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OBJECTIVES 

The primary objective of this research has 
been to provide an understanding of factors 
pertinent to the development of an effective 
filtration system for removing particles from 
high-temperature, high-pressure gas streams in 
advanced power generation systems under 
development by the Department of Energy. 
Information used to define the filtration system 
issues was compiled from the Morgantown 
Energy Technology Center (METC) Contractors 
Conferences, specific tasks assigned to Southern 
Research Institute, meetings with METC 

personnel and contractors, and other conferences 
and workshops organized by METC. 

BACKGROUND INFORMATION 

Effective hot gas filtration is an enabling 
technology for advanced power systems that are 
now under development to improve the 
efficiency of thermal to electrical energy 
conversion of coal burning power stations. In 
conventional coal-fired power systems thermal 
energy is extracted from the combustion 
products in the boiler, economizer and air 
preheater, leaving a flue gas to be expelled from 

.... 
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the plant. To satis@ environmental requirements, 
the gas is cleaned, usually with an electrostatic 
precipitator or a fabric filter, before it is released 
to the stack. The gas cleaning operation is carred 
out at temperatures typically in the range of 
120°C to 180OC. Modern hot-side precipitators 
(so called because they are installed upstream of 
air preheaters) operate at a somewhat higher 
temperature, but still within the stable range of a 
fairly wide range of materials. 

The challenge of hot-gas cleanup arises from the 
requirement to remove contaminants from gases 
at temperatures of 600°C and possibly much 
higher. In both PFBC and IGCC systems hot 
gases from the reaction process (combustion or 
gasification) are applied directly to steam 
turbines, which requires that they be 
substantially free of particulate material. In 
general, higher thermal efficiency in these kinds 
of systems requires higher filtration temperature. 

Above 84OOC the limitations of conventional 
materials become apparent. Most metals become 
affected by corrosion and loss of strength. 
Although ceramics are less subject to such 
deterioration, they are not invulnerable to 
degradation by thermal and mechanical effects. 

Initial research and pilot scale installations have 
shown that there are some potential problem 
areas. Thick ash deposits have formed, bridging 
from passive surfaces to the filter material and 
between filter candles. A great number of 
ceramic filters have broken in various 
experimental and demonstration devices, 
especially during the long-term testing of the 
candle filter system at the Tidd station, American 
Electric Power's 70 Mwe PFBC Demonstration 
Plant located at Brilliant, Ohio. Similarly, there 
have been failures, although not as regularly, in 
Ahlstrom Pyropower's Circulating Pressurized 
Fluidized Bed Combustion System in Karhula, 

Finland, in other pilot plants, and in tests of 
small 'discs or "patches" of filtration materials. 

Although ceramic candle filters remain among 
the most promising candidates for Hot Gas 
Cleanup (HGCU) systems, there are still some 
significant problems with both durability of the 
candles and long-term buildup of dust deposits. 
These problems can be addressed by identifjling 
and developing new filter materials and by 
developing design criteria and other means to 
avoid the formation of excessive dust 
accumulation. 

PARTICULATE CHARACTERISTICS 

The behavior of fine particles suspended in a gas 
stream depends upon their size, shape and 
density. These physical quantities also determine, 
to a large extent, the nature of a dust cake 
formed in the process of filtering the particles 
from the gas. If the shape of a particle is 
complex, it may be difficult to define a single 
number to represent its geometric size. 
However, the geometric or physical dimensions 
of aerosol particles are not especially important 
in themselves. The more important consideration 
is the way that the size and shape affect the 
aerodynamic forces that develop when they are 
in motion relative to a gas stream or affecting 
flow through a dust cake on a filter. 

Some devices that are used to determine the 
sizes of suspended particles do so by classifjling 
them as a knction of their movement relative to 
a fluid. Cascade impactors and sedigraphs are 
typical of such instruments. Particle sizes are 
determined by relating their aerodynamic 
behavior to that of spherical particles. These 
kinds of measurements define the Stokes 
diameter or aerodynaniic diameter, depending 
upon the assumption of the particle density. 
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As a general rule, a particle with an irregular 
shape and a large surface area has a greater 
aerodynamic resistance than a spherical particle 
with the same mass and density. The irregularly 
shaped particle will therefore appear smaller than 
the corresponding spherical particle in any kind 
of aerodynamic classifier. 

Effects on Filtration Processes 

The shapes and sizes of particles in a dust cake 
figure prominently in determining the porosity 
and the permeability of the dust cake. The 
porosity depends strongly upon the cohesiveness 
of the particles, and the permeability depends 
upon both the porosity and the aerodynamic 
drag of the particles. 

