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SECTION 1

EXECUTIVE SUMMARY

The development of advanced coal-fueled power generation systems, such as integrated
gasification-combined cycles and pressurized fluidized-bed combustors (PFBC), can provide cost-
effective alternatives for power generation, improve coal utilization, and decrease our dependence
on oil and gas. The direct firing of coal produces particulate matter which must be removed for
both environmental and process reasons. For example, in a PFBC, the gas must be cleaned of
particulate matter before expanding through the turboexpander in order to protect the downstream
turbine components. Under the auspices of the U.S. Department of Energy (DOE), ceramic candle
filters are being developed for high-temperature applications to increase the efficiency of current .
and advanced fuel combustion processes. The filters protect downstream equipment from erosion
and impingement of particulate matter in the hot exhaust gases. Ceramic candle filters are rigid,
closed-ended porous cylinders with a flange on the open-ended side. The flange at the open end
allows the candle to be suspended by a plate (tubesheet) in the filter vessel.

Ceramic candles have shown promise in hot gas filtration applications, but they have
encountered durability problems during actual use in hostile, high-temperature environments. The
objective of this project is to identify thermal and chemical degradation mechanisms in candle
filters. Sub-objectives are to (a) develop test procedures, and (b) apply the test procedures to
testing and predicting performance of representative candle materials.

At the start of this project, the mechanisms involved in the degradation of candle filters
were not understood. The degradation mechanisms were broken into two main areas, thermal and

chemical. The investigations in the chemical mechanisms were performed by Virginia Polytechnic
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Institute (VPI) under the project under a major subcontract to Acurex Environmental. Acurex
Environmental investigated the thermal and the combined thermal and chemical mechanisms. The
primary tests completed were performed on candles composed of a support structure of silicon
carbide grains held together by an alumino-silicate binder.

Most of the ceramic candle examinations conducted by Acurex Environmental were
performed on Schumacher Diaschumalith (Schumacher) and Refractron candles. A report on the
analysis of Schumacher candles exposed to the KRW gasifier is provided in Appendix F.

The Schumacher candle consists of two porous layers. The outer layer acts as the filtration
surface and is made of a thin, relatively dense (wash coat) layer of alumino-silicate fibers in an
alumino-silicate binder. The thick inner layer primarily supports the thin outer filtration layer of
the candle and consists of a highly porous structure.

The two-layered Refractron 70/3, Refractron 50/5, and IFP LayCer candles are similar to
the Schumacher candles in that they are made by bonding the silicon carbide (SiC) grains together
with an alumino-silicate clay binder and they have two separate layers (one for filtration and one
for structural support). Similar to the Schumacher, the 9 mm inner supporting layer consists of
coarse SiC grains. The thin (1 mm) outer filtration layer is made of fine SiC grains.

The homogeneous single layer Didier SiC20 candle does not have two separate layers. The
Didier candle uses the same sized SiC grains throughout the whole candle.

Acurex Environmental also investigated a candle that is not made of SiC grains. Industrial
Filter and Pump (IFP) has developed a fibrous filter with a vacuum-formed body which is post-
treated to strengthen the high stress areas and modify the surface pore size. Acurex Environmental
examined the durability of the IFP Fibrosic candle and tubesheet in this project.

Under operating conditions, ceramic candle filter systems use pulse cleaning as the filter-
cleaning mechanism. Pulse cleaning of candles is accomplished by introducing a sharp pulse of high-
pressure gas into the individual candle via a manifold. The gas is usually delivered from the
cleaning nozzle at near sonic velocity. Also, because of cost and material limitations, the pulse gas

12
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is not heated and is therefore, at about room temperature. In addition, because of the expansion
across the nozzle, the pulse gas is adiabatically cooled. The relatively cold gas is introduced into
the candle, which is at operating temperature (typically, 370°C (700°F) to 1,000°C (1,830°F).

The early method used for strength comparisons was four-point flexure tests, but C-ring
testing was selected as the better method of testing the strength degradation of ceramic candles.
Acurex Environmental developed and designed the testing system used for this project. C-rings are
obtained by sectioning rings out of the candles and then making a longitudinal slit (perpendicular
to the section direction) on one side of the ring (see Figure 1-1). C-ring testing is an excellent
method because it leaves the candle surfaces (inner bore and the outer surface of the tube) intact,
and thus leaves intact the surface flaw population.

Figure 1-1 also shows how the c-ring specimens are loaded (indicated by the arrows).

Under tension, the inner surface of the candle at a point opposite the slit experiences the maximum

TENSION COMPRESSION
ID in tension OD in tension

Figure 1-1. C-ring specimens from a ceramic candle
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tensile stress, while the outer surface experiences the maximum compressive stress. Under
compression, the outside surface (opposite the slit) bears the maximum tensile stress. Ceramics are
much stronger under compressive than tensile stresses; therefore, failure/fracture of the c-ring will
originate at the surface with the maximum tensile stress. This phenomenon allows focusing on a
surface (inner or outer) to investigate its strength degradation under different environmental
conditions. The areas of interest (opposite the slit in the c-ring) are the inner surface for c-ring
tension testing (R=R;) and the outer surface for c-ring compression testing (R=R,).

The analytical expression for the maximum c-ring stress is based on the bending of curved

beams, and is as follows:

- = FT
2 wr| BB EIR) o
2
where,
¢ = maximum stress
F = maximum load
R = R for tensile loading of c-ring (tension tests)
R, for compressive loading of c-ring (compression tests)
R; = Inside radius of c-ring
R, = Outside radius of c-ring

W = width/thickness of c-ring
T = R,-R;.
C-ring testing was performed to justify the use of this approach for strength measurement
of ceramic candle filters and to validate the use of the above equation for maximum stress

calculations. The typical c-ring specimen width is 0.75 inches. Due to the design and size
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limitations of the thermal exposure test facility, c-ring widths of 0.50 inches were used. To
investigate the possibility of specimen size influencing the strength measurements, Acurex
Environmental performed c-ring tension and compression tests on 0.50-, 0.75-, 1.00-, and 1.25-in.
specimens on Schumacher and Refractron candles. Figures 1-2, 1-3, 1-4, and 1-5 summarizes these
tests.

Figures 1-2 through 1-5 demonstrate that the maximum stress values experienced with 0.5-in
c-ring specimens are representative of the strength of the candle. The optimum c-ring width would
be 0.75-in because it would be an inefficient use of material to use c-ring widths greater than 0.75-in
if 0.75-in specimens would result in the same maximum stress value as the larger specimens. 0.5-in
specimens are acceptable, but they are less desirable because they are more fragile than the larger
0.75-in specimens. 0.5-in specimens are also harder to work with at high temperature.

To investigate why tension strength levels were different from compression strengths, Acurex
Environmental tested an unused homogenous candle made by Didier. The homogenous candle does
not have a filtration layer that is different from the supporting body such as the Schumacher and
Refractron candles. The Didier candle should therefore have the same strength in c-ring tension
as in compression because the material on the inner surface is the same as on the outer surface.
Figure 1-6 shows graphically that the strength of the material at the inner bore of the candle (via
the tension test) had the same material strength as the material at outer filtration surface (via the
compression test). This verifies the use of the stress equation for determining the strength of a
material irrespective of the surface being examined.

One of the possible causes of the durability problems encountered by candle filters is
thermal shock/thermal fatigue. It has been observed that candles exposed to operating conditions
resulted in loss of strength. Acurex Environmental investigated the effect of ambient air pulses on
candle strength at elevated temperatures. Figures 1-7, 1-8, and 1-9 summarizes the tests conducted.
The candles were pulsed 5,000 times with ambient air down the inner bore while the candle was at
870°C (1,600°F). No c-ring compression tests were conducted because any strength degradation
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due to thermal shock from the pulse air would be most apparent on the inner surface of the candle
(c-ring tension).

The unused candles have no history of pulse cleaning nor of temperature cycling. t can be
seen that the Schumacher and FP LayCer candles pulsed with time durations of 0.5 seconds exhibit
room temperature strength loss. The strength loss due to these pulses can be attributed to thermal
shock in which temperature gradients produce stresses under conditions that restrain the free
expansion. The temperature distribution could be such that free expansion of each volume element
would separate the individual volume elements in such a way that they would not fit together. f
the maximum stress for a material is reached, failure (such as cracking and spalling) will result. The
effect of thermal stresses depends not only on the absolute level of stresses, but also the stress
distribution, stress duration, and material characteristics (such as ductility, homogeneity, porosity,
and presence of pre-existing flaws).

As a control, the unused candles (in Figures 1-7 and 1-8) tested at high temperature resulted
in stress values within the range of room temperature tests of the same unused candles. This
suggests that the elevation of temperature will not affect the strength of c-ring specimens if there
is no change in the surface characteristics of the candle. The control also acts as a reference to
which strength values from exposed candles can be compared.

With stress duration also being a determining factor, it can be seen that the FP LayCer and
Didier candles pulsed at a time duration of 0.05 seconds (refer to Figures 1-8 and 1-9) do not show
any room temperature strength loss (the averages are within their standard deviations). This series
of room temperature tension test comparisons does imply that ambient air pulses to candles at
operating temperatures cause strength degradation (possibly via micro-cracking on the inner bore
of the candle) when the pulse duration is at least 0.5 seconds.

