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Porous media burners have been the focus of many studies due to the advantage in different
applications in industry, which exhibit a directional emission of thermal radiation and low
emission of pollutants. Indeed, these characteristics yields benefits regarding productivity
by an environment friendly process. Thus, this work analyzes the behavior of radiation heat
flux emitted by materials of different linear densities and porosities, varying the rate of
air/fuel mixture and the flame power. In this way, was constructed an experimental setup
that consists in a supply system of air/fuel, data acquisition, burner support for the radiation
sensor, and the radiometer. This structure enables the displacement from 0<C to 90<C
allowing the analysis of radiation in the area of a semisphere. The results shown that the
silicon carbide has higher radiation efficiency than zirconia, due the higher thermal
conductivity and emissivity. However, the silicon carbide degraded in one of the
measurements. The ZrO, media has proved challenging to stabilize for equivalence ratios
below 0.6. Regarding the porosity, it is concluded that the higher the porosity, the greater
the radiation efficiency, the expected result because there is a larger contact area for the
reaction to occur within the pores.

1. INTRODUCTION

Growing energy consumption is a worldwide reality that
continues for decades to come [1-4]. According to data from
the International Energy Agency, the world demand for energy
grows by 56% by 2040 [5-7]. Carbon emissions, associated
with energy generation and consumption worldwide, are
expected to increase by 46% over the next 30 years [8-11]. In
this scenario, there is a growing need for processes that
improve efficiency and reduce the emission of air pollutants
[12-16]. These emissions can be predicted by several models
[17, 18]. Porous burners, due to their versatility in radiant
power control and high burning efficiency, provide
considerable fuel economy, according to Caetano et al. [19];
Zhang et al. [20]; De Lemos [21]; Usman et al. [22]. Besides,
according to scientific communities, the insertion of a porous
structure makes the mixture air/produce a lower emission of
pollutants [23-25]. Thus, this type of equipment has been
applied in different industrial segments such as paper, food,
and ceramic [26-28]. Among the parameters that affect the
operation of porous burners, the material, the porosity, and the
equivalence ratio stand out [29-31]. Therefore, understanding
their influence on radiant energy emission is of fundamental
importance for the optimization of this equipment [32-34].

The present work has as objective the investigation of the
thermal radiation behavior by the premixed combustion of fuel
natural gas and air, in porous media, concerning the porous
material variation and the medium porosity. The study consists
in construct an experimental bench to evaluate the radiation
behavior in porous burners, evaluate the influence of porous

material on the radiation emitted by the burner in various
richness of air/fuel mixture, evaluate the influence of medium
porosity on the radiant fraction under the same conditions, and
compare the results obtained in the study with results found in
the literature.

The novelty brought in this study is the behavior of radiation
heat flux emitted by different materials, linear densities and
porosities in function of the equivalent ratio of combustion.

2. MATERIALS AND METHODS

Experimentally investigated the radiation efficiency of
methane and air combustion for mixture richness from 0.6 to
0.87. The burner used was zirconia (with preheating region
(RP) of 65 ppi, the porosity of 87% and 3.5 cm in length -
flame stabilization region (REC) of 10 ppi, the porosity of 84%
and 2.55 cm height), 51 mm in diameter and 60.5 mm in length
[35-38].

Radiation-transferred heat was measured using an infrared
radiation camera [39-41]. The results show that the radiation
efficiency decreases with increasing flame velocity and
equivalence ratio [42-44]. The values obtained for the
radiation efficiency reach 24% to @ equal to 0.6 and fall to
17% in @ equal to 0.8 [45, 46]. For the mixture richness of
0.87, the radiation efficiency grows back to 19% [47-49].

Mital et al. [50], analyzed the radiation efficiency in porous
cordierite burners (aluminum and magnesium silicate, which
may contain iron), with a composition of (13.78% MgO,
34.86% AlOs, 51.36% Si0,) [51]. The effect of variation on
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pore thickness and pore size of the flame stabilization region
was evaluated for the 0.9 mixture richness at powers between
150 and 650 kW/m2. For a 4ppcm REC, the change in
thickness from 3.2 to 6.5 mm did not cause significant changes
in radiation efficiency - the maximum efficiency was around
30% for both conditions [52].

However, keeping the REC thickness constant at 3.2 mm
and varying the linear pore density from 4 to 8 ppcm, the
maximum measured radiation efficiency dropped to 23% [53].
This difference is due to the smaller optical thickness of the
REC of 4 ppcm. Larger diameter pores expose deeper parts of
the solid matrix to the environment, causing the sufficient
surface temperature to rise. The maximum efficiency was
found at an intermediate point of the flame stability range (250
kW/m?) [54, 55].