A particle that is spherical or nearly so can touch 
a neighboring particle at only one point. One can 
slide or roll on the surface of another to adjust 
position in response to external forces. Jagged or 
angular particles can touch each other at more 
than one point, and their shapes tend to prevent 
relative motion among them. Consequently, 
setting aside questions of surface stickiness for 
the moment, spherical particles tend to be Iess 
cohesive compared to those of less regular 
geometry. 

The porosity of a dust cake correlates directly 
with the cohesivity of the particles. If the 
cohesivity is high, particles tend to stick where 
they first make contact, rather than working their 
way down into a more compact arrangement. 

Intuitively, one expects permeability of a dust 
cake to correlate with porosity, but the particle 
size distribution and morphology play an 
important part, irrespective of the porosity. To 
illustrate this principle, consider two regions of 
equal volume, one filled with close-packed 
spheres 10 pm in diameter and the other filled 
with close-packed spheres 1 p m  in diameter. The 
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porosity is exactly the same for both cases, but 
the space with the larger spheres has a small 
number of large pores, which will present a 
smaller resistance to gas flow than will the larger 
number of small pores in the other case. 

Conventional Fly Ash 

A very common design for coal combustion is 
the pulverized-coal boiler, in which particles of 
coal are burned while suspended in air. Inert 
material, such as Si02 and AI203 in the coal 
remains as ash after the carbon and other 
combustible materials have burned off. 

In conventional boilers the temperature is 
normally above the fbsion point of the ash. The 
melted droplets of ash solidi@ into small 
spherical particles. An example of such a fly ash 
is shown in Figure 1. In many cases such fly ash 
may have surface asperities or other slight 
irregularities, but the shape is generally spherical. 

Figure 1. Fly ash from a pulverized-coal-fired 
boiler 

Gasifier Char 

A gasifier produces gas from coal by heating it in 
an oxygen-poor gas under pressure. The char 
produced in this kind of process contains 



unreacted carbon as well as the normal ash 
components found in conventional fly ash. Since 
gasification is usually carried out at temperatures 
well below the fixion point of the ash, no 
melting occurs, and the particles are merely the 
remains of the inert inclusions in the coal, mixed 
with the unreacted carbon. 

of the sorbent, reacted or not, can be entrained 
in the exhaust gas. The particulate material in the 
process stream therefore contains not only ash, 
but components Ca, Mg and captured sulfur, 
especially in the form of soluble sulfates. 

Figure 3 is an SEM photograph of an ash taken 
from the advanced particulate filter at the Tidd 
plant. As noted above, the absence of melting 
produces the angular or jagged particle shapes. 

Figure 2 is a SEM photograph of a gasifier char. 
The particles appear to be jagged fragments of 
ash and carboniferous material. The rough shape 
and fine size of these particles indicates a very 
cohesive powder. This material would be 
expected to form a very porous dust cake, and 
one that might be difficult to remove from a 
filter. 

Figure 3. PFBC ash 

Figure 2. Gasifier char 

PFBC Ash 

In a pressurized fluidized-bed combuster 
(P'FBC), the temperature is somewhat lower 
than in a conventional boiler, and is often lower 
than the hsion temperature of the ash. As a 
result, the ash particles are formed from 
unmelted remnants of the hel, which results in 
rough, irregularly-shaped particles. 

One of the usehl features of fluidized-bed 
combustion is that a sorbent may be mixed in 
with the he1 in the bed for sulhr removal. Some 

In measurements of ash characteristics from 
various sources and under a number of 
conditions, we have noted that freshly deposited 
ash tends to have a high porosity -typically 85 
to 90%. When exposed to temperatures in the 
range of 650 to 840 "C they gradually become 
consolidated, transforming into much stronger 
structures with porosity as low as 69%. 

Various analyses and reviews of the literature 
indicate that the mechanism responsible for the 
extreme consolidation of the ash is a physical 
rearrangement of the particles attributable to the 
surface tension of melted or partially melted 
alkali-aluminosilicate mixtures formed at the 
contact points between adjacent particles. This 
conclusion is supported by the SEM picture 
shown in Figure 4. 
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Figure 4. PFBC ash, sintered 

Detailied studies of PFBC Ash 

Much of the PFBC ash represented in our data 
base was taken from the advanced filter system 
at the Tidd plant. While none of these were 
taken by isokinetic sampling in the gas stream, 
we were able to take samples directly from 
clearly identified regions of the dust cake, and 
from fixed, non-filtering areas (passive deposits). 

