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ABSTRACT: Combustion in porous media is an effective method to minimize dissipations and save
energy. Therefore, Studywon the porous burners has been the focus of many researches in the past
decade, dueto'the favorable features of these burners. The conditions for the formation of a steady-state
submerged flameé in a ceramic (Silicon Carbide) porous medium were investigated at four firing rates.
The results were obtainedn a_ceramic foam with a cross section area of 63.6 cm2 and pore density
of either 10 or 30 ppi. The réactants were air and natural gas with various equivalence ratios. In this
experimental study, eight‘thermocouples were mounted on the burner walls along its axis in order to
track the flame position, and the results<were presented as temperature profiles of the porous wall. It
was observed that the formation of submerged flame depends on firing rate and equivalence ratio. The
stability limit of submerged flame' (the range between surface flame and flash back limits) is reduced
by increasing the firing rate. Results show when‘the mixture velocity low, the stability limit extends.
Finally, the ranges of equivalence ratio'and mixture velocity for the formation of submerged flame are
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presented at various firing rates.

1- Introduction

Applying porous media in burners is known as an effective
technique to reduce fuel consumption and emissions. High
radiation efficiency, high flame speed and efficiengy,
high power density, reduced burner volume, improved
flammability limit, uniform heat distribution, reduced noise
and emission are among the advantages of porous burners
over the common ones.

The earliest studies on combustion in porous media were
carried out to create a flame with excess enthalpy. Drawing
on the thermodynamic properties, Weinberg [1] showed that
maximum flame temperature can be achieved through using a
reactant preheating system that relies on combustion products.
In their study, Weinberg found that the excess-enthalpy-flame
can lead to steady combustion of low energy fuels. Younis
and Viskanta [2] studied the effect of pore diameter on the
volumetric heat transfer coefficient in alumina foam. They
proposed multiple equations to calculate the volumetric
Nusselt number in porous media. Khanna et al. [3] addressed
the premixed combustion of methane-air mixture in a two-
stage porous burner. They found the flame to be stable in the
speed range of 15 to 48 cm/s.

Randrianalisoa et al. [4] attempted to design a porous
burner with minimum emission and maximum thermal power.
They first carried out a series of experiments in order to select
the best material. Two experiments were considered for each
material; one at the higher operating condition zones of the
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burner and the other at the lower zones. As for the minimum
emission, metallic foams such as FeCrAlY offered the best
perfotmance under both operating conditions. No overall
coficlusion was made in this study on what is the best material.
Bakri et al: [5] experimentally investigated combustion in a
porous meditim under various input pressure and temperature
conditionS. They realized that the flame moves downstream
ofthedburner by increasing the pressure and preheating the
inpat cone.

Keramiotis et al. [6] comprehensively investigated the
thermal efficiency, emission, and the operating range of the
porous burner. Théir combustion chamber was a rectangular
two-layer porous burner,the first layer of which was alumina
and the second layer was<a Silicon Carbide (SiC) foam.
Methane and propane wete used as fuel. The stability range
was obtained based on/variousithetmal loads and equivalence
ratios. Gas temperature was measured by a thermocouple
while the temperature of/the golid was| measured by an
infra-red camera and emissions were recorded by a gas
analyzer system. The results showed a_ uniformmtemperature
distribution, low production of COand NQ, and a fairly good
stability range. Shi et al. [7] experimentally and numerically
investigated flame stability in a porous medium. They
studied the separation and deviation of the.flame résulting
from combustion of a lean mixture of methane and air. They
observed that the separation and deviation of the flame'in a 3
mm thick quartz tube filled with alumina shots at equivalence
ratios ranging from 0.435 to 0.490. They investigated the
impact of equivalence ratio on separation and deviation. It
was found that the equivalence ratio significantly affects the
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separation and deviation of the flame. Moreover, the results
suggested that separation takes place when deviation reaches
54°-60°.