The purpose of the long-term exposure testing at Acurex Environmental was to examine the
synergistic effects of long term exposure to temperature, alkali vapor, steam, and pulse cleaning on
candle filter materials.
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Schumacher Diaschumalith F40 and Refractron 70/3 with 442-T binder candles were tested
under the following conditions:

e 20/65/95 ppm NaCl (by volume)

® 15/20 % steam (by volume)

e Atmospheric pressure

e 870°C/980°C (1,600°F/1,800°F)

e With/without 0.5-second pulse cleaning

e 100/400/500/1,000 hours of exposure
The candle face velocities ranged between 8 to 17 ft/min.

The Schumacher and Refractron candles did not retain their integrity when tested at 980°C
(1,800°F). Contamination from metals, such as Fe and Cr, from the corrosion byproducts of the
vessel and pre-vessel piping may have contributed to the degradation of the exposure candle
specimens.

Cristobalite formation was detected in granular aluminosilicate by VPI in their hydrothermal
tests. Strength degradation of the Schumacher candle can be attributed to the formation of
cristobalite that was detected in the exposure specimens.

The initial strength degradation and subsequent strength increase of the Refractron candle
may be attributed to the formation of albite. More investigation is needed on the effects of albite
on the characteristics of the candle filter.

The modeling of the thermal/chemical degradation mechanisms to predict filter lifetime was
unsuccessful.

Industrial Filter and Pump (IFP) has developed a fibrous filter that is different from the
rigid candles (typically SiC grains held together by an alumino-silicate binder) tested above. The
filter is a vacuum-formed body which is post-treated to strengthen the high stress areas and modify
the surface pore size. In late 1991 and early 1992, Acurex Environmental performed durability
testing (funded by EPRI) of the Fibrosic candle under development by IFP. In operation, the
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Fibrosic candles performed well (having high collection efficiency with low pressure drop), but the
candle durability was suspect because the candles catastrophically failed during testing. These
candles were assembled by gluing a flange onto the vacuum-formed body. The tests showed the
glued joint to be the weak area. The burst tests of these filters showed the used candles to have
a candle burst pressure of approximately half the unused candles. These measurements indicated
there had been significant strength loss from use.

Since these original tests, IFP has developed the Fibrosics filter further and the preliminary
indications are that the filter is much stronger than measured previously. Acurex Environmental
assessed the durability of the filter by performing an accelerated pulse cleaning (15,000 pulses) test
at 870°C (1,600°F) and a test with actual filtration operating conditions (4,000 ppm dust load at
870°C for 100 hours). Cylindrical burst pressure tests were performed to asses;s the effect of testing
on the mechanical strength of the candle filters.

Both Fibrosic candles had collection efficiencies greater than 99.99% during and after the
15,000 pulse cleanings test and also the 100 hour operational filtration test. The unused Fibrosic
candle (Fibro2800) tested in this project had a burst pressure of 20 psig. There was about a 25%
drop in burst pressure for both of the Fibrosic candles tested as compared to the 50% burst
pressure loss for the earlier version of the Fibrosic candle. The modifications by IFP have improved
the durability of the Fibrosic candle.

IFP has also been developing a fibrous ceramic tubesheet and candle hold-down system.
This approach has appeal by reducing the amount of metal subjected to high temperature gas.
There was no long term testing data of the structural integrity of the Fibrosic tubesheet at high
temperature prior to this project. Acurex Environmental tried to simulate the "worst" case
structural loading conditions that the tubesheet would encounter during operation. The tubesheet
was loaded with 113 pounds, similar to that expected from the filter, dust, and hold-down plate at
870°C for 500 hours. The rat.:e at which the tubesheet deflected was highest during the first 24
hours. After 500 hours, the Fibrosic tubesheet has a deflection/sag of about 0.1 inch (measured

1-12
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at the lowest point across the width of the tubesheet). Aside from a few minor cracks, the
tubesheet retained its structural integrity.

To date, field demonstrations of ceramic candle ﬁlte.rs have had limited success.
Examination of SiC candle filters has shown that the filters experience significant strength
degradation that limits the operational life of the candle filters. This project has provided a better
understanding of the degradation mechanisms of candle filters which will allow for improved designs
of candle filters and more effective adaptation to operational constraints. Before this project began,
thermal degradation from pulse cleaning was thought to be insignificant. It obviously is a
contributing factor in candle filter integrity. The information derived from this project has

improved the level of knowledge concerning ceramic candle filters.
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SECTION 2

INTRODUCTION

Under the auspices of the U.S. Department of Energy (DOE), high-temperature ceramic
candle filters are being developed for use in advanced power generation systems such as the
Integrated Gasification Combined Cycle (IGCC), Pressurized Fluidized-Bed Combustor (PFBC),
and Direct Coal-Fired Turbine (DCFT). The direct firing of coal produces particulate matter which
must be removed to meet both environmental and process limitations. The ceramic candles
increase the efficiency of the advanced power generation systems and protect downstream
equipment from erosion and impingement of particulate matter in the hot exhaust gases. Ceramic
candle filters are rigid, closed-ended (capped on one side) porous cylinders which generally have
a flange on the open-ended side. The flange at the open end allows the candle to be suspended by
a tubesheet in the filter vessel.

Candle filters have shown promise, but have also encountered durability problems during
use in hostile, high-temperature environments. Limitations in the candle lifetime lower the
economic advantages of using candle filters for this application. Candles typically fail by cracking
at the flange or in the body of the candle.

21 PROBLEM STATEMENT

Ceramic candle filters have encountered durability problems during actual use in advanced
coal utilization projects. Filters have cracked during use at Grimethorpe PFBC and at the KRW
gasifier. It has been observed that candles exposed to operating conditions have experienced loss

of material strength.!
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To date, the mechanisms that contribute to ceramic candle degradation are not well
understood, and data on the properties of the candle filters at elevated temperatures were limited.
The major degradation mechanisms of the candles are thought to be thermal fatigue and corrosion.
2.2 PROJECT OBJECTIVE

The objective of this project was to test and analyze ceramic candle filter materials and to
evaluate the degradation mechanisms. The tests were conducted such that the effects of each
degradation mechanism could be examined separately. The overall objective of the project was to
(2) develop a better understanding of the thermal and chemical degradation mechanisms of ceramic
candle filter materials in advanced coal utilization projects, (b) develop test procedures, and (c)
recommend changes to increase filter lifetime.

2.3 TEST SCOPE

In order to assess the effects of operating conditions on the candle filters, both unused and
used candles were tested. This project primarily tested the rigid Schumacher Diaschumalith F40
and Refractron 70/3 with 442-T binder candles, and the fibrous Fibrosic (Fibro2800) candle. C-ring
testing was developed to evaluate the mechanical strength of rigid candle filters after being exposed
to various environmental/exposure conditions. Some candles were exposed to accelerated pulse
cleaning conditions to examine the strength degradation due to thermal shock. Prior to the
beginning of this project, strength degradation due to thermal shock was thought to be minimal or
nonexistent. Thermal/chemical exposure tests were performed on the rigid candles. The Fibrosic
material has the potential to be the next generation of hot gas filtration materials. The Fibrosic
tubesheet was examined to see what the effects of operational load were on the tubesheet over time

at operating temperature.
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SECTION 3

TECHNICAL DISCUSSION

31 BACKGROUND

There are two major types of ceramic filters currently under development for advanced coal
utilization processes: ceramic candle filters and ceramic crossflow filters. The high-temperature
filter systems in these processes typically operate at temperatures from 370°C (700°F) to 1,000°C
(1,830°F) and at pressures from 10 to 30 atm. These processes may either be oxidizing or reducing;
and the atmospheres contain alkali metals, carbon monoxide, sulfur, calcium, hydrogen, iron, and
water vapor. This project focused on the investigation of ceramic candle filters only. Ceramic
candle filters are rigid, tubular filters made by bonding ceramic fibers or grains, or a combination
thereof. The most common forms of commercial candle filters for the applications of interest are
composed of silicon carbide or alumina-silica grains held together with a clay binder.

A typical candle configuration consists of two porous layers. The outer filtration surface
is a relatively dense thin layer with small pore openings. This surface layer is the primary filtration
surface, and can be fo?med from small grains or fine fibers. This thin outer layer is supported by
a thick, highly porous grain structure used mainly to impart overall strength (see Figure 3-1).

Pulse cleaning is used as the filter-cleaning mechanism for ceramic candle filter systems
under operating conditions. Pulse cleaning is accomplished by a sharp pulse of high-pressure gas
introduced into the individual candle via a manifold. The gas is usually delivered from the cleaning
nozzle at near sonic velocity. Also, because of cost and material limitations, the pulse gas is not

heated and is therefore, at about room temperature. In addition, because of the expansion across
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Figure 3-1. Ceramic Candle filter element

the nozzle, the pulse gas is adjabatically cooled. The relatively cold gas is introduced into the
candle, which is at operating temperature (typically, 370°C to 1,000°C).