Because the most freshly deposited portions of 
the filter cakes and passively deposited ash 
collected during the site visits were very fragile, 
a number of these samples were encapsulated in 
low-viscosity epoxy at the plant. This procedure 
allowed detailed measurements of the porosity of 
these deposits as well as preservation of the 
samples for fbrther analyses. 

When thick filter cakes were allowed to form on 
the candle surfaces, they consolidated as a result 
of eutectic formation, and they also tended to 
compact under the force of filtering pressure 
drop. The compaction was greatest in the layer 
closest to the filtering surface and progressively 
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less pronounced in the outer layers. 
Measurements of the porosity of filter cakes 
removed from Tidd in September 1993 verified 
the existence of a gradient in the porosity of the 
filter cake. Porosity gradually increased fiom 
about 72% in the 0.1 inch of cake closest to the 
candle, to about 85% for the 30 to 40% of the 
cake most recently deposited. These compacted 
filter cakes had comparatively high mechanical 
strength and high resistance to gas flow. 
Laboratory data showed that the tensile strength 
of a fblly consolidated filter cake nodule can 
exceed 12.5 psi, which is at least two orders of 
magnitude greater thath that of a fiesh ash 
deposit. 

An SEM microprobe was used to examine 
agglomerates of ash obtained from the filter 
vessel in May 1994. This device performs 
elemental analyses on selected 1 p m  diameter 
hemispherical regions. There was little 
consistency from region to region in the various 
specimens that were examined. Each particle 
observed appeared to be a special case. Some 
particles were almost completely iron, others 
were very high in calcium or magnesium. 

Aluminosilicate particles were also common. 
The shapes and sizes of the particles also varied 
considerably. Some particles showed evidence 
of having been melted and resolidified. Such 
particles, to the extent that it was possible to 
determine, were enriched in magnesium because 
of the formation of MgSOd. The bonds between 
particles showed some enhanced levels of Mg, 
accompanied by such other species as Ti, Al, Ca, 
and S .  

Although conclusions are hard to verifj because 
of the limitations of the technique and the 
heterogeneity of the samples, particles rich in 
Mg and S apparently softened during 
combustion and/or collection and residence in 
the filter vessel. The presence of significant 



amounts of Mg and S in the ash particles may 
have enhanced the chances for eutectic 
formation between particles. 

28.9 
30.1 
44.8 

Size Distribution 

50.7 20.4 
34.3 35.6 
33.3 21.9 

During the test program at Tidd, problems with 
ash bridging and the development of thick 
passively deposited material were explained in 
terms of the small mean particle size and the 
concomitant high cohesivity. It was recognized 
that it might be advantageous to change the 
characteristics of the cyclone upstream of the 
filter to produce a larger particle size 

distribution. Even though the total mass loading 
would increase substantially, the reduction in 
cohesivity would allow more effective cleaning. 
during the last few operational periods, the 
cyclones were derated and finally bypassed 
completely to achieve a more advantageous 
particle size distribution. 

Information describing the bulk ash samples was 
derived from determinations of size distribution, 
chemical analyses, and uncompacted bulk 
porosity measurements. The most enlightening 
descriptions of size distributions were obtained 
with a combination 

location. date 
Tube sheet, Oct. 1994 
Ash shed, Oct. 1994 
Tube sheet. Mav 1995 
Filter cake, May 1995 
Tube sheet, May 1995 

Table 1 
Sieve Analyses of Tidd Ashes 

0.64 3.84 95.5 

of sieving and sedigraphic analyses. Before 
derating and eventually bypassing the cyclone 
upstream of the APF, the ash particles collected 
at various places in the filter vessel were very 
fine, with MMD’s (mass mean diameters) 
around 3 to 5 pm. As efforts to increase the size 
of the ash entering the APF by derating the 
cyclone progressed, somewhat larger MMD’s 
were observed. However, the major changes in 
the size distributions of the ashes collected in the 
APF did not occur until the last period of 
operation, during which the cyclone was 
completely bypassed. 