Wang et al. [8] experimentally investigated the axial
temperature variations of premixed methane-air combustion
in a porous burner. In this study, details are given on the
variations of gas temperature during the process of turning the
burner on and off. The porous burner under study is composed
of a cylinder filled with alumina, where the effects of gas
flow; the diameter of alumina particles and the equivalence
ratio on the variation of the axial temperature of the burner
were /examined. The results indicated that superadiabatic
combustions(attaining a temperature higher than that of the
adiabatie’flame temperature) can take place and the critical
equivalenceratiopfor the superadiabatic combustion is larger
for smaller particles and higher air input. Gao et al. [9]
addressed the premixed methane-air combustion in a two-
stage porous burneri They compared three types of alumina
porous media, Mamely sponge, granular, and honeycomb
structures. The preheating zone was filled with granular
alumina and the combustion zone(flame zone) was filled with
one of the mentionéd structures. One result of the study was
the stability limit of thé flame in.these burners. The sponge
structure was associated with the high@st stability limit.

Stelzner et al. [10] investigated the flame structure in
the lean methane-air combustien in a porous medium using
advanced laboratory equipment. They employed the Laser-
Induced Fluorescence (LIF) technique 40 determine the
concentration of hydroxyl radicals (OH). The,porous burner
was a two-stage 135%185 mm rectangular burnerwithalumina
preheating section and SiC combustion zone. The effect of
thermal load on flame front in a porous medium was studied
in the range of 200-800 kW/m?. It was concluded that in same
thermal loads, and within the steady operation limit of the
burner, the location of maximum hydroxyl concentration.is
almost independent of the ratio of excess air. Moreoyér, it
was found that the length of the flame zone increases with
the ratio of excess air. Shakiba et al. [11] experimentally
investigated the effect of foam structure and material on the
operation of a porous ceramic burner. Alumina and silicon
carbide foams with porosities of 74 to 80% and pore density
of 10 to 30 ppi were tested in this study. The maximum
combustion temperature was not achieved through the
stoichiometric ratio, but at 20% excess air. They found that
thermal efficiency in foams with larger pores (smaller pore
density) considerably increases with excess air. In foams with
smaller pores, however, the variation is less.

Liu et al. [12] numerically investigated the effect of
thermal conductivity of the burner wall on flame stability and
the efficiency of methane-air combustion in a porous media
containing fibers. They showed both lower and upper bounds
for stability in the burner to increase with the conductivity of
the burner walls. Their quantitative investigation showed that
two main factors are involved in this behavior: 1) increase
in thermal improvement with the conductivity of the burner
wall, which can lead to a higher burning rate of the gas mix,
and 2) dead zone (quenched zone) near the walls grows
larger as the conductivity of the burner wall increases and
the wall temperature decreases. Furthermore, it should be
noted that the growth of the dead zone reduces combustion
efficiency. Therefore, in a small channel filled with porous
medium containing fibers, a solid wall with a relatively small

conductivity is a good choice for the burner. Emami et al. [13]
experimentally studied a two-layer porous burner in which
the first layer was SiC and the second one was composed
of aluminum silicate (AL,SiO;) balls. They investigated the
effect of ball diameter in the downstream, the equivalence
ratio, and firing rate on flame temperature, stability limit of
the flame, flashback, and emissions. The results indicated that
the flame was stabilized in the equivalence ratio range of 0.35-
0.45 inside the porous medium. Decreasing the equivalence
ratio, the flame moves downstream. Moreover, increasing
the ball diameter downstream of the burner, the maximum
flame temperature and the flame surface temperature are
reduced. Increasing the equivalence ratio, the flashback time
is reduced. Additionally, flashback time is reduced as pore
density is increased downstream of the burner.

Ghorashi et al. [14] experimentally measured the pollutant
emissions in a novel combined porous-free flame burner
and compared it with a porous burner. They showed that CO
concentration in the porous-free flame burner is lower than
that of the porous burner and NO,_ concentration changes only
with varying the equivalence ratio and other parameters have
no significant effect on NO_emission. Hashemi and Hashemi
[15] numerically analyzed the flame stabilization of a
premixed methane-air combustion within a two-layer porous
burner. Their results showed that the stability limit and flame
temperature within a porous burner can be controlled by the
equivalence ratio of the incoming mixture. In another work,
they numerically studied a premixed methane—air combustion
process within a combined porous-free flame burner.
Comparison of the combined porous-free flame burner with
porous burner showed that the flame stability limits of the
combined burner were higher than those of porous burner
also investigation of the effect of pore density on the flame
stabilization showed that the lower pore densities were
desirable in order to improve the flame stability limits [16].

