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The mechanism of mathane-air combustion on the surface of a porous ceramic plate was studied by
experimental testing and analysis of a simplified theoretical model based on one-dimensional flow of methane-
air mixture and the overall chemical reaction rate.

The effects of such parameters as thickness of porous ceramic plates, equivalence ratio of mixed-gas and
heat load on the combustion characteristics were examined.

A thicker plate achieves higher surface temperature as premixed gas is preheated on the porous ceramic
plate. The combustion zone is closest to the porous ceramic plate with equivalence ratio @ = 1.2. The surface
temperature has peak value at a certain heat load. It is observed that combustion begins just off the porous
ceramic plate, and the flame is kept less than 1mm from the surface. The position is influenced by the
combustion conditions. These phenomena can be explained by a theoretical model and such aspects of the
combustion mechanism as temperature profile of premixed gas and porous plate and chemical reaction on the

plate are made clear.

Introduction

Growing attention to problems affecting the global
environment has been promoting extensive studies
related to the development of integrated combustion
technologies to achieve still higher levels of efficiency
and reduction of pollutants. Surface combustion burners
of premixed fuels attract much attention as an integrated
combustion system that is expected to have attractive
characteristics for various applications!? 4,

Surface combustion burners are designed to form a
thin flame zone close to the surface of porous ceramics.
This makes possible a compact heating system and
highest heat transfer effect due to increasing radiative
energy from the porous ceramic plates. The features of
combustion behavior of a methane-air flame on the sur-
face of a porous ceramic plate has been examined by the
present authors>. A thin open flame was formed stably
not further than one millimeter from the surface in a
wide range of equivalent ratio and heat load, and the
solid surface achieved a temperature higher than 900K.
However, the surface temperature was influenced by the
flame position, which in turn was dependent on the sur-
face temperature and the gas flow rate. This is because
the plate surface is heated by the combustion heat and
unburnt gas is preheated by the porous ceramics and/or
self-generated heat downstream, and is finally ignited in
the flame zone close to the surface. Those flame struc-
tures are not explained by the conventional theory 1% 1D
of the premixed laminar flame unless effects of the solid
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surface on heat transfer and chemical reaction are
involved. In this regard, some recent researches take
account of the effect of porous plate on the combustion
but those are supposed to form flame at the fixed posi-
tion in the porous media® !>,

In this paper, the combustion mechanism of
methane-air flame is studied with no assumption of
flame position The theoretical model of the premixed
laminar flame was modified to take account of the effect
of the surface wall on heat transfer and reaction rate in
the stream of premixed gas until ignition. The stability
and structure of the flame formed on the ceramic surface
are discussed, comparing the analytical result and the
experimental result.

1. Theoretical Analysis

1.1 Theoretical model

A theoretical analysis was developed to examine
the combustion mechanism of a premixed methane-air
flame on a porous ceramic plate placed horizontally in
an open atmosphere.

A theoretical model was constructed on the basis of
the following assumptions.
(1) One-dimensional piston flow
(2) One-dimensional steady premixed combustion
(3) Overall combustion reactions based on

CH,+20,— CO,+2H,0 (1)

(4) Dispersion of chemical species in the gas flow being
ignored
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Fig. 1 Model of theoretical analysis

(5) Porous ceramic plate having gray surface for radia-
tive heat transfer
(6) Porous ceramic plate consisting of spherical particles
that are uniform in diameter and dispersed uniformly
(7) Both combustion gas and premixed-gas being non-
radiant gases
(8) The gases being ideal gases
(9) Radiative heat transfer in porous ceramics being
taken account as terms of the effective heat conductivity

The features of the analytical model and the coordi-
nate system for the surface combustion burner are drawn
conceptually in Fig. 1. Based on those assumptions and
the analytical model in Fig. 1, the model of the premixed
laminar flame was modified.
1.2 Basic equations

A set of basic equations was derived as follows.
The equation for continuity is given by

pu =G, @)

The equation for heat transfer on the upstream side of the
porous ceramic plate (x < -B) is given by
or, T,

