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Abstract. Industry have a need for heating equipment which complies to ever more stringent emission regulations and that also 
provides a way of replacing existing electrical infrared by natural gas heating. Examples include processes such as ceramic tiles 
sintering in tunnel kilns, drying of paper and wood and thermoforming of thermoplastic parts. In the last years, few works have 
focused the operation of porous radiant burners (PRB) in hot environments, typical of industrial process. In this direction, a 
detailed experimental study of the combustion characteristics, such as the stability limits and the pollutant emissios, of a PRB in a 
confined hot environment is presented. A laboratory-scale furnace with control of wall temperatures was used. The local 
temperature and major species concentration were measured on the PRB and on the furnace, respectively. For comparisons 
purposes, tests in an open environment were also made. The results show that the upper stability limit (blow-out) of PRB are 
aproximately the same for both confined and open environment operations. However, the confined environment operation was 
strongly limited by the porous matrix temperature, allowing only mixtures with equivalence ratio smaller than 0,60. This higher 
flame temperature originated a growth of NOx emissions. Conversely, the CO emissions decreased when the furnace wall 
temperatures were increased. 
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1. INTRODUCTION 
 

Combustion in porous media has been vastly investigated due to its well-known characteristics of good flame 
stability, low pollutant emission, extended lean flammability limit and high radiation efficiency (see, for example, 
Howell et al. (1996) for a review about this theme before 1994). Here, a short review is presented with emphasis in 
radiating heating. 

A basic porous radiant burner (PRB) design was initially proposed and analyzed by Takeno and Sato (1979) and 
Kotani e Takeno (1982). There, a high conductivity solid matrix was introduced within the flame region. This solid 
matrix transfers heat from the post-flame region to the pre-heating flame region. Early theoretical models used a single-
step global reaction mechanism and assumed either the existence of local thermal equilibrium between the gas and solid 
phases (Kotani et al., 1984 and Yoshizawa et al., 1988) or a thermal non equilibrium (two-equation) model (Sathe et al., 
1990a and Sathe et al., 1990b). More recently, a few works have considered detailed chemical kinetic mechanisms 
along with either thermal equilibrium (Brenner et al., 2000) or thermal non equilibrium models (Hsu et al., 1993; Hsu e 
Mathews, 1993; Barra e Ellzey, 2004 and Mishra et al., 2006). 

The configuration of PRB that has been more investigated is formed by two ceramic foams with different properties 
(Hsu et al., 1993; Khanna et al., 1994; Hsu, 1996; Ellzey e Goel, 1995; Trimis e Durst, 1996; Mital et al., 1997; Pereira, 
2002; Barra et al., 2003; Barra e Ellzey, 2004; Talukdar et al., 2004 e Mishra et al., 2006). The advantage of this burner 
configuration is that the interface between the two ceramic foams is an efficient flame holder. Consequently, the flame 
stability characteristics depend on the porous matrix properties. This however, may not provide a uniform temperature 
field in the surface of a large porous radiating burner, considering the quality of the available ceramic foams (Pereira, 
2002).  

In order to allow for larger surface area burners, an alternative strategy of flame stabilization in a PRB was proposed 
recently (Catapan et al., 2005). It consists of the injection of the premixed reactants from a perforated plate placed 
upstream from the ceramics foams. Each injection point becomes the place for stabilization of a single conical flame. 
The higher velocities of the expanding jet developed in the vicinity of the injection hole prevents flame flashback. This 
mechanism of flame stabilization was experimentally analyzed in a PRB with a single injection orifice (Catapan et al., 
2006). The main results show that the single flame front has a conical shape, burning in both ceramics foams with 
different properties and is anchored at the injection orifice. The flame stabilizes closer to the injection plate for smaller 
reactant flow rates or higher equivalence ratios. This originates a higher flame temperature due mainly to the increased 
thermal resistance from the flame region to the external ambient. The higher flame temperature is helpful for the 
combustion of very diluted mixtures (or low heat content fuels) thus expanding the lean flammability limit, but it may 
also result in higher production of NOx. 

In the past years, emission regulations for industries have become ever more stringent. The need to a more rational 
use of available energy has also lead to replacement of existing electrical infrared by natural gas heating. The 



application of porous radiating burners in the interior of furnaces requires the operation under a usually hot environment 
and very few works have focused the operation of PRB in hot environments.  

Here, an experimental study of combustion characteristics of a PRB operating in a confined hot environment, such 
as pollutant emissions and flame stability limits, is performed. In the following, the experimental apparatus and 
uncertainties are described. Then, the measurements are presented and discussed. Finally, conclusions and 
recommendations about the burner operation are summarized.  
 