‘Ceramic candle filters have been tested in a variety of PFBC and IGCC demonstration
projects. In most of these demonstrations, the candles have failed during use. The failures have
been caused primarily by thermal or mechanical shock. For example at the Grimethorpe PFBC?,
ceramic filter candles failed twice. The first failure occurred when a pulse cleaning solenoid valve
stuck open, dumping cold pulse air into a pulse cleaning manifold until the pulse reservoir pressure
equaled the system pressure, thermally shocking the filter candles. In the second, separate failure,
high face velocities created sufficient pressure drop to lift the candles from the tubesheet. The
pressure released and the candles dropped back into the tubesheet, breaking some of the candles
and damaging the flanges on many others. -

At KRW (refer to Appendix F), the same type of clay-bound silicon carbide (SiC) filter used
at the Grimethorpe facility failed early in the testing because of thermal shock. A water quench
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upstream of the filter malfunctioned and ceased operation. The temperature of gas through the
filter vessel rose rapidly to about 925°C (1,700°F). When the water quench was reinitiated, the
filters broke immediately. In a second episode at KRW, filters broke when a slug of solids moved
through the system and impacted the filters. |

As a part of this project, Acurex Environmental analyzed selected ceramic candle filters
which have been exposed at the KRW gasifier. The purpose was to determine if exposure had been
detrimental to the strength and filtration properties of the candle filters. A copy of this report,
entitled "Analysis of Candle Filters from the KRW Gasifier," is presented in Appendix F. This
project attempted to investigate thermal and chemical degradation mechanisms that affects the life
expectancy of ceramic candle filters.

32 MATERTALS SELECTION

The initial candle examined by Acurex Environmental in this project was the Schumacher
DiaSchumalith (Schumacher) F40. The Schumacher candle was being used at the American Electric
Power Tidd PFBC Demonstration Project and were the most widely available éandle filter at the
time. The porous outer layer acts as the filtration surface and is made of a thin, relatively dense
(wash coat) layer of alumino-silicate fibers in an alumino-silicate binder. The pore size of the
filtration surface is approximately 15 to 30 um. The outer membrane retains particulates greater
than 0.1 pm in diameter. The thick inner layer primarily supports the thin outer filtration layer of
the candle and consists of a highly porous structure (pore size of =300 to 500 pm).

Around mid-project, the Refractron 70/3 with 442-T binder candle was examined because
it was a candidate for the next generation of candle filter design. The two-layered Refractron
candles tested in this project had an outside diameter of 60 mm and a wall thickness of 10 mm.
The candle filters are made by bonding the silicon carbide (SiC) grains together with an alumino-
silicate clay binder. The 9 mm inner supporting layer consists of a coarse SiC grain (gracie 70).
The thin (1 mm) outer filtration layer has a fine SiC grain (grade 3). Hence, the designation "70/3"
is derived from the grades of the inner and outer SiC grains.
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The latter part of the project involved the preliminary assessment of Industrial Filter &
Pump’s (IFP) fibrous filter and tubesheet (Fibrosic). The fibrous filter is different from the all the
other rigid candles (typically SiC grains held together by an alumino-silicate binder) tested in this
project. The filter is a vacuum-formed body which is post-treated to strengthen the high stress areas
and modify the surface pore size. It is currently thought that fibrous candles have better thermal
shock characteristics than rigid candles. Because of the unique way in which the fibrous candles are
constructed, thermal stresses are not as great, probably due to low thermal expansion. The fibrous
tubesheet was also examined for its structural integrity as a possible replacement for the standard
metal tubesheet used in candle filter vessels.

The other candle materials examined in this project to a lesser extent than the above
materials were the Refractron 50/5 with 505 binder, the IFP LayCer, and the Didier SiC20 candle.
The Refractron 50/5 with 505 binder candle has the same dimensions as the previously mentioned
Refractron 70/3 with 442-T binder. The difference is thz;t the Refractron 50/5 with 505 binder
candle has a 9-mm inner supporting layer which consists of grade 50 SiC grains and the thin 1-mm
outer filtration layer of grade 5 SiC grains. The IFP LayCer candle has the same dimensions and
grain sizes as the Refractron 50/5 with 505 binder candle because IFP was initially marketing this
candle under the name of LayCer. The Didier SiC20 candle is a homogeneous single layer candle
that does not have two separate layers (one for filtration and one for structural support). The
Didier candle is made up of SiC grains of grade 20 throughout the whole candle.

33 TEST PROCEDURES
33.1 Long-Term Thermal Exposure Tests

Porous ceramic candle filter material degradation may be caused by several factors working
in combination. Pulse cleaning with room-temperature gas may cause temperature drops in the
filter sufficient to cause alkali vapor to céndense in the porous filter as well as thermally
shocking/fatiguing the candle. The alkali deposition may provide areas for alkali/ceramic reactions
to occur, leading to weakening of the filter material. Thermal shock may induce micro-cracking that
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reduces the material strength. The purpose of the long-term exposure testing is to provide data on
the synergistic or antagonistic effects on candle filter materials of long term exposure to
temperature, alkali vapor, steam, and pulse cleaning.

Schumacher Diaschumalith and Refractron 70/3 with 442-T binder candles were tested
under the following atmospheric conditions:

® 20/65/95 ppm NaCl (by volume)

® 15/20% steam (by volume)

® Atmospheric pressure

e 3870°C/980°C (1,600°F/1,800°F)

e With/without pulse cleaning

e 100/400/500/1,000 hours of exposure

The pulse cleaned candles were exposed to pulse cleaning durations of 0.5 seconds. The
pulse cleaning gas enters the candles through a quarter inch tube which is attached to a solenoid
valve with a pressure reservoir (set at 80 psig) on the other side. The levels of alkali tested at
atmospheric pressure simulate the operating alkali concentrations of 2 to 10 ppm at 10 atmospheres.

The candle face velocities ranged between 8 to 17 ft/min. Table 3-1 lists the different
combinations tested and the letter designation used for identification in this report.

Tests A and B were conducted in the original exposure vessel made of RA 330. About
midway through tests C and D, the RA 330 exposure vessel failed. The remainder of tests C and D
were conducted in a stainless steel vessel. Tests E through M (all at 870°C) were also conducted
in a stainless steel vessel. Tests N through Q were conducted in a Haynes 556 (a corrosion resistant
superalloy) vessel. Figure 3-2 is an assembly drawing of the Haynes 556 vessel. Not shown in the
figure is the alumina liner (tube) that was inserted inside the exposure vessel to minimize alkali
corrosion of the superalloy. This also minimized vessel corrosion by-products from being deposited
on the candle specimens. On Figure 3-2, the gas entered from the left side of the drawing and the
gas exited out the right side. All of the design drawings for the Haynes 556 exposure vessel are
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Table 3-1. Thermal exposure test conditions

NaCl Concentration | Steam | Temperature | Exposure
Test | Pulse Cleaning (ppm) (%) °O) (hours)
SCHUMACHER DIASCHUMALITH F40 CANDLE
A No 95 20 870 100
B Yes 65 20 980 100
C Yes 65 20 980 475
D Yes 65 20 980 575
E Yes 20 15 870 100
F Yes 20 15 870 400
G Yes 20 15 870 500
H Yes 20 15 870 1,000
REFRACTRON 70/3 WITH 442-T BINDER CANDLE
I No 20 15 870 100
J Yes 20 15 870 100
K Yes 20 15 870 400
L Yes 20 15 870 500
M Yes 20 15 870 1,000
N Yes 20 15 980 100
0] Yes 20 15 980 400
P Yes 20 15 980 500
Q Yes 20 15 980 1,000
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included in appendix A. The RA 330 and stainless steel vessels were similar to the Haynes 556
exposure vessel except they were smaller, had no alumina liner, and only had flanges on the exit side
of the vessel.

The Acurex Environmental thermal exposure system was designed to accommodate the
running of two exposure vessels simultaneously. Figure 3-3 is the schematic of the dual high-
temperature flow-through exposure test system. The design allowed the two exposure processes to
operate with sufficient independence that if one of the processes had to be shut down, the other
exposure process/test could continue running. Both systems shared the same air supply, air preheat
("A" system in Figure 3-3), and pulse cleaning system. This sharing lowered space and cost
requirements.

The "B" system pertains to the stainless steel exposure vessel (which is inside the B-3
heater), and the "C" system denotes components of the Haynes exposure vessel (which is inside the
C-3 heater). The Bx and Cx designations are clam shell heaters for the respective exposure
processes/systems that heat up the gas lines and the exposure vessels. The only critical components
that could shut down both processes at the same time are the air supply, the electrical power supply,
the "A" system, the pulse vessel, or the timer for the pulse cleaning system.

In the C-system, the alkali was designed to be injected into C-2. This design was feasible
due the size of the Haynes exposure vessel (it is twice the length of the B-system vessel) and the
two heated sections (A-1 and C-1) that preheated the air which enabled the alkali solution to
vaporize.

In the B-system, the alkali was injected into B-1 which is heated and then mixed with
preheated air from A-1. The mixture was then heated some more by B-2 before entering the
exposure vessel in B-3. The B-system design was deemed undesirable due to alkali deposition onto
the inner walls of the lines leading into the exposure vessel, which sometimes resulted in tests

shutting down due to blockages of the line. Alkali deposition was not constant nor predictable
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because the process lines (and connectors) were stainless steel that exhibited scaling and becoming
embrittled due to the alkali, steam and temperatures.