Bouma and De Goey [56], also measured radiation
efficiency in porous cordierite burners. These burners have a
very small REC, causing stabilization of the flame front near
the surface. For a fixed mixing richness of 0.9, the burner
power was varied from 100 to 600 kW/m?. In this range,
radiation efficiency dropped from 33% to 8% [57, 58]. Three
configurations were evaluated with different layers of silicon
carbide and zirconia ceramic foam, operating with premixed
methane and air, in a fuel mixture richness range of 0.35 to
0.65 [59]. This operating range achieved a variation in
radiation efficiency between 20% and 35%. In the zirconia
burner, the radiation efficiency ranged from 25% to 50%.

Kaviany [60] presents an experimental analysis of the
performance of burners constructed from zirconia/alumina
ceramic filters under several operating conditions, evaluating
the radiation [61]. The minimum mixture richness in which the
flame stabilized was 0.4. Radiation efficiency ranged from
18% for higher flame velocities to 28% for lower flame
velocities [62].

For the accomplishment of the study, a bench was built for
the development of the experiment. This workbench allows
independent control of air and fuel flow rates and
measurement of the radiant fraction emitted by the porous
media burner [19]. The bench consists of air and fuel supply
systems, thermal radiation measurement system, data
acquisition system, and the porous media burner. The radiation
source is positioned in the center, the device facilitates the
precise positioning of the radiometer at different reading
angles, ranging from 0 to 180°, as well as in different radial
positions, ranging from 50 to 500 mm [8].

The device used to measure radiation in the experiment was
a MEDTHERM radiometer, with a measurement uncertainty
of 3% [12]. It absorbs the heat flux on the sensor surface and
transfers it to an integrated heat sink that stays at a different
temperature than the sensor surface. The temperature
difference between the two selected points along the sensor
heat flow path is a function of the heat being transferred and
the absorbed liquid heat flow. At two of these points, the
transducers have thermocouples, thus providing a self-
generated electromagnetic field for the output conductors that
is directly proportional to the heat transfer rate [33].

In the experiment, two digital flow controllers of the brand,
BRONKHORST, were used. The first model has a maximum
operating flow rate of 150 Ls/min, a standard that uses as a
reference the pressure of 1atm and the temperature of 20°C and
measurement uncertainty of 0.1% of a full-scale value. The
second has a flow rate of 10 Ls/min and the same uncertainty.
The reading unit is the E-710 digital PS.

For the flow of the air/fuel mixture to occur only at some

points of the burner and not on its entire surface, a hole-
distributing insulating plate is used. Each injection is
associated with a flame that may or may not connect with the
others depending on the distribution of holes in the insulation
board and the burner operating point [19].

The advantage of this configuration is that the air/fuel
mixture must be accelerated to pass through the holes in the
perforated insulation board. Thus, upon entering the unreacted
ceramic, gases have high speeds, making it challenging to
return flame. Another advantage is the possibility of
optimizing the distribution of the holes in the insulation board
to obtain a homogeneous temperature profile throughout the
burner, even for high surface area/thickness ratios [12].

The burner is mounted inside a steel casing with an inner
diameter of 130 mm and flanges at both ends to facilitate
mounting and dismounting of the equipment, as shown in
Figure 1. The gap between the porous element and the steel
housing is filled with a layer of alumina-based thermal
insulator, resistant up to 1200°C [19].
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Figure 1. Drawing of the porous burner

The construction of the burner is made from commercial
ceramic filters employed in steel casting processes [8]. These
filters have a sponge-like structure.

The materials used as porous media are from three different
models of commercial filters used separately. The composition
of the materials used is zirconia - alumina, 50 mm in diameter,
and 22 mm thick and 20 ppi, as shown in Figure 2.

~

Figure 2. Zirconia Ceramic with 20 ppi of porosity

Porous silicon carbide medium, 50 mm in diameter, and 22
mm thick, with two different porosities, one of 10 ppi and one
of 20 ppi, can be seen in Figures 3 and 4, respectively.



Figure 3. Silicon Carbide Ceramic with 10 ppi of porosity

Figure 4. 20 ppi silicon carbide

The methodology used in the experiment was based on the
proposal of Hsu et al. [63], which consists of initially finding
an air/fuel equivalence ratio and a volumetric gas flow, in
which the flame stabilization occurs inside the porous
environment. This value is obtained by studying the existing
bibliography and preliminary tests performed to verify the
functionality of the bench. In this way, an evaluation of the
influence of porosity on the radiation emitted by the burner can
be obtained [64, 65].