Sieve analyses were performed on ashes 
collected in October 1994, after derated cyclone 
operation, and May 1995, after operation with 
the cyclone completely bypassed. The data in 
Table 1 show that bypassing the cyclone 
between October 1994 and May 1995 
significantly increased the size distributions of 
ash collected in the APF. The sieving process 
used on these five ashes separated a portion of 
the original ashes into three size fractions: 
particle diameters greater than 45 pm, particle 
diameters greater than 15 pm, but smaller than 
45 pm, and ash particles with diameters less than 
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15 pm. (The sieving process caused this last, 
smallest fraction to be discarded along with the 
isopropanol used to wash the particles through 
the 45 p m  and 15 p m  sieves.) 

QQ.9 

QQ 

90 

70 

30- 

10 

In Figure 5, the size distribution data for these 
five samples obtained with the sieves have been 
combined with size distribution data obtained 
with a sedigraph. These data clearly show the 
increase in particle size induced by bypassing the 
cyclone. 
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Figure 5. Size distribution of ash obtained 
from the Tidd pilot plant 

The ash corresponding to the last row in Table 1 
behaved much more like a free-flowing powder 
than the other samples collected on the same site 
visit. This free flowing ash exhibited the largest 
particle size distribution of those ashes that were 
analyzed. When this ash was removed from the 
tube sheet, it was loose and flu@, unlike the 
other ash samples that were consolidated into 
nodules and deposits. This type of difference is 
common with fine powders. Powders normally 
become more free flowing as their particle size 
distribution becomes coarser. 

Chemical analyses of this free flowing ash and 
one of the nodular ashes were performed to 
determine if differences other than particle size 
might account for the tendency of the coarser 
ash to behave like a free-flowing powder. 
Chemical analyses of these two ashes and the 
size-separated portions generated from them 
during sieving are summarized in Table 2. 

These analyses demonstrated that the larger ash 
particles contain more Mg, Ca, SO3, and have 
higher LO1 values. The smaller particles are 
richer in AI ,Nay K, Fey Ti, and Si. These results 
suggest that the larger ash particles are derived 
mainly from the sorbent used in the combustion 
process, while the smaller particles are derived 
mainly from the coal. Because of the differences 
in the chemistry of the different size fractions of 
these ashes, it is possible that the increased 
flowability of the tube sheet ash represented in 
Table 2 may be attributable to chemical 
differences as well as differences in size 
distribution. 

. 

Standard mineral analyses of two bulk hopper 
ash samples and two filter cake ash samples 
(Table 3) showed that, like other Tidd ashes that 
have been analyzed, the primary elemental 
constituents of these ash samples were calcium, 
magnesium, aluminum, silicon and sulfbr. Most 
of the calcium and magnesium in the ash in these 
samples is derived from use of limestone and/or 
dolomite in the fluidized bed. The other major 
constituents of the ash are derived from the coal. 
These chemical comparisons of hopper ashes and 
filter cake ashes have also helped to identi@ the 
mechanisms controlling the consolidation of ash 
deposits in the APF. 



Table 2 
Chemical Analyses of Tidd Ashes Collected in May, 1995, % wt. 

1 soluble SO% I 29.7 I 36.0 I 29.8 I 22.4 I 26.3 I 20.6 I 

Table 3 
Chemical Analyses of Tidd Ashes Collected in 1993, YO wt. 
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Mechaiiisms Coiitrolliiig the ConsoIidation 
of Ash Deposits 

Studies of the buildup of boiler tube deposits in 
conventional pulverized-coal fired boilers 
describe a mechanism which may account for the 
apparent consolidation of the Tidd ash deposits. 
Many of the ash particles collected in HGCU 
filter assemblies are derived directly from coal 
particles. These ash particles often contain a 
large percentage of aluminosilicate compounds. 
The other main source of ash particles is the 
sorbent used in the PFBC process. Sorbent- 
derived ash particles contain relatively large 
amounts of magnesium, calcium, or both. Once 
these two types of ash particles come in contact 
with each other in the agglomerates formed in 
the filter vessel, the aluminosilicate compounds 
in the coal fly ash tend to react with alkali and 
alkaline metals in the sorbent ash particles to 

temperatures'. The progress of these reactions 
is supported by the intimate contact of the ash 
particles in the agglomerate and by long-term 
exposure of the ash particles to the temperatures 
in the filter vessel. 