The C-system minimized alkali deposition into the process line by injecting the alkali
solution into the pipe in a heater just prior to the exposure vessel, thereby reducing the length of
the process line exposed to the alkali. The two heaters (A-1 and C-1) also helped by preheating
the air close to the test temperature before even coming in contact with the alkali solution. There
were no shut downs attributed to alkali blockage of the lines leading to the exposure vessel.

The methodology for exchanging samples consisted of putting the 1,000-hr specimen into
the exposure vessel with the 100-hr specimen. After 100 hours of exposure, the 100-hr specimen
was replaced with the 500-hr specimen (leaving the 1,000-hr specimen in the vessel). After 500
hours of exposure, the 500-hr specimen was replaced with a 400-hr specimen (the 1,000-hr specimen
still remaining inside the vessel). After 400 more hours of exposure, the 1,000-hr specimen had
accumulated about 1,000 hours of exposure. The 1,000-hr gpecimen was situated in the bac;k of the
vessel near tile gas exit of the vessel, and the other specimens (100-hr, 500-hr, and 400-hr) were
butted against the front of the 1,000-hr specimen which was nearer to the gas entrance into the

vessel. Figure 3-4 shows the placement of the candle specimens inside the exposure vessel.

1000-HR SPECIMEN

—_—

GAS FLOW |

100-HR, 400-HR, AND 500-HR SPECIMENS

Figure 3-4. Candle specimen placement inside the exposure vessel
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The pulse cleaning system pulsed ambient air into the bore of the candle specimens
approximately every 30 minutes during testing. The duration of each pulse is 0.5 seconds.
Table 3-2 summarizes the approximate total pulse cleaning history of each candle specimen.

If the system ran perfectly, the number of pulses for each test would be double the number
of hours tested because the system was pulsed every half hour. However, due to problems such as
heater failures, blockage of alkali injection orifices, process line failures, and drops in alkali flow,
the process down times were deducted from the éumulative exposure times. Therefore, the actual
cumulative hours that the system was running are greater than the cumulative exposure timés.

The alkali system for each process system (B or C in Figure 3-3) consisted of a dual
pressurized reservoir for the NaCl/water mixture. The alkali solution was injected through a 0.005
inch orifice into the respective process system. The dual alkali reservoir system for each process
allowed for continuous operation whereby the depressurization and filling of alkali solution into one
reservoir could be accomplished while the other pressurized reservoir continued alkali injection.

Problems due to high temperature operation and obstruction of the alkali injection orifice
cz;used delays in the beginning months of thermal exposure testing with the Schumacher
Diaschumalith F40 candles. Figure 3-5 shows the cumulative hours of exposure at the stated
conditions for the Schumacher candles and a Refractron 50/5 with 505 binder candle. The 65 ppm
NaCl exposure testing condition was aborted because the level of NaCl was deemed to be excessive.
The process line and exposure vessel failed prematurely. The testing of the Refractron 50/5 with
505 binder candle was aborted because the testing of the Refractron 70/3 with 442-T binder candle
was considered more appropriate. At the time, the Refractron 50/5 candle was no longer going to
be available commercially. Figure 3-6 shows the cumulative hours tested for the Refractron 70/3
with 442-T binder candles under the stated conditions. It can be seen in Figure 3-6 that the
stainless steel system [operating at 870°C (1,600°F)] was running concurrently with the Haynes
system [operating at 980°C (1,800°F)] and when one system was down, the other system was able
to continue testing unaffected.
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Table 3-2. Pulse cleaning history

Pulse Total
Test Cleaning : Test Description/Condition Pulses
SCHUMACHER DIASCHUMALITH F40
A No 95 ppm NaCl/20%H,0/870°C/100 hrs 0
B Yes 65 ppm NaCl/20%H,0/980°C/100 hrs 200
C Yes 65 ppm NaCl/20%H,0/980°C/475 hrs 1,050
D Yes 65 ppm NaCl/20%H,0/980°C/575 hrs 1,250
E Yes 20 ppm NaCl/15%H,0/870°C/100 hrs 230
F Yes 20 ppm NaCl/15%H,0/870°C/400 hrs 920
G Yes 20 ppm NaCl/15%H,0/870°C/500 hrs 1,140
H Yes 20 ppm NaCl/15%H,0/870°C/1,000 hrs 2,290
REFRACTRON 70/3 WITH 442-T BINDER

I No 20 ppm NaCl/15%H,0/870°C/100 hrs 0
J Yes 20 ppm NaCl/15%H,0/870°C/100 hrs 240
K Yes 20 ppm NaCl/15%H,0/870°C/400 hrs 980
L Yes 20 ppm NaCl/15%H,0/870°C/500 hrs 1,170
M Yes 20 ppm NaCl/15%H,0/870°C/1,000 hrs 2,390
N Yes 20 ppm NaCl/15%H,0/980°C/100 hrs 230
o) Yes 20 ppm NaCl/15%H,0,/980°C/400 hrs 840
P Yes 20 ppm NaCl/15%H,0,/980°C/500 hrs 1,060
Q Yes 20 ppm NaCl/15%H,0/980°C/1,000 hrs 2,130
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100-hr Test at 870°C, 20% Steam, and 95 ppm NaCl®
100-hr Test at 980°C, 20% Steam, and 65 ppm NaCl
500-hr Test at 980°C, 20% Steam, and 65 ppm NaCl (475-hr)

1/31

1,000-hr Test at 980°C, 20% Steam, and 65 ppm NaCl (575-hr)

100-hr Test at 870°C, 15% Steam, and 20 ppm NaCl
400-hr Test at 870°C, 15% Steam, and 20 ppm NaCl
500-hr Test at 870°C, 15% Steam, and 20 ppm NaCl
1,000-hr Test at 870°C, 15% Steam, and 20 ppm NaCl

Refractron 50/5 with 505 binder

o

100-hr Test at 870°C, 15% Steam, and 20 ppm NaCl’

" No Pulse Cleaning

Figure 3-5. Graph of the cumulative thermal exposure system up-time for Schumacher

candle specimens
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REFRACTRON 70/3 with 442-T binder
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" No Pulse Cleaning

100-hr Test at 870°C, 15% Steam, and 20 ppm NaCl
100-hr Test at 870°C, 15% Steam, and 20 ppm NaCl
400-hr Test at 870°C, 15% Steam, and 20 ppm NaCl
500-hr Test at 870°C, 15% Steam, and 20 ppm NaCl
1,000-hr Test at 870°C, 15% Steam, and 20 ppm NaCl

100-hr Test at 980°C, 15% Steam, and 20 ppm NaCl
400-hr Test at 980°C, 15% Steam, and 20 ppm NaCl
500-hr Test at 980°C, 15% Steam, and 20 ppm NaCl
1,000-hr Test at 980°C, 15% Steam, and 20 ppm NaCl

Figure 3-6. Graph of the cumulative thermal exposure system up-time for Refractron 70/3
with 442-T binder candle specimens
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In order to track the operation of the exposure system overnight while still running, a data
acquisition system (DAS) was implemented near the end of the exposure testing series. The DAS
allowed for an estimate of the time when a problem occurred (such as when a heater failed) in
order to adjust the cumulative time of exposure correctly. Figures 3-7 and 3-8 are examples of the
temperature data obtained from the data acquisition system of the stainless steel system (B-system)
and the Haynes system (C-system) respectively. The B-system is smaller and was therefore harder
to keep at a steady temperature (as evident in Figure 3-7). The C-system was larger and therefore
had a larger thermal mass to help keep the temperatures steady (see Figure 3-8). From examining
the data in Figures 3-7 and 3-8, it appears the gas temperature in the rear of the vessel was lower
than the gas temperature in the front of the vessel and inside the candle. The difference in
temperature was about 100°C. This would imply that the outside surface of the 1,000-hr candle
specimens (which is situated at the rear of both vessels) was not at the desired temperature, but the
100-hr, 400-hr, 500-hr candle specimens, and the inside surfaces of all the candles were at the
desired temperatures. A possible cause for the differences in temperatures is that the large flanges -
at the ends of the vessels were at a much cooler temperature (although they are insulated by fibrous
board and blanket insulation) than the body of the vessel because the flanges are not directly heated
(only the cylindrical body of the vessel is directly heated by the heaters).

332 C-Ring Testing "

The conventional methods of mechanical strength measurement/testing of candles are
uniaxial tension or compression tests, burst tests, and three or four point bend tests. Burst tests,
which entail the use of a bladder in the bore of the candle, are not easily performed at elevated
temperature. Uniaxial tension or compression and flexural tests require the machining of the
candles into specimen shapes such that the original exposed surfaces (outer filtration surface and
the inner bore surface) will no longer be present. For example, flexural tests require a rectangular
bar-shaped specimen that is cut longitudinally from the candle and then machined leaving parallel
opposing faces. If one wishes to study the operational performance taking into account the different
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surfaces of the candle that are exposed to environmental conditions, then conventional uniaxial and
flexural tests cannot be used.