Cnggug —/lgg = RAH 3)
where the first term on the left-hand side represents heat
capacity of the gas, the second term heat conduction; the
term on the right-hand side represents heat generated by
reactions. The boundary conditions were

X=-;T=T, 4)
In the section in which the porous ceramic plate is placed
(-B < X < 0), the heat balance equations for the solid and
gas sides are given respectively by

82
2, 2 = (T T)S )
and
oT®
Cpgpgig— = —hp(T,~T)S+e,RAH (6)

where the right-hand side in Eq. (5) is the convection
term between the solid and the gas, and A, at the left-
hand side represents the effective thermal conductivity of
the solid which includes radiative heat transfer in the
porous ceramic plate.

Supposing that heat transferred by conduction in the gas
stream might be caught by the solid on both plate sur-
faces, the boundary conditions are derived as:
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arT,
x=-B: -~ +e0(Tg,—T4) + A 5

dx =0 )

a7, 4 4 dT,
x=0: —/leE +ea(Ta-—T51)+/'Lg§ =0 8)
where Ta represents the atmospheric temperature.

The heat balance equation downstream of the
porous ceramic plate (0 < X) is given by

ar, . 3T,
Cng ax ng = RAH (9)

The conservation equations of chemical species for
the three sections are given by

aY;
pu +RM =0

g (x<-B) (10)
Y
Pt +s RM; = 0 (-B<x<0) (11)
ay,
pgu~a—xj +RM; =0 (x>0) (12)
Their boundary conditions are
x=-—o: Y =Y, (13)

The chemical reaction rate of combustion could be esti-
mated as

_Ea
= [CH,] [0,] T:Aoexp[ﬁ:] (14)
8 &

For the reaction rate constants the following values are
used, based on the literature®:
a=0
A =0.197x10'®  cm’/mole - sec
167472 J/mole (15)

&y
1l

Reaction rates of combustion are generally reduced in
small pores of a porous ceramic plate since the radical
species are dissipated on the solid wall. To describe the
influence in the present analysis, the frequency factor 4,
in Eq. (14) was modified rather than the activation
energy E,. This modification is reasonable because the
reaction rates are influenced by the low frequency of
collisions in the porous ceramic plate among chemical
species with energy higher than the activation energy,
which is supposed to be unchanged even in the porous
plate. The value is decreased to obtain a stable numerical
solution with no divergence, which is reasonable from
the theoretical viewpoint because of the low frequency
of collision.

Ay = 0.197%10%cm’/mole-sec
1.3 Numerical calculation

Numerical solutions were obtained by an iteration
method after transforming the basic equations into
dimensionless expressions*. To reduce the CPU time the
iteration was carried out with constant properties inde-
pendent of temperature in the first step of the calcula-
tion. Then, using the steady solution obtained as the
initial distributions, the iteration taking account of the
temperature dependency of properties was repeated until
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it converged within a relative accuracy of 107,

2. Experimental Apparatus and Procedures

2.1 Experimental apparatus

The combustion system used in the present study is
shown in Fig. 2. The burner consisted mainly of a porous
ceramic plate fixed with stoppers to a stainless steel tube
110 mm in O.D. and 104 mm in I.D. The effective diam-
eter of the combustion area on the surface of the porous
ceramic plate was 100 mm and the premixed methane-
air gas was fed from the bottom of the burner. To elimi-
nate leakage of the gas, the gap between the burner tube
and the porous ceramic plate was sealed with castable
when installing the plate. For the material of the porous
ceramic plates, silica-alumina was chosen and its proper-
ties are as follows:
Porosity: 0.32
Mean pore diameter: 400um
Emissivity: 0.757 (for the oxidized face of aluminum
and silicon)
Thermal conductivity: 0.37 Wm™ 'K~
The porous ceramic plates were molded to 103+1 mm in
diameter and 5 mm/20 mm thick.
2.2 Experimental method