In the present study, the conditions in which a submerged
flame can be stabilized in a two-layer burner is investigated.
The effect of the equivalence ratio, firing rate and the
mixturevelocity on the flame stability will be experimentally
investigated. Finally the diagram of the stability range is
plotted and compared with the other works [17]. Obtaining
thestabilityrange (buried flame stability), as well as obtaining
the conditions in which the flame is stable within the porous
medium, and thefprocess of stabilizing the flame inside the
ceramic porous medium'(combinations of 10 and 30 ppi) can
be mentionéd as novelties of the presented paper.

2- Apparatus

A schematic view of the'designed apparatus is shown in
Fig. 1. The porous media used inthis study are SiC cylindrical
ceramic foams with a diametér of 90 mm and a height of 21
mm and pore density of either10 or 30 ppi. The first layer is
30 ppi and the second layer 18,10 ppi. The properties of this
type of ceramic are presented in TableA. In order to maintain
the ceramic piece in a vertical direction, an alumina retainer
with an inner diameter of 88 mm and a wall thicknéss of 46
mm were used. As shown in Fig. 2, theéré are 8 mm holes
on the lateral walls of the ceramic piece locatéd ima center-
to-center vertical distance of 5 mm. Eight thermocouples
are used in the experiment, numbered from 1 to 8 along the
burner in the flow direction. Thermocouple 1 was installed at
the beginning of the first layer and the last thermocouple was
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Fig. 1. Schematic view of the laboratory system
Table I. Key properties of SiC, AI203 and ZrO2 [13]
Properties Unit SiC
Maximum air temperature °C 1600
The coefficient of thermal expansion a (20-100 °C) 10'6/K 4-5
Thermal Conductivity (1) at 20°C W/m.K 80-150
Thermal Conductivity (4) at 1000 °C Wm.K 20-50
Specific heat capacity J/g.K 0.7-0.8
. (o2
Thermal stress resistance parameter, hard shock R (E—) K 230
(04
Thermal stress resistance parameter, medium thermal shock R'(Rﬂ) 107 W/m 23
Total emissivity at 2000 K - 0.9
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Fig. 2. The position of the thermocouples on the retainer

located exactly at the end of the second layer. A unit collects
the thermocouples recordings versus tifne, and transfers them
to a personal computer. Data is used then in a spreadsheet
program for further processing. Iwoirotameters were used to
measure the gas and air flow‘rates. The'gas rotameter has a
flow range of 0.1 to 10 Lit/min and'an operating pressure of
16 mbarg under normal temperature conditions. Meanwhile,
the working range of the air rotametet is 0.7-7ym*/hr.and its
operating pressure is 50 mbarg.

3- Experimental Procedures and Results
3- 1- Experimental procedures

The experiments mainly conducted to determine thé
conditions in which a stable submerged flame is formied.
The tests were carried out first by opening the gas valve to a
certain point (considering the selected firing rate). Then, the
flame was ignited by sparking over the burner surface. Under
such circumstances, gas is burned with the surrounding air
and a rich yellow free flame is formed above the burner. As
the air valve is gradually opened, the equivalence ratio is
reduced and the flame slowly turns blue beginning from its
upstream zone and becomes shorter at the same time. Further
increasing the air flow rate (reducing the equivalence ratio),
the flame approaches the top of the ceramic porous medium,
increasing the surface temperature of the medium which
leads to turn the surface color to be slightly red. The condition
corresponds to the surface flame regime taking place in rich
mixtures. When the flame is attached to the surface, the
air flow is kept constant, after a while the flame goes to
the interface of the ceramic. The air flow rate is adjusted
according to the equivalence ratio to be tested. Firing rate and
equivalence ratio were both fixed from the early stage. The
flame continues until completely stable and the flame regime
at the firing rate is specified. The temperature measured by
every thermocouple is logged from the moment the burner is
started until the result is obtained. The apparatus cooled down
after each test before the next one.