2. EXPERIMENTAL SET UP 
 

The experimental set up to test the PRB is composed of a burner section, an air and fuel supply systems, a 
laboratory-scale furnace, monitored by temperature and chemical species measurement systems. The air supply system 
is composed of an air compressor and tank, a pressure control valve, a shut-off valve, a flow control valve and a 
calibrated rotameter, with measurement range between 0 and 92 liters per minute (lpm). The fuel supply system is 
composed of a pressurized gaseous fuel bottle, a pressure control valve, a shut-off valve, a flow control valve and an 
electronic flow meter with the measurement range between 0 and 30 lpm. The gaseous fuel used is 99.8% pure 
methane. The methane and air are mixed in a mixing pipe with length of 1000 mm and diameter of 40 mm. At the end 
of the mixing pipe, a bed of glass beads is used as a laminarization section.  

The laboratory-scale furnace used in this study simulates industrial hot equipment. It is built from a vertical stainless 
steel cylinder with a diameter of 200 mm and a length of 1500 mm. The walls are heated by electrical resistances. The 
wall temperatures are controlled by a temperature controller (2132 – Eurotherm Controls) that includes thermocouples 
of type K. The PRB is placed on the bottom of the furnace. 

The PRB is made with layers of ceramic foams composed of alumina (Al2O3) and zirconia (ZrO2), each of which 
with a diameter of 70 mm and a thickness of 20 mm (manufactured by Foseco Ltda.). The first region, called pre-
heating region (PR), is made with a 40 porous per inch (ppi) ceramic foam and the second region, called stable-burning 
region (SBR), is made with a 10 ppi ceramic foam. All foams have 80% of volumetric porosity. An injection plate with 
a single central orifice is placed upstream from the ceramic foams, as shown in Fig. 1. 
 

 
 

Figure 1. Schematic drawing of the radiant porous burner (PRB). 
 

Type R (platinum and platinum + 13% rhodium, from Omega Engineering) thermocouples placed inside alumina 
double-holed tubes are used to measure the temperature within the porous matrix. The thermocouple measurements are 
recorded by a data acquisition system (34970A - Agilent) interfaced with a computer. The chemical species 
measurement system is composed of the alumina pipe probe, a condenser, a dryer, a particulate filter, a pump, a 
rotameter and the gas analyzers. To avoid the condensation of the water vapor and the possible dilution of the NO2 in 
the condensed water, the collector pipe line is heated by an electrical resistance. The gas analyzers included a magnetic 
pressure analyzer for O2 measurements, nondispersive infrared gas analyzers for CO2 and CO measurements (both 
CMA-331A - Horiba), a flame ionization detector for hydrocarbons measurements (FID E 2020 - Amluk) and a 
chemiluminescent analyzer for NOx measurements (CLA-510 SS - Horiba). The experiments were run either in the 
confined environment or in open ambient. In the open environment tests, the combustion products samples were 
collected in the central line on the burner surface (Fig. 1). In the confined tests, due to limitation of the experimental 
apparatus, the samples were collected on the upper opening of the furnace (chimney), where the composition of the 
combustion products is homogeneous. Note that these gas sampling processes result in different measurements, since, in 
the confined ambient, the gases flow along the oven prior collection, while in the open ambient the gases were collected 
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right at the point where they left the burner. From the measurements of the concentration of the major species in the 
combustion products, the CO and NOx emission index (EI) were calculated from 
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where Xi represents the molar fraction of species i, x is the number of carbon atoms in the chemical formula for the 
primary fuel and MWi and MWf are the molar mass of species i and fuel, respectively. The unburnt hydrocarbon 
concentrations were smaller than 2 ppm and were not included in the emission index equation. 

The experimental procedure to find the stability limits, based on the procedure of Hsu et al. (1993), is reported in 
detail in Catapan (2007). First, the fuel equivalence ratio and a volumetric flow rate that allows for stable flame 
propagation within the porous burner was set. The equivalence ratio was then slowly adjusted to the test value and the 
volumetric flow rate was increased until the upper limit of flame stability (the blow-out limit) was reached. Then, the 
burner was reinitialized and the volumetric flow rate was decreased until the lower limit of flame stability (the 
flashback limit) was reached. The blow-out and flashback limits were detected with the aid of the temperature 
measurements. The flash back is defined as the point when the temperature of the distribution plate reaches a high 
limiting value, while the blow out limit is defined as the point when the surface temperature reaches the higher value 
among all the temperatures recorded within the porous medium. The larger fuel equivalence ratio tested was limited by 
the degradation temperature of the porous matrix and the injection plate, which are 1600 ºC and 1200 ºC, respectively. 
Here, the fuel equivalence ratio follows the usual definition, i.e., 
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where Fm  is the fuel mass flow rate,  is the air mass flow rate, the subscript s stands for stoichiometric conditions 
and the subscript a stands for actual conditions.  