The premixed methane-air gas fed from the bottom
was ignited on the surface of the porous ceramic plate,
followed by modulation of the gas flow to attain stable
combustion at a given condition. The temperature distri-
butions and chemical composition distributions were
measured?. To measure the temperature on the surface
and inside the porous ceramic plate, holes of 1 mm
diameter to specified depths were made and 50um PR

VOL. 26 NO. 2 1993

Table 1.

a b x 107 ex 103 dx10°
N, 28.772 -0.15643 0.8044 —2.8597
0, 25.362 1.5134 -0.7123 1.3058
CO, 22.157 5.9540 —-3.4853 7.4357
H,0 32.094 0.19148 1.0508 —3.4957
CH, 19.798 5.0016 1.2629  -10.9618

thermocouples were inserted in them. Gas temperature
was measured at points toward the downstream side of
the surface by traversing a 50um thermocouple set hori-
zontally. The PR thermocouples used in the experiment
were coated with silica to prevent catalytic reaction on
them.

For chemical composition distributions on the
downstream side of the surface of the porous ceramic
plate, combustion gas was sampled, using a quartz glass
sampling probe 2.7 mm in I.D. The H,O concentration
was determined by letting the vapor in the sampled gas
be absorbed into magnesium perchlorite of 10—24 mesh
and measuring the change in net weight. Other compo-
nent concentrations were measured by a gas chromato-
graph (Yanagimoto G3800).

3. Results

3.1 Physical properties used for analysis

The temperature dependency of physical properties
used in the present theoretical analysis was estimated as
follows.
The relationship between heat capacity of gas and tem-
perature could be empirically expressed by?

Chei = a;+b,T+ ciT2 + diT3

where C,,; denotes heat capacity of i gas component by
klJ/kg-mol.K. a;, b;, c;, and d; are constants and are listed
in Table 1. The heat capacity of gas mixture is calculated
from the fraction of each component by

Cpe = Zc,,g,.M/Y,. (16)

Reaction heat is also a function of temperature. Temper-
ature dependency of enthalpy difference between reac-
tants (A) and products (B) is expressed at a constant
pressure as>
(aAH) C C AC a7
oT » pB PA P

Thus, reaction heat is given against temperature as

T

AH = AH + J'AcpdT (18)

To
where AH, is reaction heat at the standard state. The
effective heat conductivity of the porous ceramics is pre-
dicted by Yagi, Kunii and Wakao’s relation'®. The heat
conductivity of gas mixture is correlated by Wassil-
jewa’s equation® and the convective heat transfer coeffi-
cient between solid and gas is decided on the basis of
that in the porous media®.
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Fig. 4 Distribution of combustion gas component along gas
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3.2 Effect of parameters

(a) Equivalence ratio  Figure. 3 shows both the
theoretical and experimental temperature distributions of
the gas along the gas stream line. The distribution of the
solid side is also included inside the porous ceramic plate
of -20 < x < 0. Both results show that the premixed
methane-air gas is preheated in the porous ceramic plate
and then rapidly heated up just outside the plate,
resulting in the onset of combustion reactions. The tem-
perature of the surface of the porous ceramic plate is the-
oretically the highest at @ = 1.0, which is a
stoichiometric composition. In the experimental results,
however, the temperature is highest at @ = 1.2. This may
be due to the effect of atmospheric air surrounding the
burner;, i.e. twenty percent of input methane is unburnt
for @ = 1.2 in the present analytical model, while a com-
bined premixed and diffusion flame is actually formed
on the ceramic surface as discussed in the previous
paper® and would allow the surface temperature to reach
maximum as the result of more complicated phenomena
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than those taken into account in the model. Inside the
porous ceramic plate, the experimental solid tempera-
tures are smaller than the theoretical values. This is
because it is difficult to measure the true solid tempera-
ture separated from gas temperature in the porous mate-
rial where a gas is passing through. Comparing
theoretical results with experimental results for combus-
tion gas temperature just off the plate, the experimental
results are higher at @ = 1.2 and lower at @ = 0.8 than
the theoretical results. This may be because, with @ =
1.2 in this experiment, the excess methane in the
premixed gas also burns near the surface of the porous
ceramic plate as is shown in Fig. 4, where there is com-
bustion with secondary air owing to the decrease in CH,
and O, and the increase in CO,, H,O. With @ = 0.8, the
flame lifts slightly and the mixture between combustion
gas and atmospheric air becomes significant, yielding
experimental results lower than the theoretical values
obtained with the assumption of being adiabatic in the
downstream gas phase.