C-ring testing is the preferred testing method because the specimens retain the surface flaw
population. The ability to test the outer surface (via compression testing) or inner surface (via
tension testing) independently helps to eliminate variables that may influence the results. The
equipment required to perform c-ring testing allows for easy insertion into a clam shell furnace
which permits high temperature testing to more closely simulate operational temperatures.

C-ring testing was selected to be the major mechanical strength testing method to be used
for this study. C-rings were obtained by sectioning rings out of the candles and then making a
longitudinal slit (perpendicular to the sectioning direction) on one side of the ring (see Figure 3-9).
C-ring testing is an excellent method because it leaves the surfaces of the candle (inner bore and

the outer surface of the tube) intact and therefore the surface flaw population remains intact.

TENSION COMPRESSION
ID in tension OD in tension

Figure 3-9. C-ring specimens from a ceramic candle
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C-ring preparation requires minimal machining, thus reducing the sample preparation costs.
The selection of multiple specimens from specific positions of the candles and for specific test
conditions is easy to accomplish using the c-ring specimen design.

Figure 3-9 also shows how the c-ring specimens loaded (indicated by the arrows). In
tension, the inner surface of the candle at a point opposite the slit experiencing the maximum
tensile stress; the outer surface experiencing the maximum compressive stress. In compression, the
outside surface (opposite the slit) is bearing the maximum tensile stress. When compared to tensile
strength, ceramics are much stronger under compressive stresses, therefore, failure/fracture of the
c-ring will originate at the surface with the maximum tensile stress. This phenomenon allows
focussing on a surface (inner or outer) to investigate its strength degradation from different
environmental conditions. The areas of interest (opposite the slit in the c-ring) are the inner
surface for c-ring tension testing (R=R;) and the outer surface for c-ring compression testing
(R=Ry). "

In order to validate the equation used for c-ring maximum stress calculations, Acurex
Environmental examined the derivation of the equation (M. Ferber)>. Errors were discovered in
a 1988 report by National Physical Laboratory (United Kingdom).* The equations from M. Ferber,
NPL (corrected), and Mark’s Standard Handbook for Mechanical Engineers® were found to be in

agreement. The conclusion is that the correct expression for stress, after being simplified, is

o - FT ,
o wr| Fot R IRIR)
2
Where,
¢ = maximum stress
F = maximum load
R = R, for tensile loading of c-ring (tension tests)
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R = R, for tensile loading of c-ring (tension tests)
R, for compressive loading of c-ring (compression tests)

R; = Inside radius of c-ring

R, = Outside radius of c-ring

W = width/thickness of c-ring

T = Ry-Ry

The above equation is to calculate the maximum tensile stresses endured by the inner or
outer surface of the candle (depending upon c-ring tension or compression testing) opposite the slit
(see Figure 3-9). The original equation included a "cos ©" term (see Appendix C) that allowed for
the calculation of stresses in other areas of the c-ring specimen betv;reen the two points in which the
load is applied. The angle © is measured from the horizontal opposite the c-ring slit. The
maximum stress (for both c-ring tension and compression tests) occurs at the angle © of 0°. Any
angle other than 0° would result in smaller stress values and would not be at the site in which the
c-ring would be experiencing the highest stress. Since the purpose of c-ring testing is to measure
the maximum stress experienced by the specimen in order to ascertain the material strength, the
angles other than 0° are of no interest.

The standard deviation equation used for each sample set is defined as follows:

v

N —

Y (X,-X7

i=1

T

Where,

»
il

standard deviation of a sample set

= number of specimens in the sample set

© 2z
f

a specimen value in the sample set

ol
I

arithmetic mean of the sample set
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The standard deviation gives a measure of how the specimen values in the sample set scatter or
spread about the arithmetic mean (average). Note that the denominator has the (N-1) expression
instead of the more commonly used (N) expression. The standard deviation equation that uses the
(N) expression can be converted into the above equation by multiplying the equation or the
resulting value by the square root of N/(N-1). For example, the standard deviation for a sample
set of 5 which uses the (N) expression would be multiplied by the square root of 5/(5-1) to get the
same standard deviation value as the equation given above. This new standard deviation is about
12 percent larger than the commonly used standard deviation. For small sample sets (such as the
example given), the standard deviation that uses the (N-1) expression gives a better estimate on the
dispersion of the data. The use of the above equation does not affect the arithmetic mean of the

sample set. For large sample sets (greater than 30), there is essentially no difference between the

6

two standard deviation definitions.

Acurex Environmental utilizes a Tinius Olsen Four-Screw Electomatic (120,000 1b. max.)
universal testing machine for c-ring testing. Compression testing is performed between the weighing -
table and the lower crosshead. Tension testing is achieved by movement between the upper
crosshead and the lower crosshead. The upper crosshead is stationary, but can be adjusted to
certain predetermined locations on the vertical support columns. Lower crosshead displacement
is the means to apply load to the specimen. A LVDT was used to measure the displacement of the
crosshead movement during testing. The load readings are from a Sensotec load cell (model
#41/571-06); The Sensotec load cell has an accompanying digital meter that is accurate but has
no capability for an output signal to a pen recorder. Some load versus displacement data were
obtained from the output signal of the LVDT and the Tinius Olsen’s analog dial (that reads load).

The crosshead speed for both tension and compression testing was 0.05 in./min.
(1.3 mm/min.).

The universal test system had to be configured to test the ceramic c-ring specimens of this
study. Haynes® Alloy 230 was chosen as the material for the c-ring fixtures. Haynes® Alloy 230
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is a nickel-chromium-tungsten-molybdenum alloy that meets the required properties for 1,000°C
testing. The design of the c-ring tension/compression fixtures for 3/4 inch max. and 1.25 inch max.
c-ring widths are in Appendix B.

The pins (cylindrical rods) needed to assemble different parts of the c-ring fixture to allow
articulation, and contact to the c-ring specimens from the inside surface for tension testing must
exhibit limited flexure. Pure (99.8%) Al,O5 was chosen for this purpose.

To test in the range 650°C to 1,000°C, a single zone vertical clam shell (split tube) furnace
(with controller) was used. The ability to open up the furnace and install another specimen after
each test was a requirement for expedient testing. A single zone furnace was selected based on the
cost. The controller for this furnace allows varying power output that reduces the power output as
the set-point temperature is approached. This prevents the overshoot and undershoot cycles
characteristic of furnaces that only have on-off capability. ‘

Since the fixtures inside the furnace will reach te;nperatures of 1,000°C, the ends of the
fixtures that extend from the furnace were water cooled to protect the universal testing machine
from damage.

The specimens were sectioned with a diamond blade saw and the slit in the c-ring was also
made with the same diamond blade.

Specimens used for testing were obtained from each candle, in sequence, depending upon
the amount of material available and the types of testing needed to be done. For example, the
following sequencing scheme was adopted if there were enough material to test room temperature
tension, high temperature tension, room temperature compression, and high temperature
compression from one candle. Each candle was sequentially sectioned and each section labeled
from 1 to 20, from top to bottom. Specimen #1 would be for room temperature tension, specimen
#2 for room temperature compression, #3 for high temperature tension, and #4 for high
temperature compression. This sequence would then be repeated starting with specimen #5 (see
Figure 3-10). This sorting scheme resulted in a representative sampling of the strength of each
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RTT | RTC | HTT | HTC | RTT | RTC | HTT HTT | HTC
#1 #2 #3 #4 #5 #6 #7 #n-1 ] #n

—~—
—

RTT = ROOM TEMPERATURE TENSION TESTING

RTC = ROOM TEMPERATURE COMPRESSION TESTING
HTT = HIGH TEMPERATURE TENSION TESTING

HTC = HIGH TEMPERATURE COMPRESSION TESTING

Figure 3-10. C-ring testing sequence from candle filter

candle (even if there were strength variations along the length of the candle) when tested at the
respective conditions.

For high temperature testing, a set of five specimens was put into the furnace, one
positioned for testing and the other four preheating inside of the furnace. The thermal expansion
of the rams during the heating cycle must be considered, requiring re-positioning of the moving
crosshead. After the c-ring specimen is positioned between the tension fixtures, an alumina pin is
inserted into the bottom fixture/ram (1) to keep the specimen from rolling off the fixture and (2)
to allow the furnace to be closed.

For compression testing, the specimen was ready for testing as soon as the furnace stabilized
at the target temperature for about 30 minutes. For tension testing, the furnace must be reopened
to position the specimen and bottom ram (since they are on the moving crosshead) to allow the
second alumina pin to be inserted into the top fixture.

Additional information concerning c-ring testing can be found in Appendix C.
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333 XRD Analysis

The interaction between x-rays and the electrons of matter through which it passes will
result in the diffraction of the x-rays. A given crystalline substance produces a characteristic
diffraction pattern that can be used for identification in a specimen.