am

The flame speed is defined as the ratio between the unburnt reactants volumetric flow rate and the burner area. 
The experimental uncertainties of the measurements were determined from an error propagation analysis and are 

presented in Tab. 1.  
 

Table 1. Experimental uncertainties. 
 

Variable, 
unit 

T, 
ºC Φ SL, 

cm/s 
EINOx, 

g/kg 
EICO, 
g/kg 

IM, % ± 5 % ± 10 % 
(for SL > 10 cm/s) ± 5 % ± 30 % ± 60 % 

 
3. RESULTS AND DISCUSSIONS 
 
3.1. Stability limits 
 

The stability experiments were performed in open and hot confined environment at equivalence ratios ranging from 
0.40 to 0.65. The maximum total power was 4.0 kW at Φ = 0.65 and SL = 50 cm/s and the minimum total power was 0.6 
kW at Φ = 0.40 and SL = 12 cm/s. 

Figure 2 shows the stability limits of PRB in open environment. It can be identified three different regions, named 
the blow-out region, the stable-flame region and the region of thermal damage of the injection plate. The upper line is 
the blow-out limit. In general, the blow-out occurs in the central region of the surface burner as a consequence of the 
conical shape of the flame front (Catapan et al., 2006). Flashback was not observed for the equivalence ratios studied. 
The lower limit corresponds to a high temperature in the injection plate, close to its degradation temperature. This limit 
is reached when the volumetric flow rate decreases and the flame front moves closer to the injection plate (Catapan et 
al., 2006). Along the lower line, the porous matrix temperature remained below its maximum allowed temperature. The 
porous matrix degradation temperature was reached for the higher equivalence ratio (0.65) when the flame velocity 
exceeds 40 cm/s, prohibiting a further increase in equivalence ratio.  

Figure 3 shows the stability limit for the PRB used in the present work and the PRB used in Pereira (2002). The 
difference in the two works is the flame shape stabilized within the porous burner. While in Pereira (2002) the flame 
was plane and stabilized at the porous layers interface (there was no injection hole), in the present study the flame is 
conical and stabilized at the rim of the injection hole. Higher upper and lower stability limits are achieved for Φ < 0.55 



for the conical flame. This is probably related to the larger surface area exhibited by the conical flame when compared 
to the plane flame, resulting in higher total power (higher flame speed) for the same equivalence ratio. In addition, the 
injection plate acts as a thermal insulation to the upstream current, generating a higher flame temperature and, 
consequently, a higher local flame speed. Therefore, the blow-out occurs in a higher volumetric flow rate than in a PRB 
without an injection plate. 
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Figure 2. Flame stability limits for the PRB in open 

environment operation. 
Figure 3. Stability limits for the PRB used in the 

present work (continuous line) and the PRB used in 
Pereira (2002) (dashed line). 

 
Figure 4 shows the stability limits of the PRB in the hot environment operation, with a furnace temperature of 

950 ºC. The PRB operation was strongly limited by the porous matrix temperature, allowing only equivalence ratios 
smaller than 0.60. Even so, the range of flame stability is almost the same for both confined and open environment 
operation on each equivalence ratio. Flashback was not observed in any equivalence ratio. Differently to open 
environment operation, the lower stability limit occurs due to porous matrix temperature. This difference can be related 
to the smaller heat loss from porous matrix to surroundings in the hot environment operation, resulting in a higher 
temperature within the porous medium. 

It is interesting to note that for higher furnace temperature and for higher volumetric flow rates, the flame 
experiences a transition from the conical to a plane shape and stabilizes at the end of the stable-burning region, very 
close to the burner surface. This transition of flame shape regime is showed in Fig. 4, separating the upper region, 
where plane flames are observed, from the lower region where conical flames are observed. Even though the flame 
shape changes for higher surface temperature, the upper stability limits remain almost the same when compared to the 
operation in an open environment. The behavior observed for lower furnace wall temperatures (500 ºC) is qualitatively 
equivalent to the open flame.  
 