The correct burner positioning to the radiometer is of
fundamental importance for the validation of the experiment.
Only with the precise alignment of the burner top, with the
rotating axis of the radiometer holder can measurements be
made for a semi-spherical casing. The present experiment used
the correction factor in the flow rate of the fuel controller in
the value of 0.95 because the controller is calibrated to
methane, and in work, the fuel used was natural gas [66].

After flame stabilization, the flow controllers are set to the
desired equivalence ratio. The measurement procedure is
performed after the thermal equilibrium of the system occurs
[67]. Three thermocouples perform thermal monitoring, so
this balance is considered when all temperatures do not vary
by more than 2°C over 10 minutes.

Then the measurement begins by positioning the sensor at a
distance of 30 cm from the burner, taking measurements at

four different angles between 0° (vertical) and 90° (horizontal).

With the correct positioning at the desired angle, the metal
barrier, positioned between the burner and the radiometer, is
removed, and the radiant heat flow is measured for 100
seconds. After this period, the barrier is positioned and
expected until the device is not affected by the previous
procedure by monitoring the sensor [68].

The process is repeated for the equivalence ratios of 0.5, 0.6,
and 0.7 in the three-burner models. In this way, it is possible
to evaluate the radiation behavior in relation to different pore
and material densities, for variations of the air/fuel
equivalence ratios [69].

2.1 Measurement uncertainty

The analysis of experimental uncertainty (u) caused by

random errors, which lies in result of the addition of small
independent and uncontrollable errors, such as errors of
measuring instruments, was performed by applying the
method of propagation of independent errors proposed by
Kline-McClintock. For the error regarding the measurement of
the radiation direction was considered as ux=+3x10° m due
the accuracy of the positioners used in the setup. This value is
also consistent with the uncertainty in measuring the pixel size
during the flame images analysis.

The uncertainty for the average of values obtained in the
radiation intensity were considered directly from the statistical
results of the electrical signal captured from the sensor, as
ui=+0.5%. An average of 600 measurements for each ¢ and for
each height above the burner considered in this work were
taken. In this way, the value was obtained from the ratio
between the largest value of the measured RMS signal
amplitude, 200 mV, and the average of this signal, 1 mV,
where the major ratio value in all measurements was
considered. Then, the uncertainty related to the radiation
emission was considered as ue=%1.0%, considering the
manufacturer information. Thus, the maximum uncertainty in
the measurements of radiation heat flux is about 1% for the
results of this work.

An analysis for the equivalence ratio uncertainties, using the
flowmeters uncertainties was made, which is yields 5%. The
uncertainty of the air flowmeter was 0.2 SI/min and for the fuel
is 0.15 SV/min. Thus, the uncertainty in the equivalence ratio
is approximately 7%.

3. RESULTS AND DISCUSSION

The fuel mass flow (NG) was kept constant at 2.5 Ls/min to
perform the experiments, and consequently, the total energy
(S») at 1451.5 W and the air energy was calculated for all cases.
The measurements were made primarily for the porous
medium composed of 10 ppi silicon carbide and 35.5%
porosity. The results are presented in Table 1:

Table 1. Flow and radiant fraction for different mixing ratios
using 10 ppi silicon carbide porous medium

/] n [%] Radiant flux [W]
0.5 15.0 210.1
0.6 17.4 252.4
0.7 20.0 290.6

Both heat flux and radiant fraction increase with increasing
mixing ratio. The same total power value (1451.5 W) was used
in all cases, as the fuel and its flow were the same.

In the second measurement was used the porous medium
with silicon carbide composition with 20 ppi and 30.8%
porosity. It was possible to perform only two measurements
using this burner configuration due to material decomposition
for the equivalence ratio ¢=0.7.

This ceramic filter has a maximum operating temperature of
approximately 1300 °C. During data acquisition with
temperature reached 1500 °C, or that caused its decomposition.
The flux and radiant fraction values for ¢p=0.7 were estimated
by interpolation of the measured data for the other mixture
richness. These data were calculated for comparison with other
porosities and materials. This approximation can be
considered because the previous solid also presented linear
behavior. The results can be seen in Table 2. The variation of



the radiant fraction was directly proportional to the change of
the equivalence ratio.

