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1 Introduction

Efficient conversion of chemical energy into heat by combustion processes is very important
for modern civilization. The demand for higher radiant heating rates has to be compatible
with the tightened environmental regulations, which require minimal pollutants emission.
Recently, several investigations have shown the advantages of the porous burner technology
[1]. The combustion takes place in a cellular material with a high thermal conductivity which
transports the heat from the reaction zone upstream to the incoming gases. The preheating of
the fuel/air mixture raises the flame temperature, reduces emissions and stabilizes the flame
[2]. Porous burner offer low emissions of CO, NOy and HC, high energy efficiency and high
power density [3].

Therefore combustion in porous media is of growing interest. Both metal and ceramic con-
cepts are used for several applications. As an alternative to metallic burners cellular ceramics
permit higher operating temperatures, more efficient heat extraction through the radiating
porous surface and/or volume and potentially better performance concerning flashback safety.
As a result of the increase of power density up to some MWm™ caused by new designs, the
requirements on the materials regarding thermal shock and operating temperature have also
raised. But in spite of recent scientific and technical success in developing new or improved
burner concepts, a lot of problems have remained to be solved for materials science. Most of
these problems are connected with the long time stability of ceramics in high temperature
combustion environments. This includes the special properties of cellular ceramics, e. g. mi-
crostructure, inner surface and mechanical strength.

2  Examples for different burner applications

Cellular ceramics for domestic gas heaters are of great economical and ecological interest [2].
They are also in use for afterburner in SOFC systems [4]. For starting-up the system, to en-
sure the afterburning of the anode offgas and for the improvement of the systems overall effi-
ciency there is need for a burner component with special characteristics. The most wanted
feature is the possibility to feed the burner with gas mixtures of different calorific value.
Many industrial processes containing drying steps use IR-emitters, e. g. in paper machines.
Recently SiSiC foam plates 150x200x mm working as flat porous burners have been used for
such driers [5], [6]. Another approach to enhance IR emission are emitter plates with very thin
and long channels perpendicular to the surface of the plate acting like black holes (¢ =1) [7].
Combustion in cellular structures can be improved by using catalysts. The catalysts can be
placed on the porous burner as a thin layer in form of a washcoat or in the entire matrix of the



cellular structure. The presence of a catalyst stabilizes the flame even at very lean fuel/oxidant
ratios and thus reduces the CO emission [8]. With or without catalytic coating cellular struc-
tures can be used for combustion of lean and ultra-lean fuel mixtures [9], [10].

3 Requirements on the material and potential candidates

Porous structures must resist thermo mechanical stress caused by the high gradients in tem-
perature, especially during start and modulation of the burner [11]. This first feature already
constrains the number of potential materials.

Depending on the fuel type, fuel/oxidant ratio and the pressure, very different corrosion ef-
fects can occur [12]. Materials for cellular burners need to resist harsh conditions for long
time. Hot wet atmospheres up to 17% H,O and velocities of 1 ms™ should be regarded at
least. This entails very high requirements on the corrosion resistance, because most burners
are used for long term applications, e. g. for more than 1000 h, in some cases up to 10000 h.
However, for domestic or automotive mass application simple components made of cheap
materials are needed.

According to the Stefan-Boltzmann-Law they should be characterized by high emissivity at
highest operating temperatures (about 1200 °C) because of the enhancement of the heat radia-
tion by the fourth power with the temperature and the linear dependence on material emissiv-
ity.

Considering the requirements mentioned above, only a few materials are suitable for the
application in combustion environments. The materials listed in Table 1 are characterized by
outstanding properties making them very important for high temperature applications.

Furthermore parameters like peak temperature, gradients, atmosphere and velocity strongly
depend on the geometry of the burner construction which must be taken into account in de-
veloping porous burners.

Table 1. Properties of important technical materials (bulk)
AlLO;  Cordierite  ZrO, SiC Fe-Cr-Al

Density gcm'3 3.98 2 6.1 3.1-3.2 7.3
TC' wm'K!'  5-30 1-3 2-5 80-160 13.5-17.7
Specific heat capacity  Jg'K'  09-1.0 0.8-12 0.5-0.6 0.7-08  0.5-0.8
CTE" 10°K! 8 2-6 10-13  4.7-52  10.1-13.2
TSP R1 o/E*a K 100 650 400 230

TSP R2 6*ME*a 10° Wm'™ 3 2 1.5 28

TALY °C 1900 1300 1800 1600 1330
Corrosion resistance + - 0 ++ +
Price 0 + -- -

!thermal conductivity 20—-1000 °C, Minear coefficient of thermal expansion 20-1000 °C, E
thermal shock parameter, " thermal application limit (in air, short time)

For the high application temperatures up to 1900 °C Al,Os has been used in porous burners
[13], [14], [15] restricted by the low thermal shock resistance. In contrast due to the excellent
thermal shock resistance, cordierite has been used in spite of the application temperature be-
ing limited at 1300 °C [16], [17]. Several investigations have been done on ZrO, [18], [19],



[20], [21]. The properties of pure ZrO, are very interesting, but the phase change from
tetragonal to monoclinic at 1170 °C is connected with a change in volume (5-8%). To prevent
this the tetragonal phase ZrO, has to be stabilized by sintering additives like yttrium, for ex-
ample, accepting a lowering of the bearable temperature.

For applications requiring high thermal shock resistance and lower temperatures (up to
1330 °C) FeCrAl alloys are very interesting [22], [23]. Composite materials and mullite have
also been investigated as candidates for porous burners [24], [25].

However, with the specified requirements silicon carbide is the best compromise between
application temperature, corrosion resistance, thermal conductivity and thermal shock resis-
tance. Furthermore the low CTE and the high emissivity and strength at high temperatures are
reasons for the usage of SiC for burner applications.

