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ABSTRACT

The current study is aimed to investigate the behavior of cylinder porous burner in various equivalence ratios for
two various stabilization locations. Regarding to this target, one-dimensional modeling of premixed combustion
radial flow and thermal non-equilibrium between the gas phase and porous matrix were applied. The results have
shown that the range of firing rate in radial flow burner is wider than axial flow burner for all mixture ratios. By
transferring the flame location to the upstream of the flow, the temperature of the porous matrix and gas get closer
and the maximum gas temperature is increased and it is fixed after a definite distance of the radius. Radiation
efficiency is reduced by transferring the flame to downstream and Carbon monoxide (CO) pollutant rate is also
increased Nitrogen monoxide (NO) concentration is decreased almost in all the mixture ratios by transferring the
flame location to downstream.
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1. INTRODUCTION

Premixed porous burner is one of the issues taken into attention by many researchers in two recent decades and
various indices of its behavior are evaluated experimentally or numerically [1, 2]. One of the issues is the stability of
the flame inside the burner or in the porous bed level. One of the drawbacks of the porous burner is providing the
high thermal power density compared to other industrial burners [3]. To eliminate this problem, various methods are
proposed with the aim of increasing the burner stability.

In the laboratory sample of Bakry et al. [4], a porous burner with conical geometry was proposed for the
stability of the flame when the combustible mixture pressure was high. The study showed that dilute premixed flame
region was independent from the pressure but it was mostly dependent upon the preheat temperature. They reported

that there was an acceptable stability in mixture ratios 0.6 to 1 and preheat temperature 400°C .

One of the possible configurations for porous burners is cylindrical configuration in which the flow moves in
the burner radially. The radial movement of the fluid in the burner reduces the speed in radial direction and this
causes natural stability of the flame in the burner. Dobrego et al., [5, 6] performed various studies to present the
stability criterion of the flame inside the cylinder porous burner. They showed that the flame location not only was
dependent upon inlet fuel flow rate and the parameters of the system but also was dependent upon firing coordinate.

In the study performed by Mohamad and Kamal [7], various aspects of porous burner with radial flow were
investigated. They reported the maximum radiation efficiency of 37% with Nitrogen oxides (NOXx) less than 29ppm
and stability combustion with ratio of 0.74. They showed that swirl of flow in combustion mixture helped the
performance of porous burner. In another study performed by Mohamad [8], it was shown that at equal conditions,
the maximum temperature of porous burner flame with radial flow was less than porous burner with axial flow. The
improvement of the porous burner performance with radial flow compared to axial flow was presented in details in
the study performed by Maerefat et al. [9].

In porous burner with radial flow, the speed is inversely related to the radius and it can create a natural stability
in premixed flame or flame front location. In free flame, the stability location of the flame doesn’t affect its
parameters and properties while in embedded flame inside the porous media is very effective based on three
parameters of energy internal flow, the change of contact duration between the sold and fluid matrix and the change
of heat transfer rate. In some of the previous studies regarding the porous burner, its stability was presented in axial
flow [10-13]. However, there was no study about radial flow.
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The current study is aimed to investigate the premixed flame of porous burner with radial flow in various
equivalence ratios. One of the interesting aspects of this study is the comparison of the radial flow burner and axial
flow. The properties of the flame such as the flame speed; thickness and residence time was compared between the
radial flow burner and axial flow. The effect of flame stability location is investigated in radial flow burner and
finally the emission of the pollutants is studied with consideration of effective parameters such as the residence time,
equivalence ratio and temperature profile. Regarding to these targets, a one-dimensional model is applied. A
cylinder porous burner with limited diameter and bigger height is considered to ignore the lateral boundary effects in
burner radial behavior.

2. The governing equations and solution method

The governing equations generally include gas and solid energy equations, continuity, radiation transfer
equation (RTE), gas species conservation and gas state equation.
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In order to solve the equations above, the famous PREMIX code from CHEMKIN group which was originally
used for simulating one-dimensional free and laminar flame was applied [6].