' form eutectics that melt at relatively low 

Most of the research into the formation of these 
eutectics has examined the formation of calcium 
aluminosilicate compounds (e.g. 2CxAI203S02 
or CaO.AI203.2Si02). Although pure forms of 
these compounds do not melt at the 
temperatures encountered in HGCU filter vessels 
(pure 2Ca.AI203S02 and CaO.Al203.2Si02 melt 
at around 2800 OF), impurities that would almost 
certainly be present in these compounds because 
of the heterogeneous nature of coal fly ash 
particles would lower their melting points. It is 
likely that this reduction in melting points could 

combine with long-term exposure to the 
temperatures in the filter vessel to create 
relatively soft, sticky layers on the surfaces of 
the ash particlesz3. As the viscosity of the outer 
layer of the ash particles decreases, the bonds 
between the particles become stronger. Also, 
the surface tension of the near-liquid layer on the 
particles tends to pull adjacent ash particles 
closer together, thereby eventually consolidating 
the structure of the entire ash agglomerate. This 
mechanism may be hrther enhanced by the 
relatively small size of the ash particles in the 
agglomerate. 

Chemical reactions, such as the formation of 
calcium sulfate and/or magnesium sulfate on the 
surfaces of incompletely reacted sorbent 
particles in the agglomerate, may increase the 
strength of interparticle bonds and contribute to 
another mechanism for eutectic formation. 
Sulfate salts which form on the surfaces of the 
ash and sorbent particles result primarily from 
the reaction of gaseous SO2 with solid calcium 
oxide and/or magnesium oxide. Pure calcium 
sulfate melts at around 26OO0F, and pure 
magnesium sulfate decomposes at around 
2000°F. Therefore it is possible, even with the 
effects that impurities have on melting points, 
that these salts do not melt in the filter vessel. 
Because these sulfate salts may remain in the 
solid state, they could act as solid bridges 
between adjacent particles. Such salt bridges 
can increase particle bonding strengths by 
several orders of magnitude4. Because filter 
cake ash contacts much more flue gas than does 
passively deposited ash, this type of reaction 
would be accentuated in the filter cake. 
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However, passive ash deposits can remain in the 
filter vessel for extended periods since there is 
no effective means for their periodic on-line 
removal. Therefore this type of reaction may 
also occur to a significant extent in these passive 
deposits. 

Additionally sodium, although present in only 
small amounts in the sorbent and coal fly ash 
particles, may react with sulhr compounds in 
the flue gas to form sodium sulfate. Although 
the melting point of sodium sulfate is over 1600 
OF, it may form eutectic mixtures with calcium 
sulfate, thereby lowering the melting point of the 
eutectic mixture into the range of temperatures 
encountered in barrier filters. (A parallel 
reaction may also occur with sodium sulfate and 
magnesium sulfate.) Once this eutectic mixture 
is formed, it could then act to consolidate the 
ash agglomerate in the same way as does the 
calcium alumindsilicate eutectic mixture 
described above. The same consolidating 
mechanism would apply to any other eutectic 
mixture that melted or significantly softened at 
the temperatures within the filter vessel. 

A review of the chemical analyses of hopper and 
filter cake ashes from Tidd was performed to 
assess whether additional material that might be 
condensed out of the flue gas or adsorbed onto 
the collected particles could account for the 
apparent consolidation of the various 
agglomerates of ash present in the filter vessel. 
The data show that the degree of consolidation 
of these agglomerates cannot be accounted for 
by condensation and/or adsorption of materials 
from the flue gas. The mechanism responsible 
for the extreme consolidation of these 
agglomerates of ash is most likely a physical 
rearrangement of the ash particles due to the 
surface tension of melted or partially melted 

alkali-aluminosilicate eutectic mixture(s) that 
form at the contact points between adjacent 
particles after long-term exposure to the 
temperatures in the APF. 

As can be seen in the SEM photograph of an 
aggregate of ash removed from the Tidd APF in 
October 1994 (Figure 4), the primary ash 
particles are nearly completely imbedded in a 
pervasive amorphous mass. Based on various 
observations of the behavior of these aggregates, 
it is apparent that the amorphous mass in which 
the particles are embedded is derived directly 
from the primary coal ash particles and sorbent 
particles originally deposited on the surface of 
the aggregate. The first observation that 
supports this contention is based on the 
difference between the porosity of newly- 
deposited regions of ash aggregates (85% or 
higher) and the porosity of portions of the 
aggregates that have been exposed to the 
temperatures in the APF for extended periods 
(around 74%). In other words, the newly- 
deposited regions of the agglomerates are no 
more than 15% solid, whereas the solid content 
of older portions is at least 26%. This means 
that as the aggregates age in the APF, either the 
amount of mass has been nearly doubled from 
some source other than the primary particles 
(condensation or adsorption from the flue gas), 
or the primary particles have rearranged 
themselves to occupy about 58% of their 
original total volume. 