The results of theoretical calculations show that the
combustion zone is closest to the surface of the porous
ceramic plate at @ = 1.2, although the difference
between @ = 1.0 and @ = 1.2 is not clear in Fig. 3. But as
the point of rapid increase of CO,, H,O in Fig. 4 is a
little closer to the surface than that in Fig. 5, the flame
zone for @ = 1.2 is supposed to be a little closer than that
for @ = 1.0 This trend corresponds with the agreement
with experimental results whose details were also
described in the previous paper.

Figures 4 through 6 show the composition distri-
butions for @ = 1.2, 1.0, and 0.8 respectively of combus-
tion gas downstream of the surface of the porous
ceramic plate. Theoretical data show that the combustion
zone where O, and CH, concentrations decrease rapidly
is slightly away from the surface of the porous ceramic
plate. It is clearly indicated in these figures that the posi-
tion is getting closer to the surface with increase in the
equivalence ratio up to 1.2.
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Although experimental data in Figs. 4 through 6
are not so accurate owing to difficulty in measurement,
the trend that the O, concentration for @ = 1.0 is less
than that for @ = 0.8, is easily explained and the higher
O, concentration for @ = 1.2 than expected shows atmo-
spheric air in this case.

(b) Thickness of porous ceramic plate  Figure 7 shows
the effect of plate thickness on temperature distributions
in the direction of the combustion gas flow. The thicker
the porous ceramic plate, the higher the surface tempera-
ture. This is because the plate surface is cooled by the
premixed gas supplied from the bottom. The combustion
zone, where the temperature of the gas coming out of the
porous ceramic plate rises sharply, is closer to the sur-
face with a thicker plate. Those experimental trends are
simulated successfully by the present theoretical calcula-
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tion.

(c) Combustion load Figure 8 shows the relation
between superficial gas velocity normalized by the
premixed laminar flow propagation velocity!®? of
methane-air flame and surface temperature of the porous
ceramic plate for @ = 1.0. Both experimental and theo-
retical results show that the surface temperature achieves
a peak at w/S, = 0.5. This phenomenon could be realized
as follows. Radiant heat loss from the surface increases
remarkably with a rise in surface temperature, and the
flame temperature is reduced from adiabatic flame tem-
perature. At the right-hand side of the peak, the gas flow
velocity gradually approaches the flame propagation
velocity with increase in w/S,. This causes the flame
position to lift from the surface because the actual com-
bustion velocity on the surface could be less than Su
because of the heat loss. Thus the surface temperature
begins to decrease although the heat load rises.

4. Discussion

In the previous paper”, some of the present authors
experimentally reported the significant influence of
parameters on the combustion characteristics of
methane-air on a porous ceramic plate, and pointed out
that the premixed flame is stably formed not on or inside
the porous plate but at a position less than one millimeter
from the surface depending upon conditions Studies
have also been made on the combustion mechanism
from the concept of heat balance and reaction rate. It was
found that an ignited flame downstream of a porous
plate propagates upstream if the flame velocity is faster
than the gas flow velocity. When the flame approaches
the plate surface, the surface temperature rises and heat
is released there by radiant heat loss. This allows the
combustion velocity as well as the flame temperature to
decrease. As a result, the flame is finally kept at an
appropriate position where combustion velocity is bal-
anced with gas flow rate above the plate surface. That is
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the reason why flashbacks to the rear of the porous plate
are rarely observed for this type of burner.