3- 2- Different flame regimes
After the flame penetration into the ceramic porous burner

Fig. 3. A submerged flame inside SiC foam

at a specified gas flow rate (a fixed FR), the air flow rate
is adjusted to retain the specified equivalence ratio. In this
situation, the flame may located at one of the following zones:
on the top of the burner, below the first layer, and inside the
porous medium (near the interface of the ceramic foams) as a
submerged flame. Three situations may take place in that last
case (submerged flame):

The flame gradually moves downstream and finally reach
to the burner surface. This is known as blow-off.

After a while, the flame moves upstream until it reaches
the zones below the first layer and completely exits the
porous medium. This is known as flashback.

The flame remains near the interface for a long time. This
condition is known as a stable submerged flame. This is the
case that studied in the present work.

The firing rate of the burner is expressed as follows:

» LHV/x V/.

(1
A

where LHV is_the low heat value of natural gas in terms of

kIm?, V P is'the flow rate of the gas in terms of m%/s and A is

the cross-section area of the burner in m2

3- 2- 1- Stable subnferged flamé regime

A flame is said to be'stable.so"that the location of the
flame remains unchanged fof a minimum of 15 minutes
(stability index time) near the interface. In most studies on
similar porous media, the index timevas assumed less than
15 minutes (e.g. Capatan [17] consideréd 10 minutes as the
stability index time). During this périod, the temperature
at downstream and upstream of theflow might be§lightly
affected by the heat transfer between the ceramicpiecesiand
the retainer, but the stability of the flame which is inferred
by the axial temperature profile of the <burner remains
unchanged. Although the temperature at any point may
change with time for many reasons, including the absence of
a cooling mechanism in the retainer, but the maximum axial
temperature at any time is associated with the thermocouple
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Table 2. The position of the thermocouples on the retainer

Firing rate Gas flow Air flow Mixture velocity
equivalence ratio
(kW/m?) (lit/min) (m®/hr) (cm/s)
3.5 0.96 16.6
4 0.84 18.77
494 5 6 0.56 23.1
7.5 0.45 34
8.5 0.39 38.8
4 1 19
4.8 0.84 22.5
5 0.8 234
593 6 7 0.57 32.15
7.2 0.56 33
8.1 0.5 36.9
9 0.45 40.9
5.6 0.84 26.3
692 7 8.4 0.56 38.5
9.45 0.45 43.1

located near the interface of the layers. This indicates that the
flame location is near the interface.

Fig. 3 shows a submerged flame, revealing that the burner
surface radiates intensely. The conditions under which a
submerged flame was formed are presented in Table 2.
Considering Table 2, it is found that stability flame range is
reduced by increasing the firing rate. In the submerged flame
regime, thermocouples temperature increase at higher firing
rate at a fixed equivalence ratio. Figs. 4 to 8 provide the axial
temperature profiles of the burner in the case of submerged
flames at different conditions. For most cases, the maximum
temperature takes place near the interface of the two layers,
showing that the flame is at this location. As is shown in
figures, flame location has not changed in 15 minutes. The
purpose of these diagrams is to indicate the location of the
flame.

Fig. 4 illustrates the temperature against the axis of the
layers at FR=494 kW/m? and ¢=0.56. As shown in the figure,
the maximum temperature takes place near the interface.
All of the thermocouples measure the temperature of the
side wall of the porous medium. Temperature distribution is

plottedragainst the length of the burner in Fig. 5 at FR=593
kW/m? and ¢=0.56 (the same as that of the previous case).
The flame is forméd at the same point, but the temperature
gradient increasés before the formation of the flame. This can
be attributed to higher flow rate of the air-gas mixture.

The temperature distribution is plotted in Fig. 6 at FR=494
kW/m? (the same asdthat of thé first case) and ¢=0.84.
This figure was plotted for/comparisoniwith Fig. 4 and to
investigate the effect of equivalénce ratio at a fixed firing
rate. Comparing Figs. 4 and 6, it is concluded that increasing
the equivalence ratio leads to a higher maXimumstemperature.
This was anticipated since the flame temperature increases
due to increasing equivalence ratio.