For this purpose solid energy and radiation transfer equations were added to the code. Also some changes were
made in gas energy equations. Solving the equations is done in three stages:

First, a chemical species distribution is found by using a temperature preliminary guess. In the second stage, by
using distribution obtained from the first stage as preliminary guess, energy, species conservation, and continuity
equations are solved without taking into account the radiation. In the last stage, all equations are solved implicitly by
using the previous stage results as preliminary guess. In order to solve radiation transfer equation, the Discrete
Ordinates Method (DOM) (Sg) was used. In this method, radiation heat transfer equation is transformed into partial
differential equations set, in which each equation is written for one special ordinate. The total of these ordinates
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should cover a sphere with 4x solid angle [14]. The chemical kinetic applied in modeling kinetic combustion process
of air-methane is based on GR13.0 [15]. Boundary conditions of equations 1-6 are shown as following.
Continuity boundary condition

m = m, ()

gas energy boundary condition
dT

mepg (T —Tg) =k dxg (8a)
dTg B

—9_p (8b)
dx

Solid energy boundary condition

dT
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4 4 de
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Species conservation boundary condition
Y =Y in (lla)
ar =0 (11b)
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In the study performed by Hanamura and Echigo, the role of radiation in flame stability was emphasized [16].
In boundary conditions, to increase the share of radiation, it is assumed that the porous burner surrounding
environment temperature is 300K. A good comparison of two samples of temperature conditions at downstream of
porous burner was presented in the study performed by Hayashi et al., [17]. The boundary conditions were applied
in accordance with the study performed by Mendes et al [18] without the increase of calculation length to the
geometry length.

A schematic figure of cylinder porous burner with radial flow is shown in Figure 1 and its properties are shown
in Table 1.

Table 1: The properties of the applied porous material

parameter Value unit
yéj 270 mL
H, 10’ W /m®K
ol 5.56x10° kg /m?
o 216 mt
A, 0.2 W /mK
¢ 0.835 for 25.6PPC PSZ

The thickness of porous matrix is 10 cm. It is assumed to have a porous burner with inlet cross section 1cm? in
axial flow and the area is equal to the inlet cross section in cylinder burner, it can be said that the radius in the inlet

section ist; :2—. Based on the thickness, the radius in outlet section is ry=10.159cm.
T
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Figurel. Porous burner with radial flow
3. CONCLUSION AND DISCUSSION

In the previous study, the validation methods of the results of numerical solution were presented [9] and they
are not presented here. As it was mentioned in the introduction, because of the increase of cross section in radial
burner, it is expected to apply this geometry for the stability of higher speed. This was issued was investigated by a
comparison made between porous burner of axial flow and then its behavior was presented for the flame being
stabilized in various sections.

The comparison of the radial flow burner and axial flow

The flame speed, its thickness and residence time are the properties of the flame and their comparison in these
two flows is interesting. Equivalence ratio 0.9 was applied in the comparison. The inlet sections are considered
equal in two burner examples for comparison and the thickness of both of them is equal. It is attempted to create the
stable flame at the middle of two flame samples to make the mentioned comparison. The flame speed depends upon
preheat of the initial mixture. By the increase of the area in radial flow, it is predicted to increase preheat. It is
expected that the flame moves to the downstream of the flow. In order to stabilize the flame at the middle of the
burner, the inlet flow rate (or inlet speed) is increased. It is expected that the flame speed is in radial flow higher
than axial flow.

Flame thickness is another property of the flame various equations are recommended for its description. The
following equation is applied:

As CO, NOy pollutants depend upon the flow residence time in the burner, a comparison is made. The exact
determination of preheat from the flame front is very difficult. Because of some chemical reactions can be started at
low temperature. However, the aim is the comparison of residence time in both burners; a reference temperature
(1000 K) is considered for flame front location.

The results are presented in Table 2.1t is observed that there is no difference between the maximum gas and
solid temperature in both burners. The flame thickness is fixed but residence time, mass flow rate and firing rate of
both burners are different. As it was mentioned, the preheat region in radial flow is most effective than axial flow
burner because of its bigger section and to make the flame location fixed, the inlet flow rate or initial mixture speed

62



J. Basic. Appl. Sci. Res., 3(10)59-67, 2013

should be increased. As we get approached to the end of radial flame, the flow speed is reduced and the residence
time is increased. As it is observed, the residence time in axial flow is less than that of radial flow but the gas
temperature of axial flow is about 55 degree more than gas temperature in radial flow. These issues caused that at
the outlet of two burners, NOy is reported similar. However, CO is reported considerably less in radial flow.