0
5

10
15
20
25
30
35
40
45
50
55
60

0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

Φ

S L
, 

cm
/s

Upper Limit
Botton Limit
Flame system transition

blow-out

thermal damage of 
the porous matrix

plane stable-flame

conical stable-flame

 
Figure 4. Stability limits of the PRB in the hot environment operation, for wall temperature of the furnace of 950ºC. 

 
3.2. Pollutant emissions 
 

Under open environment operation, the PRB presented EINOx values between 0.10 g/kg and 0.50 g/kg and EICO 
values between 0.05 g/kg and 3.72 g/kg. These results are consistent with the results presented by Mital et al. (1997). 
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Under hot environment operation, the EINOx values varied between 0.05 g/kg and 0.35 g/kg and the EICO values 
varied between 0.04 g/kg and 0.35 g/kg. No emissions measurements were found in the literature for confined 
operation. 
 
3.2.1. Effect of flame speed 
 

Figure 5 presents the EINOx as a function of the flame speed and equivalence ratio for open environment operation. 
In general, the EINOx increase when the flame speed decreases. This can be attributed to two reasons that influence the 
NO formation via the thermal mechanism. First, there is the increase of the residence time of the combustion products 
in the hot region and, second, the increase of the flame temperature within the reaction zone. This second effect can be 
explained as follows. Fig. 6 presents the flame temperature (Tfl), here defined as the maximum temperature within the 
porous matrix, for each experimental condition, as a function of the flame speed and equivalence ratio. For all 
equivalence ratio studied, the flame temperature increases when the flame speed is decreased. In the PRB with an 
injection plate, the flame front moves closer to the injection plate when the flame speed decreases (Catapan et al., 
2006). Thus, the length of porous matrix downstream from the flame front is larger, decreasing the heat loss from the 
flame to the surroundings. Therefore, the flame temperature is higher when the flame stabilizes closer to the injection 
plate as a result of the increased thermal resistance to axial heat loss to the external environment. Consequently, both 
the flame temperature and EINOx increase, even when the total power decreases.  

These results are opposed to results presents in the literature (Hsu et al., 1993; Khanna et al., 1994 and Mital et al., 
1997) where the NOx emission decreases when the flame speed decreases. In those studies, however, the flame 
stabilizes at the interface between the ceramic foam layers and therefore the flame position does not change appreciably 
with the flame speed. Consequently, the flame temperature and the NOx emission depend only on total power, which 
decreases when the flame speed decreases.  
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Figure 5. EINOx as a function of the flame speed and 

equivalence ratio for open environment operation. 
Figure 6. Flame temperature (Tfl) as a function of the 

flame speed and equivalence ratio. 
 

Figure 7 presents the EICO as a function of the flame speed and equivalence ratio for open environment operation. It 
can be noted that the EICO increases with the flame speed. Similarly to NOx emissions, the CO emissions are strongly 
influenced by the residence time and flame temperature. But here, for higher flame speeds, the lower residence time and 
lower flame temperature increase de EICO. This tendency for the increase in CO emissions with the flame speed was 
discussed in the literature (Hsu et al., 1993 and Khanna et al., 1994). 
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Figure 7. EICO as a function of the flame speed and equivalence ratio, for open environment operation. 

 
3.2.2. Effect of equivalence ratio 
 

The effect of equivalence ratio on the EINOx can be explained from Figs. 5 and 6. For the same flame speed, the 
higher equivalence ratios result in higher EINOx. It can be observed that the flame temperature increases with the 
equivalence ratio. Similarly to a decrease in flame speed, the flame front moves closer to the injection plate when the 
equivalence ratio is increased, increasing the flame temperature and also the residence time. In addition, the formation 
of NO via the prompt mechanism is favored in higher equivalence ratios. These results are consistent with those 
presented by Mital et al. (1997). 

Table 2 presents the minimum and the maximum EICO for each equivalence ratio. The stable flame ranges are also 
presented. It can be note the EICO range increases with the equivalence ratio. The CO oxidation is slower at higher 
equivalence ratio due to smaller excess air. However, the larger range for stable flame occurs for higher equivalence 
ratio. Therefore, the higher CO emissions are a result of the lower residence times, lower flame temperatures and lower 
air excess levels. 
 

Table 2. Stable flame range, minimum and maximum EICO for each equivalence ratio. 
 