For the X-Ray Diffraction (XRD) analyses, a small cross-section of the candle is ground
into a fine homogeneous powder. Each particle of the powder is a collection of crystals oriented
at random with respect to the incident x-ray. These crystals produce the characteristic diffraction
peaks and intensities which can be detected and compared to known standards to identify the crystal
phases present. Although amorphous solids by definition have no crystallinity (lack of periodicity),
they do have a tendency to "order" in the sense that the atoms are tightly packed together and show
a statistical preference for a particular interatomic distance. Hence, the result is an x-ray scattering
curve that shows a broad maxima that sometimes look like high background noise.”

XRD provides a r;1acroscopic look at the candle to disclose the chemical combination of
elements present, not merely the candle’s constituent chemical elements as in other analyses. With
sufficient presence of a phase or compound, differences in compounds and phase changes can be
detected.

334 SEM/EDX Analysis

The scanning electron microscope (SEM) is used to visually examine surfaces at
magnifications higher than that achievable by optical microscopes. In order to get an image, the
specimen is scanned by an incident electron beam and the radiation that escapes (such as secondary
electrons and characteristic x-rays) is collected and processed. Typically the secondary electron
image is used for micrographs because of the considerable depth of focus that gives a "three-
dimensional” appearance to rough specimens.

An energy dispersive x-ray (EDX) detector is used in conjunction with a SEM to provide
quantitative analysis of specific areas being viewed by the SEM. This technique allows
determination of the surface elemental composition. The EDX detector used will not determine
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elements of atomic weights less than 23 (sodium). Elements such as carbon, oxygen, and nitrogen
were therefore not determined.

Visual SEM examination of the candle surface morphology provides insight into the binder
and grain interaction that produces the filtration properties, as well as the physical changes due to
operational conditions. EDX analysis can indicate the presence of elements that may have
detrimental effects on the operational properties of the ceramic candles. Therefore, the SEM/EDX
analyses performed in this project provided microscopic examination and documentation for visual,
as well as ‘elemental comparisons of used and unused candles.

33.5 Thermal Ratcheting

Currently, all ceramic candle filter systems use pulse cleaning as the filter-cleaning
mechanism. Filters are usually pulse cleaned in either of two ways: pressure-triggered or time-
triggered cleaning pulses. In either case, however, typical cleaning interval.s (time between pulses)
can range from 3 minutes to as long as 1 to 2 hours, depending on dust load and dust
characteristics. The thermal ratcheting tests is to determine the extent to which pulse cleaning
degrades the candle filter material.

Accelerated pulse cleaning (thermal ratcheting) and filter efficiency testing were performed
on a bench-scale filter evaluation apparatus operating at 870°C and atmospheric pressure.
Figure 3-11 is a schematic of the bench-scale filter test facility. Each of the specimens were exposed
to a total of 5,000 pulses with a 30-second time interval between each pulse cleaning. Therefore
the total time to complete each accelerated pulse cleaning test was about 42 hours. The pulse gas
was at room temperature in the reservoir tank. The pulse gas reservoir was set at 80 psig and was
released into the candle specimens (each specimen was 1-foot long) through a time-triggered
solenoid valve. The materials exposed to the accelerated pulse cleaning conditions are the

Schumacher Diaschumalith F40, IFP LayCer, Didier SiC20, and the IFP Fibrosics candles.
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33.6 Fibrosics Testing
3.3.6.1 Fibrosic Candle

The IFP Fibrosics candle is a new type of candle for which there is little public information
available. The bench-scale filter facility was used to perform collection efficiency and permeability
testing. The collection efficiency tests were performed at 870°C with a dust loading of 4,000 ppm,,..
The dust used is Curtis Wright PFBC flyash (D5, = 4.7 pm).

Since the IFP Fibrosic candle is relatively "soft" compared to the rigid candles, c-ring testing
could not be performed to measure the strength of the candles. The strength measurements would
be at the lower limits of the c-ring testing system. Hence, burst testing would be used to ascertain
the strength of the candles. In burst testing, a rubber bladder is inserted into the bore of the
candle. The candle and bladder (pre-filled with water) is then fitted into the burst tester before a
hydraulic pump is activated to pressurize the bladder/candle assembly. The burst pressure of the
candle is the specified pressure at which the candle fails.
3.3.6.2 Fibrosic Tubesheet

IFP had also developed a fibrous ceramic tubesheet and candle hold-down -system. This
approach has appeal by reducing the amount of metal subjected to high temperature gas. The
tubesheet/hold-down assembly had not been subjected to sufficient testing. There was no long term
testing data of the structural integrity of the Fibrosic tubesheet at high temperature. This structural
loading test entailed the use of a section of the Fibrosic tubesheet to simulate (when possible) the
"worst" case structural conditions that the tubesheet can encounter.

Figure 3-12 shows the Fibrosic tubesheet design that this experiment is based upon. The
high density of candle filter holes would represent the least amount of supporting tubesheet material
surrounding each candle filter. The two parallel alumina/mullite support design was chosen instead
of the four parallel support design because the two support design maximizes the distance between
the supports which would allow the tubesheet between the supports to experience the worst case
scenario. Only a section of the tubesheet was tested. With the two support design, the tubesheet
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Holes for Candle Filters
1
High Density
2 Alumina/Mullite
Support
3

Figure 3-12. Fibrosic tubesheet

is divided into three sections denoted on to Figure 3-12. The middle section (labeled as number
"2" in Figure 3-12) was selected because the center section has the most holes lying around the
center line parallel to the supports. Having a high density of holes around the center line of the
tubesheet would have the most effect on weakening the strength of the tubesheet.

Testing of the corﬁplete middle section of the tube sheet (see Figure 3-13) is not necessary
because bending is expected about the lines in the axial direction parallel to the two supports.
Bending of the supports is not expected due to the strength of the high density alumina/mullite.
Therefore the only bending will be inwards and downwards between the two supports. Since the
big hole in the center of the middle section essentially separates the section into two parts and there
is symmetry between the two halves, then only half of the middle section is required to test the
integrity of the tubesheet at high temperature. Figure 3-14 shows the tubesheet section procured
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Figure 3-13. Middle section of Fibrosic tubesheet
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Figure 3-14. Section of Fibrosic tubesheet tested

from IFP. In the oven, the tubesheet (supported by the two 1.5-inch wide alumina/mullite supports)
was placed on four refractory bricks to elevate the tubesheet above the heaters. Each of the four
bricks was placed under the one of the four ends of the two supporting members. Since the
members were not fixed, the supports were allowed to rotate inwards and downwards between the
supports (see Figure 3-15). This is a worst case situation because in reality, the tubesheet on the
outside of the supports (sections "1" and "3" which are non existent in this test) would produce an
outward and upward force on the middle section of the tubesheet that would reduce the inward and
downward forces caused by the weight in the middle section of the tubesheet.

Figure 3-16 is a cross-sectional view of a candle filter hole in the Fibrosic tubesheet. To

simulate the loading of the tubesheet encountered during operation, a ceramic disc with the same
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Support

Fibrosic tubesheet
Figure 3-15. End-view of Fibrosic tubesheet tested
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diameter as the outside diameter of a candle filter flange was inserted into the candle hole of the
tubesheet (refer to Figure 3-16). The bottom of the disc was in contact with the same surfaces that
the candle filter flange would be in contact with. The thickness of the disc is about double the
thickness of the candle flange because the weights to be placed on the disc must not be in contact
with the top of the tubesheet. In operation, the weight of the candle and any ash which is deposited
on the candle is transmitted to the tubesheet primarily via the bottom surface of the candle flange.
The weight of a 1.5 meter long candle filter is about 2.5 pounds. The weight of 7.5 pounds per
candle hole is derived from an assumption of a dust dry bulk density of 15 1b/ft> which is in a
"bridged" (worst case) condition between the candles (as well as having significant ash penetration
into the candle body). The total weight 113 lbs was used to load the tubesheet.®

In operation, the filter tubesheet is also supported in addition to the ceramic support beams
by a peripheral "ledge" that extend_s several inches under the circumference of the tubesheet. To
simulate the worst case scenario, no supporting "ledge” w.as used in the load test.

To measure deflection of the tubesheet at 870°C during the 500 hour test, thin alumina rods
resting on the surface of the tubesheet were extended vertically through the top of the oven to allow
for measurements of the vertical displacement of the alumina rods above the oven as a function of

time.
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SECTION 4

THERMAL/MECHANICAL TEST RESULTS AND ANALYSIS

4.1 C-RING TESTING

The c-ring tension test results are presented in Tables 4-1, 4-2, and 4-3. The c-ring
compression test results are presented in Tables 4-4, 4-5, and 4-6. Tables 4-1 and 4-4 are for the
Schumacher Diaschumalith candles, Tables 4-2 and 4-5 show the Refractron candle results, and
Tables 4-3 and 4-6 show the c-ring test results of the IFP LayCer and the Didier SiC20 candles.
The row headings in the c-ring compression tables (Tables 4-4, 4-5, and 4-6) correspond to the same
sequence of row headings in the c-ring tension tables. Hence, there are some rows in the
compression tables that may not have any data because-only c-ring tension tests were performed.
These tables show the average maximum stress values for each individual candle tested (with its
corresponding standard deviation). The raw data used for these results are detailed in Appendix D.
4.11 C-Ring Testing: Preliminary Investigations

The typical c-ring specimen width is 0.75 inches. Due to the design and size limitations of
the thermal exposure test facility, c-ring widths of 0.50 inches were used. To investigate the
possibility of specimen size influencing the strength measurements, Acurex Environmental
performed c-ring tension and compression tests on 0.50-, 0.75-, 1.00-, and 1.25-in. specimens on
Schumacher and Refractron candles. The data obtained from these tests are summarized in
Table 4-7. Figures 4-1, 4-2, 4-3, and 4-4 graphically displays the data presented in Table 4-7. The
raw data can be found in Appendix D.