5 Cellular ceramics made of silicon carbide for combustion environments

5.1 Types of cellular silicon carbide

As mentioned above SiC is the most promising material, whereas the properties strongly de-
pend on the type of SiC ceramics. For high temperature applications pressure-less sintered
(SSiC), reaction-bonded silicon infiltrated (SiSiC) and recrystallized (RSiC) silicon carbide
are typical representatives. All materials have been tested for porous burner application [26],
[27], [28]. Bulk ceramics made of SSiC are nearly pure and dense. They are sintered from
submicron and pure active powders, using small amounts of sintering aids (boron). They have
a linear shrinkage of 16-22%. In contrast SiSiC is a shrinkage-free but dense material where
the coarse primary particles are bonded by the reaction of silicon metal melt with carbon to
secondary B-SiC. Remaining pores are filled by silicon. RSiC consists of a mixture of coarse
and very fine powder and is sintered between 2300 °C and 2500 °C. A pure SiC matrix is
formed with a porosity of 11-15%, lowering the mechanical strength but enhancing the ther-
mal shock resistance.

Cellular ceramics can be realized by replication techniques. Foams, for example, are cre-
ated be coating polymeric templates with ceramic slurry, drying, pyrolysing and afterwards
sintering or siliconizing. Non-isotropic components can also be manufactured with technical
textiles, e. g. woven and knitted structures. Different structures have been investigated for
burner application, but in most cases open celled ceramic foams have been used.

The properties of bulk ceramics may vary from that of ceramic foams, according to a dif-
ferent microstructure. Figure 1 shows the cross-sections of foam struts from the mentioned
SiC-types. The nearly pure SSiC material (left) has a very high chemical corrosion resistance.
For short time the application limit in air is about 1600 °C. The porosity of the microstructure
(up to 30%) causes inner oxidation of the ceramic which limits the long term stability. The
picture in the middle shows a strut of SiSiC almost filled with Si. The metallic Si causes very
high mechanical strength but low corrosion resistance. The application limit is about 1350 °C
(short time). RSiC foams (right picture) show enhanced porosity up to 37% compared to the
bulk material with mostly 11% to 15% porosity.



Figure 1. Cross-sections of ceramic foam struts; left SSiC, middle SiSiC, right RSiC

5.2 Cellular ceramics at high temperatures

The stability of high temperature materials has to be proved with different methods, character-
izing the oxidation behavior under several conditions. Because of the high amount of inner
porosity RSiC is excluded from the investigations listed in Table 2. The cell amount of the
samples was about 90%. To improve the oxidation resistance of the SSiC foams new slurries
have been developed. Porosities less than 12% were achieved, reducing the effect of inner
oxidation.

Table 2. Parameters which were used to investigate the oxidation resistance

Temp. Power density Time Material ppi Geometry
(°C) (kWm?) (h) (mm)

muffle 1265-1415 100 SSiC 20 D =60;h=40
furnace SiSiC 10 40x40x25
burner 1000-1300  1050-1216 100 SSiC 10 ©=135;h=15
rig SiSiC 10 ©=135h=15
lifetime ~ 600-1350 602-1055 100-1000 SSiC 10 @ =65h=40
test rig SiSiC 10 P =65h=40

5.3 Comparison of parabolic oxidation rates

Figure 2 shows some parabolic rate constants determined during the investigations. Basically
SSiC foams with a low amount of inner porosity have the smallest oxidation rates, even at
high amounts of water vapor and temperature. The results of the oxidation at dry air point out
that SSiC has a better resistance than SiSiC when the amount of inner porosity is fewer than
12%. The comparison between the foam and a nearly dense SiC oxidized in dry air at
1400 °C, reported by Costello [30], shows that currently developed foams are close to the
bulk material.

A sample of FeCrAl-alloy, oxidized in dry air at 1200 °C over 600 h, showed an oxidation
rate of 88,2 107" 1{g2m'4s'1 [29]. Though 200 K colder this is about the same magnitude as
SSiC-foams oxidized in dry air at 1415 °C.

5.4 Influences on the oxidation behavior

Many environmental and intrinsic specifics affect the oxidation behavior of high temperature
materials. In case of silicon carbide the creation of a protective silica layer is the reason for



the high temperature corrosion resistance of SiC. The less sintering additives are in the mate-
rial, the better the stability is. The dependencies of the rates and ambient conditions are very
complex. The most important factor is the temperature accelerating the transport of the oxi-
dants to the interface of SiC and SiO, and the reaction products outwards to the surface. Im-
purities in the ceramic material or from the combustion environment can cause bubbles in the
oxide layer or accelerate the transport of oxidants by the decrease of the viscosity, too. The
formation of volatile silicon hydroxides at high water vapor and low oxygen partial pressure
can change the oxidation kinetic from parabolic to para-linear [26]. At very high velocities
(100 ms™) even a linear weight loss is possible. The inner porosity of the samples influences
the long term stability of the cellular structure, too. Inner oxidation of the foam struts causes
cracks and decreases the mechanical strength of the cellular structure.

SSiC (662 kWm™, 100 h, porosity > 20%, & = 1.2) B Lifetime test rig
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Figure 2. Oxidation rates of open celled SiC foams in different environments

6 Summary and conclusion

Porous burners made of silicon carbide are currently under development for different applica-
tions. Although the oxidation rates of foams are higher than those for bulk materials, SSiC is
the most promising material. By lowering the inner porosity a significant decrease of the oxi-
dation rate has been achieved. The task for future work is the advancement of microstructure
to reduce inner porosity further. This allows the use of SSiC in long term applications such as
afterburner in the SOFC system.
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