Φ Stable SL range, 
cm/s 

EICOmin, 
g/kg 

EICOmax, 
g/kg 

0.45 15 a 26 0.00 0.40 

0.50 18 a 32 0.00 0.47 

0.55 25 a 36 0.30 0.59 

0.60 30 a 50 0.36 1.24 
 
3.2.3. Effect of environment temperature 
 

Figure 8 presents the EINOx as function of the furnace temperature (Tf) for a flame with Φ = 0.55 and SL = 30 cm/s. 
These measurements were taken for successive increments of the furnace wall temperature. Each measurement 
represents a steady state condition. It can be observed that the EINOx increases from 0.12 g/kg to 0.29 g/kg for 
 Tf = 250 ºC to Tf = 950 ºC, respectively. In these experimental conditions, the flame temperature varied from 1440 ºC to 
1500 ºC. In this temperature range, the equilibrium molar fraction of NO and NO2 is strongly dependent on flame 
temperature. For a mixture of combustion products CO2, H2O, O2, N2, CH4, NO, NO2 and H2, resulting from the 
combustion of methane in air, the equilibrium concentration of NOx for Tfl = 1500 ºC is 25% higher than that for  
Tfl = 1440 ºC (Reynolds, 1986). Therefore, although the measured values are below the equilibrium values, the 
measured increase is in the direction of chemical equilibrium. This indicates that the flame temperature and, 
consequently, the NOx emission must be controlled in a hot environment operation of a PRB. 
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Figure 8. EINOx as function of the furnace temperature for a flame with Φ = 0.55 and SL = 30 cm/s. 

 
Figure 9 presents the EICO as function of the furnace temperature for a flame with Φ = 0.55 and SL = 30 cm/s. The 

EICO decreases when the furnace temperature is increased. Note that the measurement of combustion products 
composition is made in the furnace outlet. Therefore, the residence time of the combustion products is higher than in 
open environment. In addition, the heat loss from combustion products to the furnace wall decreases when the furnace 
temperature is increased, keeping the gas at higher temperature while it flows along the furnace. Because of these 
reasons, there is additional CO oxidation inside the furnace. 
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Figure 9. EICO as a function of the furnace temperature for a flame with Φ = 0.55 and SL = 30 cm/s. 

 
For the same furnace wall temperature, both the flame speed and the equivalence ratio effects on EINOx were almost 

the same than the observed in open environment operation. However, in contrast with open environment operation, the 
EICO is smaller at higher equivalence ratio, when the furnace wall temperature is kept constant. This can be related to 
the higher flow temperature that promotes CO oxidation inside of the furnace. 
 
4. CONCLUSIONS 
 

A detailed experimental study of the combustion characteristics, such as the stability limits and the pollutant 
emissions, of a porous radiant burner (PRB), burning premixed methane and air, in a confined hot environment is 
presented. The PRB employs a single hole injection plate as the flame stabilizing mechanism. A laboratory-scale 
furnace with controlled wall temperatures is used. The local temperature and major species concentration are measured 
on the PRB and on the furnace, respectively. For comparisons purposes, tests in an open environment are also 
presented. The main results of this study can be summarized as follows: 
 
1. The range of flame stability is almost the same for both confined and open environment operation. The confined 
environment operation is strongly limited by the porous matrix degradation temperature, allowing only the combustion 
of mixtures with equivalence ratio smaller than 0.60. 
 



2. Flashback was not observed for any of the experimental conditions. Under open environment operation, the lower 
stability limit occurs when the injection plate reaches its degradation temperature. Conversely, under confined 
environment operation, the lower stability limit occurs when the porous matrix reaches its degradation temperature. 
This difference can be related to the smaller heat loss from the porous matrix to surroundings in the hot environment 
operation. 
 
3. For higher reactant flow rates and higher furnace wall temperature, the flame experiences a transition from the 
conical to a plane shape and stabilizes at the end of the stable-burning region, very close to the burner radiant surface. 
Even though the flame shape changes for higher surface temperature, the upper stability limits remain almost the same 
when compared to the operation in an open environment. 
 
4. For the same experimental condition, the EINOx increases with the furnace wall temperature. This occurs due to the 
increase in the flame temperature. Conversely, the EICO decrease with the furnace wall temperature. This is related to 
higher flame temperature and CO oxidation inside of the furnace. 
 
5. For the same furnace wall temperature, both the flame speed and the equivalence ratio effects on EINOx were almost 
the same than the observed under open environment operation. However, in contrast with operation under open 
environment, the EICO is smaller in higher equivalence ratio, when the furnace wall temperature is kept constant. This 
can be related to the higher flow temperature that promotes CO oxidation inside of the furnace. 
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