The above graphs demonstrate that the maximum stress values derived from 0.5-in c-ring

specimens are representative of the strength of the candle. Although the average maximum stress
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Table 4-1. C-ring tension testing: Schumacher Diaschumalith
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C—RING TENSION TESTING

CANDLE DESCRIPTION C—ring|Room Temp||  650°C 870°C 980°C
: Width | Stressi+ Std|Stress [+ Stdf|Stress [ StdiStress |+ Std
(inches)| (MPa)| Devl|(MPa) | Dev[(MPa) | Devli(MPa) | Dev
i
SCHUMACHER DIASCHUMALITH if
F30 CANDLE
UNUSED !
For KRW test (7068) 3/4" | 24.29| 1.00| 25.02]| 1.29
USED/EXPOSED
KRW (7052) 3/4" | 18.21] 1.38] 19.60| 0.99 -
KRW (7067) 3/4" | 18.10] 0.83] 21.27| 0.49
F40 CANDLE
UNUSED
SOLAR 3/4" 5.17] 0.55 4.43] 0.24
SOLAR 3/4" - 6.74]0.69: 4.60| 1.75
SOLAR 1/2" . 6:11:0.361 4.32| 0.46
For 5000 pulse test 3/4" 8.23| 0.59 8.60| 0.62
EXPOSURE TESTING
Control: 500 hrs at 870°C only 1/2" 7.92] 1.01;
95ppm NaCl/20%H20/870°C
100hr/No Pulse (A) 1/2" . 4.85] 0.33]
65ppm NaCl/20%H20/980°C
100hr/Pulse (B) 1/2" 1.79| 0.73
475hr/Pulse (C) 1/2" 2.69| 0.45
575hr/Pulse (D) 1/2" 251} 0.25
20ppm NaCl/15%H20/870°C
100hr/Pulse (E) /2" 5.72| 0.39
400hr/Pulse (F) 1/2" 476|214
500hr/Pulse (G) 1/2" ©8.43[0.54
1000hr/Pulse (H) 1/2" . 4.64{0.01
3 i
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Table 4-2. C-ring tension testing: Refractron

C—RING TENSION TESTING ]
CANDLE DESCRIPTION C—ring|Room Temp|  650°C 870°C 980°C
Width | Stress|+ Std(|Stress [+ Std|Stress [« Std|[Stress i Std
(inches)] (MPa)! Dev||(MPa) | Dev|((MPa) | Devi|(MPa) | Dev
REFRACTRON
50/5 WITH 505 BINDER CANDLE
UNUSED
Varying width test 0.50": #8 1/2" | 14.47| 1.57
SOLAR/Vary width 0.75". #8 3/4" | 15.25]| 1.34 19.33} 1.70
Varying width test 1.00": #8 1" 15.46 | 1.09
Varying width test 1.25": #8 1-1/4"] 15.97] 1.10
Heat to 980°C, Post—cut: #8 1/2" | 12.91] 0.51
Precut, Refrac heat 1200°C: #8] 1/2" |20.02|'1.41 !
SOLAR: #9 3/4" | 16.18| 0.41 i 15.64| 1.98
SOLAR: #11 3/4" | 15.92| 0.68 | 17.46| 1.08
Heat to 1200°C, Post—cut: #11] 3/4" | 12.52| 1.56 . 18.73| 0.80
Pre—cut, heat To 1200°C: #11 3/4" | 11.68] 1.60
I
EXPOSURE TESTING
20ppm NaCl/15%H20/870°C .
100hr/Pulse (4) 1/2" 13.72} 1.43
) |
70/3 w/442—T BINDER CANDLE | !
UNUSED . i
Varying width test 0.50" 1/2" | 16.97| 1.47 16.211 1.27|| 10.91! 1.28
Varying width test 0.75" 3/4" | 17.08]| 2.32 13.15i 1.70|| 9.82] 1.91
! |
EXPOSURE TESTING i !
i
20ppm NaCl/15%H20/870°C i
100hr/No Pulse/Front (1) 1/2" 15.96] 0.15 |
100hr/No Pulse/Rear () 1/2" 16.61] 4.35 {
100hr/Pulse (J) 1/2" 13.85{ 0.87
400hr/Pulse (K) 1/2" 11.97] 1.65
500hr/Pulse (L) 1/2" 15.36§ 1.40
1000hr/ Pulse (M) 1/2" 18.96{ 1.51 [
20ppm NaCl/15%H20/980°C
100 hr/Pulse (N) 1/2" 8.52| 0.64
400hr/Pulse (O) - 1/2" . 228|067
500hr/Pulse (P) 1/2 "1.68} 0.17
1000hr/Pulse (Q) 1/2" . 232|064
2/3




~-52-

Table 4-3. C-ring tension testing: IFP LayCer and Didier SiC20

C—RING TENSION TESTING
CANDLE DESCRIPTION C—ring|Room Temp|  650°C 870°C_ | 980°C
Width | stress|+ Stdj|Stress |+ Std||Stress [+ Std|[Stress i Std
(inches)] (MPa)| Dev|((MPa) | Devli(MPa) | Devl|((MPa) | Dev
IFP LAYCER CANDLE
UNUSED
For 1000/5000 pulse tests 3/4" | 18.18] 1.17 15.98| 2.26
USED/EXPOSED
1000 pulses @0.05 sec. 3/4" | 18.66] 1.33
5000 pulses @0.05 sec. 3/4" | 20.56] 1.97
5000 pulses @0.5 sec. 3/4" | 13.22] 0.38 17.96| 1.59
DOE 3/4" | 1190} 3.29 11.43| 2.68
DIDIER SiC20
UNUSED
For 0.05 sec. pulse test 3/4" | 3254| 4.96
Comparing outer vs inner 3/4" | 27.13| 2.41
USED/EXPOSED
0.05 sec. pulses 3/4" | 28.94| 4.49
3/3
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Table 4-4. C-ring compression testing: Schumacher Diaschumalith

- [€ss than 5 specimens ‘avaiiable for festin

"C—RING COMPRESSION TESTING ]
CANDLE DESCRIPTION C~—ring|Room Temp]|  650°C 870°C 980°C
Width | Stress| Std)lStress [+ Std|Stress [+ Std|Stress [ Std
(inches)| (MPa)| Dev||(MPa) | Dev/(MPa) | Dev}i(MPa) | Dev
SCHUMACHER DIASCHUMALITH
F30 CANDLE
UNUSED
For KRW test (7068) 3/4" | 21.16] 0.96|):25,38{ ;84
USED/EXPOSED 4
KRW (7052) 3/4" | 17.58] 2.18||:18.89].1.48
KRW (7067) 3/4" | 20.81] 1.08] 21,367 0:79
F40 CANDLE
UNUSED
SOLAR 3/4" 4.59| 0.31 3.56] 0.23
SOLAR 3/4" '5.68| 040} 3.44| 0.35
SOLAR 1/2" ' 4.36] 1:10) 3.28| 0.43
For 5000 pulse test 3/4"
EXPOSURE TESTING
Control: 500 hrs at 870°C only 1/2" . 449|107
95ppm NaCl/20%H20/870°C
100hr/No Pulse (A) 1/2" © 3.93{-0.59
65ppm NaCl/20%H20/980°C
100hr/Pulse (B) 1/2" 1.291 0.21
475hr/Pulse (C) 1/2" . - 298} 1.12
575hr/Pulse (D) i/2" 1.461 0.30
20ppm NaCl/15%H20/870°C
100hr/Pulse (E) 1/2" 4,07{.0.97
400hr/Pulse (F) 1/2" . 4.221:0.53
500hr/Pulse (G) 1/2" L5014 0.79
1000hr/Pulse (H) 1/2" .:3.37] 0.26
1/3
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Table 4-5. C-ring compression testing: Refractron