If the flue gas contributed large amounts of mass 
to the aggregate through condensation or 
adsorption, the chemical constituents of this 
added mass would be limited to compounds that 
could exist as a vapor at the normal operating 
conditions of the APF. Although many 
compounds could satis@ these requirements, 
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some of the major constituents found in the fly 
ash do not. Three major constituents that will 
not be found in a gaseous state in the APF are 
iron, aluminum and silicon. When we compare 
the mineral analyses of Tidd APF hopper ashes 
with mineral analyses of aged Tidd filter cake 
ashes (see Table 3), the iron, aluminum, and 
silicon contents of the two types of samples are 
very similar. Since the amounts of these three 
non-volatile elements are not significantly lower 
in filter cake ash than in hopper ash, it is 
apparent that essentially all of the mass of the 
filter cake is attributable to the original ash 
particles, and not to any significant deposition of 
gas-phase constituents from the flue gas. 

By examining the SEM photograph of an 
aggregate of ash taken from the ash shedding 
cone below the middle plenum at Tidd (Figure 
4), it is apparent that a significant portion of the 
mass of the ash particles has been transformed 
into the amorphous material mentioned above. 
The physical appearance of the amorphous mass 
is clearly distinct from the appearance of the 
small ash particles. 

CERAMIC FILTER MATERIALS 

General Ceramic Material Issues 

Beyond the fhdamental questions of filtration 
efficiency and pressure drop, the principal 
material issues for ceramic candle filters are 
mechanical strength and toughness, ability to 
withstand thermal stresses, and behavior in the 
high temperature filtration environment for long 
periods of time-up to 20,000 hr. 

In general the mechanical loads on a ceramic 
candle under normal operating conditions are 
relatively low. A filter must support its own 
weight and that of an accumulated dust cake. In 
addition, it must sustain vibration-induced loads 

that may occur in the system. Calculations, 
supported by in-situ measurements made by 
Westinghouse in the Tidd facility show that 
these vibrational loads are low, ranging up to a 
maximum of a few hundred psi on a 
conventional silicon carbide filter. 

Mechanical strength requirements, except for 
process upsets that cause rapid temperature 
excursions, depend primarily on handling 
stresses. These kinds of loads are difficult to 
define or estimate; however, a tensile strength on 
the order of 7 MPa (1000 psi) appears intuitively 
to be a reasonable lower bound. Bridging 
between candles or other components by a dust 
cake generates bending loads at operating 
temperatures, and it is possible that such loads 
can increase as temperature is reduced to 
ambient, as occurs during shutdown. 

The usual measures of a material's capability to 
sustain loads at high temperature is creep 
strength, or creep strain rate. Some ceramics do 
not show creep but do have time-dependent 
strength. This behavior is called delayed fracture, 
or static fatigue, and it is caused by slow crack 
growth in the material. The life of clay-bonded 
ceramics at temperatures above about 760 "C 
will be limited by creep; whereas for an alumina 
mullite ceramic, static fatigue may be the life- 
limiting property at temperatures of 900 "C and 
above. 

The long-term effects of the gas chemistry at the 
operating temperature ultimately determines the 
durability of a specific ceramic filter. Binders or 
sintering aids used in ceramic materials may 
become soft or reactive at elevated 
temperatures. Chemical reactions can occur 
involving the constituents of the ceramic and 
those of the gas. New compounds formed by 
such reactions do not, as a general rule, 
correspond to improvements in the mechanical 
characteristics of the original material, so such 
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changes should normally be interpreted as 
degradation of the material. Since oxidizing and 
reducing atmospheres have different effects 
on various materials, it should not be expected 
that a single material would be suitable for all 
HGCU applications. 

The critical material properties are tensile 
strength retention and tensile creep, or 
microcrack stability. These properties must be 
determined on materials previously exposed to 
the operating environment or measured under 
the conditions of normal operation. Projections 
of a material's ability to survive for a long time 
in the operational environment requires either 
long-term data under operational conditions or 
limited data supported by information on the 
micro- and macrostructures, chemical makeup, 
and other basic properties that can be used to 
develop predictive models. 