Table 2: The comparison of radial and axial flow porous burner in equal inlet section area and stabilized flame at the
middle of burner with the length 10 cm in equivalence ratio 0.9

Max Solid Max Gas Flame Residence Radiative NO CO Firing rate Mass
Temperature Temperature Thickness Time efficiency (ppm)  (ppm) (MW/m~2) flow

® ® (mm) (ms) (%) (aris)

Axial 2141.9 2202.7 0.332 9.06 14.66 153 951 2.24 0.089
Radial 2146.2 2206.5 0.332 14.28 19.58 154 291 70.68 2.831

Another case with different condition was investigated. The burner length is reduced from 10 cm to 7cm and
the flame is stabilized at the end three quadrants. The results are shown in Table 3 and as it is shown, the behavior is
as shown in Table 3.

Table 3: The comparison of radial and axial flow porous burner in equal inlet section area and stabilized flame at
three final quadrant burners with the length 7 cm in equivalence ratio 0.9

Max Solid Max Gas Residence Time NO CO Mass flow (gr/s)
Temperature (k) Temperature (k) (ms) (ppm) (ppm)
Axial 2085.0 2162.1 421 96 951 0.083
Radial 2080.1 2157.4 5.32 93 291 2.603

The comparison of two tables showed that the applied change on the flame location and porous burner length is
different in terms of mass flow change rate and the change of firing rate for both burners. It can be said that the flow
change rate region or firing rate in axial flow porous burner is wide. It is observed that in radial flow burner firing
rate is changed 11 times more compared to axial burner.

The above conclusion is true in all the equivalence ratios. To prove this fact, a comparison is made between the
maximum to minimum ratio of firing rate of two examples of axial and radial flow porous burner [19], [20] and it is
shown in Fig. 2. As is shown, the flame stability range in radial flow burner is wider (3 times more) than axial flow
burner.
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Figure 2. The change trend of maximum to minimum
ratio of firing rate in radial flow porous burner compared

to axial flow
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Figure 3. The maximum and minimum change trend of
firing rate in various equivalence ratios of radial flow

porous burner

It can be said that in radial burner, the distance between the minimum and maximum firing rate is different in
various equivalence ratios. The minimum firing rate is fixed in all equivalence ratios while the maximum firing rate
in equivalence ratios has parabolic behavior. In other words, the distance between the maximum and minimum
firing rate is different in various equivalence ratios. This behavior is presented in Figure 3.
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The effect of flame stability location in radial flow burner

To investigate the effect of flame stability location, stoichiometric equivalence ratio was applied. It was
attempted to stabilize the flame in locations with the distance of 1cm. The temperature changes are shown in Figure
4. As it is shown, because of the thermal transfer to downstream of the flow, if the flame is inclined to the bigger
radiuses, its peak temperature is reduced. This is effective on burner thermal efficiency and the length of preheat
region. For the stabilized flame at the beginning of the preheat region, the length 1.57 cm is considered and the
length for the stabilized flame is calculated as 1.19cm. The comparison of the maximum temperature of solid and
gas phases for each of 8 phases is shown in Figure 5.
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Figure 4. The temperature change in various location of ~ Figure 5. The maximum temperature of gas and solid for
flame stability in stoichiometric equivalence ratio the stabilized flame in various radii and stoichiometric
equivalence ratio