Figs. 7 and 8 show an example of flashback and blow-
off. As shown in Fig. 7, the flame is first, formed near the
interface and then the flame moves to the upstfeam over
time. Eventually at t=400 s flashback occurs and the flame
completely exits the porous medium. Fig. 8 show an example
of blow-off. At first, the flame is formed near the interface and
finally at t=180 s flame moves to downstream and ultimately
blow-off occurs.
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Fig. 9. Flame stability characteristic diagrams at various firing
rates

In order to demonstrate the combustion regimes that took
place in the experiments, the corresponding equivalence
ratio, firing rate and mixture velocity ranges for blow-off,
flashback, and submerged flame are presented in Figs. 9 and
10. The behavior is similar to what was reported by Capatan
et al. [17] as depicted in Fig. 11. According to Fig. 9, by
increasing the firing rate, stability range decreases. As shown
in the Fig. 10, by increasing the equivalence ratio, velocity
range increases. Another interesting point in Figs. 9 and 10 is
that the combustion regime is changed to flashback regime by
increasing the equivalence ratio at a fixed mixture velocity.
Increasing the input flow rate results in a situation where
convection heat transfer (from solid to gas network) becomes
greater than heat generation. Therefore, flow velocity becomes
larger than the flame velocity, and the flame gradually leaves
the burner at its downstream and eventually blows off.
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Fig. 10. Flame stability characteristic diagrams at various
equivalence ratios
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Fig. 11.'Flame stability’characteristic diagrams for the burner
studied by €Capatan et al. [17]

4- Error Analysis

All experiments were conduetéd three times to make sure
consistency and repeatabilify of thé results. The measured
data were almost the samé which proves repeatability and
accuracy of the results. According to the specification of the
measurement instrument, the aceuracy of the gasvand air flow
rates are 2% of the full scale. Uncertainty of the dependent
parameter of R is determined as [18]:

2 2 2
W, = wla—R + wzé—R +...+ wna—R 2
Oox, 0ox, ox,

N | —
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Table 3. The amount of uncertainty of the firing rate and the equivalence ratio

- . . . . . Uncertainty of
2 )
Firing rate (kW/m*) | equivalence ratio | Uncertainty of the equivalence ratio % the firing rate %

0.96 5.4
0.84 4.4
494 0.56 2.6

0.45 2 3.6
0.39 1.7
1 4.5
0.84 3.7
0.8 3.5
593 0.57 2.13
0:56 2.1

3.2
0.5 1.9
045 1.6
0.84 3.2
692 0.56 1.8
2.8

0.45 1.4

where W, is the uncertainty of the dependent parameter
of R and w, ..., w_are the uncertainty of the independent
parameters of x ,..., x . In this study, equivalence ratio and
firing rate are two dependent parameters. The calculated
uncertainty of the equivalence ratio and firing rate are
presented in Table 3.
5- Conclusions

In this paper, an experimental study is presented for the
combustion of natural gas-air mixtures in a two-layer porous
burner (the first layer is 30 ppi and the second layer is 10 ppi).
The condition in which a submerged flame is formed have
been evaluated for three firing rate at various equivalence
ratios. The results are compared with another experimental
results which shows a good consistency between them. In
both of them the stability limit extends with increasing lean
equivalence ratio. An example of blow-off and flashback has
been shown. The conclusion of this work can be summarized
as follows.

Flame stability limit is reduced by increasing the firing
rate.

The location of the flame greatly depends on the
equivalence ratio.

Combustion at a fixed equivalence ratio becomes more

unstable as the input mix flow rate is increased.

In the submerged flame regime, a higher firing rate at fixed
equivalence ratio leads to higher temperatures.

Reducing the equivalence ratio extends flashback time.

The maximum<temperature takes place near the interface
of the two layefs.

Nomenclature
A Crossssection area (m?)
FR Firing Rate” (kWym?)
LHV Low heat value (kJ/m?)
U Mixture velocity
Vf Flow rate (m?/s)
w Uncertainty
ppi Pores per inch
7 Equivalence ratio
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