Thermal Stress 

The highest stresses that occur in a candle 
during normal operation are thermal stresses, 
which occur during pulse cleaning, startup, 
shutdown, and any other thermal transients. In 
general the thermal stresses caused by cleaning 
pulses are the most severe. Although the exact 
conditions that occur during pulse cleaning are 
not known, the consensus among observers, 
supported indirectly by data, calculations, and 
inspection of used candles, is that the 
comparatively cool gas of the back pulse cools 
the inside surface of the candle rapidly, so that a 
steep temperature gradient is generated in the 
filter. This initial zone of cooled material appears 
to be confined to a layer 1 to 3 mm thick on the 
inner surface of the filter, as illustrated in Figure 
6. For this situation the stress can be reasonably 
approximated by 

1 
1- -Y 

S =  -Ea(AT) 

in which: 
u = hoop stress at the ID 
Y = Poisson's ratio of the filter material 
E = elastic modulus of the filter materid 
a = coefficient of thermal expansion of 

AT =temperature difference (TO - Ta) in 
the filter material 

Figure 5 
For a material with linear tensile stress-strain 
curve, in which CT = EE, and E is the strain, the 
above equation may be written 

1 
1 e =  --(AT) 

1--Y 

Figure 6. Temperature across a section of a 
candle filter 

Calculations using measured values for the 
coefficient of thermal expansion and tensile 
strain to failure for monolithic filter materials 
show that transient, radial temperature 
differences of the order of 100 "C can cause 
microcracking in currently available ceramic 
filter elements. Slightly greater steady-state 
temperature differences can be sustained. 
The above equation shows that the critical 

properties are coefficient of thermal expansion, 
tensile strain to failure, and some measure of the 
material's ability to resist cracking. For most 
monolithic ceramic materials, the tensile strains 
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to failure are low, so that microcracking is 
almost inevitable unless transient temperature 
differences can be kept below 1 OOOC. Figure 7 
illustrates the relationship between thermal 
expansion and mechanical strain for Coors 
alumina mullite, based on measurements of 
expansion as a finction of temperature. 

Figure 7. Thermal stress in a monolithic 
alumina-mullite candle 

If microcracks do not propagate on the initial or 
subsequent loading, then the filter will not fail 
catastrophically, and it may be able to operate 
for many normal operational cycles. Depending 
upon the extent of microcracking that has 
occurred and its effects on the integrity of the 
candles, one may consider the element to be 
either “conditioned” or “damaged”. A suitable 
measure of toughness could be usefbl in defining 
this somewhat subjective distinction; however, 
there are no generally accepted measures of 
toughness for ceramic materials that can be used 
in this context. 

Since filters for PFBC’s are expected to be 
required to operate at temperatures ranging 
upward from 650 “C to at least 870 OC, the high 
temperature mechanical responses of ceramic 
materials are important. Tensile strength, thermal 

expansion, and tensile creep are probably the 
most important of these properties. These 
properties can also be affected by 
other characteristics of the operating 
environment. Since the gas may be either 
oxidizing or reducing; while sodium and/or 
sulfur compounds as well as other chemical 
species may be present, the material properties 
relative to these conditions need to be known. 

Clay-Bonded Silicon Carbide Filter Materials 

Clay-bonded silicon carbide materials are 
constructed of silicon carbide particles held 
together by a glass binder. The Sic particles for 
a typical candle filter material are irregularly 
shaped, with a nearly monodisperse size 
distribution. The sizes of the spaces between the 
particles are, generally, of the same order of 
magnitude as the dimensions of the particles 
themselves. 

. 

Figure 8 illustrates a simple conceptual model 
that has been used to qualitatively define the 
roles of the particles and the binder in the overall 
response of clay-bonded Sic materials. 

Figure 8. Model of a clay-bonded SIC filter 
material 
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Using this approach with series and parallel 
models developed from observations of the 
microstructure and calibrated in terms of bulk 
properties, we have developed a basic 
understanding of the observed behavior. We 
have also made lifetime predictions which 
generally agree with observations in the 
operating filters at Tidd and Karhula. Figure 9 is 
a plot of measured viscosity versus temperature 
developed using the model approach discussed 
above. Data points are shown on the illustration 
for various ceramic materials developed from 
laboratory tests of mechanical properties. These 
samples were selected from materials used in the 
patch tests run on an atmospheric fluidized-bed 
combuster at Iowa State University, and from 
elongations measured on candles taken from the 
hot gas filter at Karhula. 