According to the calculations, there was no considerable change in the size of flame thickness and it was
estimated as 0.32 mm. Based on the comparisons with axial flow porous burner, they have same flame thickness
size. It can be said that the flame thickness of porous burner is bigger than the premixed free flame burner. Another
parameter defined as the properties of porous burner is output radiation heat transfer efficiency. The changes are
shown in Figure 6. As is shown, by the increase of the radius of flame stability location, radiation efficiency is
reduced considerably. The reason is the inlet fuel flow rate. In other words, by the increase of the radius, the mass
flow rate is increased and in accordance with Figure 7, the solid temperature is reduced in outlet section but this
reduction is not as considerable and the reduction of radiation efficiency is observed by the increase of flame
stability radius. It can be said that the more the flame is inclined to the upstream of the flow, the more the radiation
efficiency. The reported trend for stoichiometric equivalence ratio is observed in other air and fuel mixture ratios.
This issue is presented for two locations of flame stability in Figure 8 for dilute and strong mixture ratios.
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The emission of the pollutants is one of the challenging issues in the burners and NO and CO pollutants are
selected as indicators. Both of the pollutants depend upon the residence time, equivalence ratio and temperature
profile with some parameters as turbulence rate. As is shown in Figure 4, the maximum temperature is not
significantly different in the flame situated at the middle of porous media with the flames stabilized in its upstream.
For two stabilized flames at radius 6, 7 cm in which their maximum temperature is relatively less than 2%, the
maximum temperature change of the flame is ignored but in two other flames located in the proximity of the
external level of the burner, the maximum temperature change of the flame is considerable. The study of the
residence time in various states of flame stability location showed that as we approach the end of the burner, its
value is reduced as exponential function (Fig. 9). It is expected that the effect of the mentioned temperature change
is neutralized. Figure 10 shows the production rate of CO, NO pollutants in stoichiometric mixture ratio. As is
shown, the increase of residence time increases the production of NO and reduction of CO by converting it to CO2.
As we study the pollutants emission in other mixture ratios, we know this conclusion in dilute mixtures ratio a valid.
For strong mixture ratios, the change of CO pollutant emission concentration is lower for the same reason of the
increase of residence time for the stabilized flame in the proximity of the upstream and this difference is reduced by
the increase of equivalence ratio to rich condition. The trend of the changes is shown in Figure 11.
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the beginning and the end of radial flow burner

Based on Figure 11 and the kinetic study of CO reactions, it is defined that the concentration difference is due
to the different residence time and in combustion dilute ratios by the change of geometry dimensions of the burner,
the concentration of CO is changed but in rich combustion ratios, the stability location of the flame is independent
from the pollutant CO production rate.

The investigation of the NO production in various mixture ratios showed that based on residence time and
flame temperature maximum effects, considerable changes are made. As is shown in Figure 12, in dilute region, the
stabilized flame temperature at the beginning of the burner and residence time is more compared to the stabilized
flame at the final end. Thus, it is expected that NO pollutant production rate is similar to the trend shown in
stoichiometric mixture ratio (Fig. 10).
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In rich combustion region in accordance with Figure 13, NO in stabilized flame at the proximity of the
beginning of the burner is reduced compared to the stabilized flame at the end of the burner. In other words, at first
by Fenimore mechanism, NO is produced then by the movement of the flow along the radius, it is degraded and is
converted to other ingredients including N20O. If equivalence ratio is bigger again, the degradation is such that it is
lower than the produced NO at lower temperature formed in stabilized flame at the end of the burner (Fig. 12). This
trend is consistent with the previous studies [21] regarding the production of NO in rich mixture (Bell chart 12).
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Figure 13. The molar concentration of NO, N20 for the
stabilized flame at the beginning of radial burner

According to Figure 13 in rich combustion region, NO degradation affects its concentration in burner outlet
and the degradation in the formed flame at the beginning of the burner is more. Also, for the flame being stabilized
at the end of the burner, there is no adequate opportunity for degradation of NO chemical species and the major
influence is due to the gas temperature defining the formation rate. In other words, it can be said that NO formed at
flame temperature based on residence time or inlet flow speed didn’t find degradation opportunity in burner outlet.
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4. DISCUSSION AND CONCLUSION

According to the results, it can be said that firing rate control in cylinder porous burner compared to axial
porous burner is wider (3 times more). Although due to the increase of residence time in radial flow model
compared to axial flow, it is expected that more NO pollutant is produced. However, due to the higher radiation
efficiency, the maximum temperature of the flame is lower and the effect of residence time effect is neutralized. In
sum, it can be said that radial flow model is better than axial flow model. The study of the stability location of the
flame in cylinder porous burner showed that the flame thickness is without the change and residence time by the
increase of the radius of flame stability location is reduced as exponential function. The mass flow rate and the
density of firing rate are increased linearly by the increase of radius and radiation efficiency is reduced. CO pollutant
concentration by the reduction of residence time or transfer to flame location to the flow upstream is increased in all
mixture ratios. NO pollutant concentration by transfer of the flame to the downstream of the flow is reduced in all
mixture ratios and if the mixture is considerably enriched, it is possible that due to NO degradation, its concentration
rate in stabilized flame in upstream is lower compared to the stabilized flame at the end of the burner.
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