In the present paper, a simple model was developed
to ensure that a flame could be stably formed on a porous
plate surface by the above-mentioned mechanism. It is
noticed that a steady solution, by which the trends of
combustion characteristics could be explained, although
agreement with experimental data is not yet satisfactory,
was obtained from the basic equation developed on the
strength of relatively simple assumptions as those
described in the theory. The results of theoretical calcula-
tions in Figs. 3 through 7 also show that the flame is
lifted less than 1 mm from the surface, corresponding to
the experimental results.

Conclusions

(1) As the porous ceramic plate contributes to preheating
of premixed gas, the surface temperature increases with
increase in ceramic plate thickness.

(2) It was observed by results of both surface tempera-
ture and exhaust gas composition that the combustion
zone is closest to the porous ceramic plate at @ = 1.2
among the three equivalence ratios.

(3) The higher heat load allows flame to be kept closer to
the surface and a higher surface temperature. Once it
exceeds the peak point, as the gas velocity increases
faster than the combustion velocity at the surface the
combustion zone recedes from the surface of the porous
ceramic plate, resulting in a drop in surface temperature.
(4) The experimental trends were simulated with rela-
tively good agreement by the theoretical calculation.

(5) Flame is kept at a balancing point of the combustion
velocity and gas flow velocity in the downstream flow
less than 1 mm from the surface.

Appendix

Dimensionless form

The governing equations in section 2.2 can be rewritten

to the following dimensionless expressions. Heat transfer

equations are expressed as gas phase:
2

9°6, ~ RepPr?& ~

= AH (A-1)
aX2 dp/B Bx

~o< X< 1!

96
. 8 _ _ —
—e<X<1: o f = —(M/R,,P,)(8,-6)
+¢,(0/uB YAH* (A-2)

96, R,,P,09, . s
0<X<oo: W—dP/Ba—X—A ( ')

solid:
az

-1<X<0: >
X

= —M(/'Lg/).e) (B/d,) (Og -6) (A-4)

Initial condition and boundary condition
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X=-e 16 =1 (A-5)
AL 3/0) 0% = o (a6
x——l.a—X———W(esz—l)—(g/ e)g)z‘—o( ')
0, ¢ 36,
x=o_ﬁﬁzﬁ«%—@ngmgsi=o (A7)
where

0 =T/T,X = x/B,N,, = hd, /A R, =dpu/u
P, = C /2, M = N,BS,N* = A,/ (40T.B)

r

= (B -
AH" = (B/2,T,)RAH, 0. = 4./C,.p,

The mass balance equations for species in Eqgs.
(10)-(12) are rewritten respectively as

oY, B
—w<x<—l:g+@Rij=O (A-8)
tex<0: Dve By =0 A9
—<x<.§+spajj— (A-9)

aY.
O<x<oo I+ B R =0

ox pu’/ (A-10)
8

Nomenclature

Ag, Ay’ = constant in frequency factor [cm?/mol.*s]
B = thickness [m]
Cpg = specific heat at constant pressure [kJ/Kg*K]
E, = activation energy [J/mol.]
Gy = mass velocity [Kg/s]
AH = heat of reaction [kJ/mol.]
hp = heat transfer coefficient [kJ/mZ*s*K]
1) = heat flux [kJ/m?*s]
q = heat load [W/m?]
R = reaction rate [mol./s]
S = specific surface area [m¥m?]
S, = laminar flame speed [m/s]
T = temperature : [K]
u = superficial gas velocity [m/s]
x = coordinate in flow direction [m]
X = dimensionless coordinate in flow direction [-]
Y = mass fraction of species [Kg/Kg]
£ = emissivity [-]
& = porosity [-]
6 = dimensionless temperature [-]
Ae = effective thermal conductivity [kJ/m*s*K]
Ag = conductivity of gas [kJ/m*s*K]
u = viscosity [Kg/m*s]
Py = density of gas [Kg/m?]
c = Stefan-Boltzmann constant [kJ/mZ*s*K4]
<] = equivalence ratio [-1
<Subscripts>

a = atmosphere

0 = initial

1 = surface of porous ceramics (downstream side)

2 = surface of porous ceramics (upstream side)

cond = conduction

g = gas

rad = radiation

s = solid
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