l 0 I *  

+ Refractcn Data 
H SchumacherData 
A Kuhula Ref. filters 

Figure 9. Viscosity as a function of 
temperature for a clay-bonded 

ceramic filter material 

Considering the diverse sources of data and the 
simplicity of the model, the results are quite 
consistent. The line drawn through the data 
points agrees with curves developed for glass 
viscosity. Figure 10 compares the viscosity of a 
Refractron clay-bonded ceramic filter with that 
of some industrial glasses. Since these data fall in 

the middle of the glass data, the results support 
the conclusion that the glass binder controls this 
physical quantity in clay-bonded ceramic 
materials. 
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Figure 10. Viscosity of various glasses 
compared with that of a clay-bonded SIC 

This result implies, or at least strongly suggests, 
that clay-bonded ceramic filters, as currently 
manufactured, cannot operate at temperatures 
above 760 "C (1400 F) for long periods of time. 
Even though the normal operating loads are 
relatively small, the viscosity of the binder is 
sufficiently low at temperatures above -760 "C 
that the material will creep under its own weight. 
Improving these materials will require basic 
changes in the properties of the binder materials. 
Some limited improvements in the material may 
be possible by making the internal load paths 
more complicated, as for example with a broader 
particle size distribution. However, the only way 
to get a substantial improvement at high 
temperature is to change the binder material. For 
lower temperature performance, as in gasifier 
operation, the general construction of a clay- 
bonded material offers some advantages over 
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monolithic ceramics. Specifically, fracture 
typically occurs by failure of glass bridges rather 
than by failure of Sic particles. Thus there is no 
contiguous fracture path. As each glass bridge 
fails the crack terminates when it reaches a 
boundary with void space or with Sic. Inherent 
stress concentrations within the macrostructure 
of the material are low, so that cracks require a 
continuous source of energy to propagate. 
Although microcracks are likely to be generated 
during pulse cleaning, they are not likely to 
propagate unless there is another source of 
energy, such as that resulting from a process 
upset that generates a thermal or mechanical 
transient. The basic microstructure of a clay- 
bonded material thus has an advantage in 
toughness over monolithic ceramics. 
Nevertheless, because the glass holds the 
material together, in environments that diminish 
the properties of the glass binder the overall 
properties of the material will accordingly 
diminish. 

. Monolithic Ceramic Material 

An alumina mullite material manufactured by 
Coors is typical of a monolithic ceramic. Its 
properties and behavior are significantly different 
from those of such clay-bonded materials as 
those made by Schumacher and Refractron. This 
monolithic material is more sensitive to thermal 
stress failure, but less likely to creep or to 
degrade by exposure to a HGCU environment. 

Observation of failed surfaces of candles taken 
from Karhula show evidence of extensive 
microcracking in all directions on the inner 
surfaces of the candles, which can be visualized 
as crazed surfaces. The spacing of microcracks 
depends on the stress states and the properties of 
the material. A detailed study of the crack 
patterns would provide indirect measurements of 
the magnitude and distribution of the stresses 
generated during pulse cleaning. Essentially the 
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microcracks weaken the material and provide an 
extensive array of stress concentrations, which 
act as sites for fracture initiation for loads 
applied later. The fracture resistance against 
such loads can be significantly lower than in a 
new candle. 

Degradation of mechanical properties in terms of 
time and conditions of exposure has not yet been 
quantified for an alumina-mullite ceramic. Some 
tests have been run on exposed material, but the 
results are confounded by microcracks that have 
formed. A definitive test series to separate loss 
of strength by effects of simple exposure to the 
working environment from losses attributable to 
microcracks has not been carried out. There is 
apparently a general inference that the alumina- 
mullite material holds up better in a PFBC than 
does clay-bonded Sic, but this conjecture has 
not been confirmed by controlled experiments. 

In contrast to the results found in measurements 
on clay-bonded ceramics, high-temperature 
creep has not been observed in alumina-mullite 
materials at temperatures up to 870 "C. There 
has been no evidence of creep found in used 
filter elements or patch test specimens, although 
some suggestions of slow crack growth failure 
have been inferred for temperatures of 900 "C 
and above. Tensile creep specimens that had not 
shown evidence of creep up to 870 "C failed at 
low stresses after only brief heating to 900 "C 
and 925 "C. Failure had initiated at small (75 
pm) notches in the specimens, which suggests 
that stress concentration is a factor. 

The alumina-mullite macrostructure has not been 
studied as extensively in this program as has that 
of clay-bonded materials described previously, 
so no information has been available to develop 
a model or to calculate results that might explain 
these high-temperature failures. The data are 
limited and require verification, but similar 
behavior has been observed elsewhere. Stress- 



strain curves measured at 925 “C exhibit some 
non-linear behavior, but much less than has been 
measured for clay-bonded materials. 
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