Table 2. Flux and radiant fraction for different mixing ratios
using 20 ppi silicon carbide porous media

[} 3 [%] Radiant Flux [W]
0.5 14.48 210.27
0.6 16.05 232.02
0.7 17.87 262.63

For the 20 ppi zirconia filter with 29.8% porosity, the
measurements were performed under the same conditions as
previous experiments, generating Table 3. In this composition,
no degradation has occurred for any equivalence ratio since its
operating temperature is 2300°C, and in the experiment, the
thermocouple monitored an average of 1350°C. However,
there was difficulty in flame stabilization to ¢=0.5.

Table 3. Flux and radiant fraction for different mixing ratios
using 20 ppi silicon carbide porous media

) n [%] Radiant Flux [W]
0.5 104 151.5
0.6 132 191.7
0.7 174 252.5

The radiant fraction for the same equivalence ratio was
higher in the lower linear pore density burner, i.e., the higher
the porosity, the more radiation is emitted. This phenomenon
happens because there is a larger area for heat exchange
between the inner pore regions, more irradiated energy, and
less heat loss by driving. This behavior is consistent with
expected, as verified by Mital et al. [50], and is more evident
as it approaches the stoichiometric ratio (p=1). In this
condition, there is a more significant heat generation.
Consequently, the temperature is higher, which causes more
heat loss. Just as the analysis of different porosities was made,
one can compare different materials. It is noticed that the
silicon carbide material has a higher radiation fraction when
compared to the zirconia matrix for the same equivalence ratio.
This observation was expected since SiC has parameters such
as higher thermal conductivity and emissivity. However,
zirconia burners have the advantage of withstanding higher
operating temperatures. Note that the radiant fraction is a
relationship between all energy and the measured portion. This
value did not exceed 20% in the experiments, a result
considered low compared to the range of 25 to 50%.
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Figure 5. Radiant heat flux (Qr) by mixing ratios for
different porosity and materials

Figure 5 shows the graphic of the behavior of the radiant
heat flux as a function of different mixing ratios for equivalent
ratios, 0.5, 0.6, and 0.7, for Silicon carbide 10 and 20ppi, and
Zirconia 20ppi.

Note that the porosity or material composition does not
influence the behavior of the radiation. A linear fit of these
data provides a relation of 14.7 W/%. The standard deviation
is 3 W/%, and the correlation R is 0.99. Thus, the variation of
the radiation emitted by mixing ratios is independent of the
equivalent ratios, porosity, or material of the composition.

Figure 6 shows the graphic of the radiant heat flux for
different mixing ratios regarding each equivalent ratio, 0.5, 0.6,
and 0.7, considering Silicon carbide 10 and 20 ppi, and
Zirconia 20 ppi.
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Figure 6. Radiant flux (Q,) in the function of mixing ratios
for different equivalent ratios and materials composition

The results showed that the radiation emitted is higher as
lower porosities, and that zirconia emission is lower than
carbide silicon. The variation of the radiant flux with the
measurement angle of direction of radiation emission, for the
10 ppi SiC matrix, can be seen in Figure 7.
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Figure 7. Radiant flux (Q,) by measurement angle () for 10
ppi porosity silicon carbide

It can be seen that as the measurement angle increases (from
vertical to a horizontal position), there is a decrease in the heat
flux. This decay is also perceived for the other materials and
porosities. Porous burners present a directional radiation
emission, so decreasing the intensity with increasing angle is
consistent. The radiation heat flux was higher for larger
equivalence ratios, which also spread more energy for the
surroundings.



4. CONCLUSIONS

In this work, a workbench for radiant flow measurements
for different materials and porosities was developed.
Measurements were taken at different angles to map radiation
behavior across the area of a half-sphere. The stabilization of
the process proved to be a challenge because, for different
riches, there is a flame speed range that must be respected. The
measurements were valid only after reaching thermal
equilibrium within the porous medium. The porosity of
ceramic materials directly affects the radiation efficiency, so
that the smaller the porosity, the higher the radiation efficiency,
due to the presence of a larger area for heat exchange between
the pores and a smaller loss by driving.

Regarding the materials, it was observed that silicon carbide
has higher thermal efficiency than zirconia, an expected result,
due to the higher emissivity and thermal conductivity of the
material. However, SiC has a lower maximum operating
temperature than the other compound, which is a disadvantage.
Fact observed in the degradation of the 20 ppi silicon carbide
ceramic filter in the equivalence ratio of 0.7.

The radiant flux decay with the increase of the measurement
angle was evaluated and is consistent with literature data, as
well as the decrease of the radiation flux with the decrease of
the linear density.
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