function of X inside the porous medium at dif-
ferent effective absorption coefficient of region A are shown
in Fig. 2 with flame position X* = 0.5. In the preheating
region A, air temperature Tg remains constant from x = 0
to x = x0. At x = x0, air temperature just increases above
Ti and its value has been arbitrarily fixed at 1.01Ti i.e.
T* = 0.01. Here L0, the preheating temperature zone
length, (x* � x0)/L is defined as the axial distance between
x = x* and x = x0 where T* = 0.01 at x = x0. In this system
for b = 1,2,4 and 7.5, the corresponding values of L0 are
0.45, 0.35, 0.22 and 0.13, respectively. In the preheating
region A, the increase in loading of carbon particles in
air stream leads to increase of effective absorption coeffi-
cient of the matrix void. So the shorter distance from the
combustion zone x = x2), as indicated by L0 value, is
required for air preheating from Ti to TA when the carbon
particle concentration in the air stream is increased. It can
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Fig. 2. Effect of effective absorption coefficient of the precombustion zone
on the temperature distribution for X * = 0.5, a* = 20 (1/m).
be seen that the change in the effective absorption coeffi-
cient of matrix void in preheating region A does not change
the interfacial temperature TA (i.e. T �A ¼ 0:983). Computa-
tional data shows that the variation of a*0 with same a*

does not change peak temperature Tm and radiative effi-
ciencies (E0, E00). This means the presence of carbon parti-
cles in region A does not affect the post combustion
temperature history and radiative activities as well as the
upstream radiative loss. It is as if a single phase gas com-
bustion where a* = a*0 as regards the reaction the reaction
temperature and radiative output. As such while analyzing
the other effects of variables on the system discussed later,
the effect a*0 on the system is assumed to be absent. Fig. 3
shows the absorption coefficient of matrix structure (a*) on
the reaction temperature (T*0), burning velocity (V*), and
radiative efficiencies (E0, E00). As the absorption coefficient
(a*) increases, the radiative energy feedback from the
post-flame region to the reaction zone increases. But due
to increase in a*, the increase in radiative energy feedback
is partially neutralized with increase in radiative output at
both upstream and downstream ends. This combined effect
results in only marginal increase in reaction temperature
(T*0) and burning velocity (V*). At a* = 15, there is no
upstream loss. With increase in a* from 15 to 40, the
upstream loss sharply increases. At a* > 40, both upstream
and downstream losses increase marginally with increase in
a*.

For combustion of single phase gaseous mixture con-
taining hydrocarbon and air, flame can be stabilized
[3,4,37] at any position of X (i.e. X*) inside the porous sys-
tem. Assuming similar possibility of stabilization for this
system at any value of X*, the effect of X* has been ana-
lyzed in Fig. 4. The value of T*0 and V* are nearly constant
for X* in the range 0.1–0.8. At X* > 0.8, the value of T*0
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Fig. 3. Effect of absorption coefficient of porous medium on the peak gas
temperature, burning velocity and radiative output for X * = 0.5.
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Fig. 4. Effect of position of reaction zone on peak gas temperature,
burning velocity and radiative output for a* = 60 (1/m).
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Fig. 6. Effect of reaction heat flux on peak gas temperature, burning
velocity and radiative output for a* = 60 (1/m), X * = 0.5.
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and V* decrease sharply with increase in X*. In porous
medium, the radiative heat feedback depends on the value
of T*0, V* and effective upstream optical thickness. As the
position of flame plane (X*) shifts towards the upstream
end, the upstream radiation end loss rises whereas the
downstream end loss remains nearly constant for
X* 6 0.8. With X* > 0.8, the upstream and downstream
losses sharply decrease and increase respectively with
increase in x*. At X* = 0.85, the upstream loss becomes
zero. Similar observation has been made earlier [12].

The effect of effective emissivity (E*) of the porous med-
ium on its thermal performance is presented in Fig. 5. The
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Fig. 5. Effect of emissivity of porous medium on peak gas temperature,
burning velocity and radiative output for a* = 60 (1/m), X * = 0.5.
effect of E* and a* are similar except that E* affects the per-
formance of the prereaction region A, whereas a* affects
that of the whole medium. Accordingly, the effect of E*

on T*0 and V* has similar trend. The values of T*0 and
V* are nearly constant throughout the range of E* = 0.2
to 1.0. However the effect of E* is significant on E0 and
E00. At E* 6 0.3, there is no upstream radiative loss. But
at E* > 0.3, upstream and downstream radiative losses
increase and decrease respectively almost linearly with
increase in E*. Similar trend in the effect of E* on E0 and
E00 has been reported earlier [12,19].

Fig. 6 shows the effect of reaction enthalpy flux, Q0 on
thermal performance of the system. Both reaction temper-
ature (T*0) and burning velocity (V*) increase almost
linearly with increase in Q0. With increase in Q0, the down-
stream radiative loss increases but both efficiencies E0 and
E00 decrease. At low values of Q0, the radiative efficiencies
are very high. It shows that at low gas flow rate, the conver-
sion of sensible heat of gas to radiative heat becomes more
efficient, whereas at high gas flow rate i.e. at high values of
Q0, the sensible heat loss in exit gas predominates over the
radiative heat conversion.
4. Conclusion

In porous medium, the combustion of suspended submi-
cron carbon (carbon black) particles in air is similar to pre-
mixed single phase gaseous combustion except the former
has shorter length of preheating temperature zone. The
absorption coefficient, flame position and emissivity of
the porous medium play important role in determining
radiative end losses. The downstream radiative output is
desirable to heat the load in industrial application whereas
the upstream radiative loss is undesirable and a waste.
Lower value of absorption coefficient and emissivity of
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medium ensure higher downstream radiative output. Also
flame position nearer to downstream end increases down-
stream radiative output. Usual material of construction
of porous medium is ceramics i.e. Al2O3 or ZrO2 which
has low emissivity (E*) of 0.28 and 0.31, respectively at
2000 K [2]. Porous ceramic foam with very high porosity
is having low absorption coefficient [7,14]. So use of highly
porous matrix made of Al2O3 or ZrO2 with flame position
stabilized nearer to downstream end will maximize the
downstream radiative output with minimum radiative out-
put loss.
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