- TesS AN S SpEienS BValiaBis 6T Hesth

"C—RING COMPRESSION TESTING
CANDLE DESCRIPTION C-ring|Room Temp|  650°C 870°C 980°C
Width | Stressi+ Std||Stress [+ Std(Stress [« Std|[Stress (= Std
(inches)| (MPa)| Devli(MPa) | Devl[(MPa) | Devl|i(MPa) | Dev
REFRACTRON
50/5 WITH 505 BINDER CANDLE
UNUSED ,
Varying width test 0.50": #8 1/2" | 19.20{ 0.64
SOLAR/Vary width 0.75"; #8 3/4" | 18.12] 2.10 16.82| 1.36
Varying width test 1.00": #8 1" 17.87| 1.69 :
Varying width test 1.25": #8- 1-1/4"| 18.69| 1.85
Heat to 980°C, Post—cut: #8 1/2" | 16.73| 1.23
Precut, Refrac heat 1200°C: #8] 1/2"
SOLAR: #9 3/4" | 21.83| 1.89 12.45] 1.92
SOLAR: #11 3/4" | 18.33]| 2.13 15.06} 0.72
Heat to 1200°C, Post—cut: #11| 3/4" | 15.46| 2.24 '
Pre—cut, heat To 1200°C: #11 3/4" | 13.20| 0.81
EXPOSURE TESTING CT
20ppm NaCl/15%H20/870°C
100hr/Pulse (4) 1/2" -13.85] 0.41
7073 wj442—T BINDER CANDLE ?
UNUSED I
Varying width test 0.50" 1/2" | 19.42] 1.50 17.94| 0.90( 8.61!1.05
Varying width test 0.75" 3/4" | 17.86| 1.52 17.49| 2.27| 8.19! 0.95
EXPOSURE TESTING !
20ppm NaCl/15%H20/870°C !
100hr/No Pulse/Front (I) 1/2" 16.64| 1.77 i
100hr/No Pulse/Rear (1) 1/2" 16.36 } 0.72 !
100hr/Pulse (J) 1/2" 16:60]1.13 i
400hr/Pulse (K) 1/2" 42141 0.68
500hr/Pulse (L) 1/2" -.-9,10{1.45
1000hr/ Pulse (M) 1/2" “12:201] 2.16 i
20ppm NaCl/15%H20/980°C
100 hr/Pulse (N) 1/2" 576} 0.67.
400hr/Pulse (O) 1/2" 1.72| 0.34
500hr/Pulse (P) 1/2" 1.17] 0.20
1000hr/Pulse (Q) 1/2" 2.31] 0.93
2/3
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Table 4-6. C-ring compression testing: IFP LayCer/Didier SiC20

" Less'than 5 specimens ‘available for:testin

C—RING COMPRESSION TESTING

CANDLE DESCRIPTION C-ring|Room Temp|| 650°C 870°C 980°C
Width ] Stressi+ Std|iStress [+ Std|[Stress (+ Std|[Stress [ Std
(inches)] (MPa)| Devl||(MPa) | Devi((MPa) | Devj|(MPa) | Dev
IFP LAYCER CANDLE
UNUSED
For 1000/5000 pulse tests 3/4"
USED/EXPOSED
1000 pulses @0.05 sec. 3/4"
5000 pulses @0.05 sec. 3/4"
5000 pulses @0.5 sec. 3/4"
DOE 3/4" | 21.49| 1.64 17.85] 1.87
DIDIER SiC20
UNUSED
For 0.05 sec. pulse test 3/4"
Comparing outer vs inner 3/4" | 28.22| 2.35
USED/EXPOSED
0.05 sec. pulses 3/4"

3/3
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Table 4-7. Summary of c-ring tension/compression tests investigating the effect of

sample width on c-ring strength measurement

C-Ring | Temperature Tension Compression
Width cC)

(inch) Stress +Std Stress +Std
(Mpa) Dev (Mpa) Dev
Schumacher 0.50 870 6.11 0.36 436 1.10
Diaschumalith F40 | 4 75 870 674 | 069 | 568 0.40
0.50 980 432 0.46 3.28 043
0.75 980 4.60 1.75 3.44 0.35
Refractron 50/5 0.50 Room 14.47 1.57 19.20 0.64
with 505 Binder 0.75 Room 1525 | 134 | 1812 | 210
1.00 Room 15.46 1.09 17.87 1.69
1.25 Room 15.97 1.10 18.69 1.85
Refractron 70/3 0.50 Room 16.97 1.47 19.42 1.50
with 442-T Binder | 75 Room 1708 | 232 | 1786 | 152
0.50 870 16.21 1.27 17.94 0.90
0.75 870 13.15 1.70 17.49 227
0.50 980 10.91 1.28 8.61 1.05
0.75 980 9.82 1.91 8.19 0.95
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Figure 4-1. Maximum stress comparisons of 0.5-inch with 0.75-inch c-ring
specimens for a Schumacher Diaschumalith F40 candle
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Figure 4-3. Maximum stress comparisons of 0.5-inch with 0.75-inch c-ring tension
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Figure 4-4. Maximum Stress comparisons of 0.5-inch with 0.75-inch c-ring compression
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values in Figure 4-2 fall within the standard deviations for each respective test (tension and
compression), the average maximum stress values seem to be more stable with widths greater than
or equal to 0.75 inch. The optimum c-ring width would be 0.75-in because it would be an inefficient
use of material to use c-ring widths greater than 0.75-in if the 0.75-in specimens would result in the
same maximum stress value. 0.5-in specimens are acceptable, but they are not desirable because
they are more fragile than the larger 0.75-in specimens. 0.5-in specimens are also harder to work
with at high temperature (during specimen set-up). Thé slight variability in the 0.5-in c-ring
specimen widths (compared to the larger c-ring widths) may be attributed to the following:

e Edge/surface defects, possibly caused during sample preparation, could have lowered
the strength measurements because with a smaller sample volume, the edges would have
a greater influence on the sample strength than on a bigger sample volume. This would
explain the sometimes lower 0.5-in strength values.

e Smaller samples might have a lower failure probability and hence will result in higher
maximum stress values. This is because smaller samples are less likely to have strength-
lowering flaws contained in the smaller sample volume than larger samples. this would
explain the sometimes higher 0.5-in strength values.

The above two strength affecting mechanisms are in conflict with each other and would result in the
slight variability of 0.5-in specimens seen in Figures 4-1 through 4-4.

To investigate the cause of the discrepancy between tension strength and compression
strength values due to candle geometry/constituent and not due to the stress equation being used,
Acurex Environmental tested an unused homogenous candle made by Didier. The homogenous
candle does not have a filtration layer that is different from the supporting body such as the
Schumacher and Refractron candles. The Didier candle should have the same strength in c-ring
tension as in c-ring compression because the material on the inner surface is the same as on the
outer surface. Table 4-8 shows the results from c-ring tests at room temperature (raw data in
Appendix D). Figure 4-5 shows graphically that the strength of the material at the inner bore of

4-11
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Table 4-8. Maximum stress values for a Didier SiC candle

C-Ring | Temperature Tension Compression
Width °O)
(inch) Stress +Std Stress +Std
(Mpa) Dev (Mpa) Dev
Didier SiC 0.75 room 27.13 241 28.22 235
35
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Figure 4-5. Maximum stress comparison of c-ring tension testing with c-ring
compression testing for a Didier SiC candle
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the candle (via the tension test) has the same material strength as the material at outer filtration
surface (via the compression test). This verifies the use of the stress equation for determining the
strength of a material irrespective of the surface being examined.

The higher compression stresses compared to tension (at room temperature), for the
Refractron candles are due to the candle design — an outer filtration layer that is denser than the
inner supporting body of the candle filter. The denser material will result in a higher strength
measurement at room temperature. The lower compression strength at elevated temperatures could
be due to the denser material having a lower softening temperature than the less dense inner
supporting candle material.

There had been some concern about the machining of the c-rings with a diamond blade saw.
Machining processes may be a major contributor to the reliability of ceramic materials. Especially
for very dense fine-grained ceramics where flaws created by machining are larger than pre-existing
flaws in the material. However, candle filters by nature, are highly porous materials. Coarse-
grained materials with uniformly distributed porosity are not affected to any great degree because
the size of the flaws created by machining are comparable to or smaller than the existing flaws in
the material® Therefore, to insure that machining does not affect the si:rength measurements,
c-rings were obtained by two different methods as follows:

e Postcut: A section of candle is heated to 1,200°C (2,200°F) for two hours and slowly

cooled to room temperature before the candle is cut into 10 c-rings (5 for ‘tension and
5 for compression testing)
® Precut: A section of candle (from the same candle as the postcut case) is cut into 10
c-rings and then heated to 1,200°C (the precut specimens were heat treated at the same
time as the postcut specimens).
Chad Sheckler, Product Development Manager of Refractron Technologies Corporation, specified
the temperature of 1,200°C as appropriate to anneal machined c-rings. If machining does produce
strength affecting flaws, then the postcut c-rings (which would retain any built up stresses from

4-13
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machining) should be noticeably weaker than the precut c-rings (which would have had some of the
internal stresses relieved via the annealing process). Table 4-9 and Figure 4-6 displays the results
of this test (raw data in Appendix D).

It can be seen that there is essentially no difference between the precut and postcut c-rings.
Hence, machining during c-ring preparation does not significantly affect the strength measurement
of the c-rings.

412 C-Ring Testing: Thermal Ratcheting

One of the possible causes of the durability problems encountered by candle filters is
thermal shock/thermal fatigue. It has been observed that candles exposed to operating conditions
resulted in loss of strength. Acurex Environmental investigated the effect on strength that ambient
air pulses have on candles at a elevated temperature. Table 4-10 and Figures 4-7, 4-8, and 4-9
summarizes the tests conducted. The pulsed candles were pulsed 5,000 times with ambient air down
the inner bore of the candle while the candle was at 870°C. Hence, no c-ring compression tests
were conducted because if there were to be any strength degradation due to the thermal shock from
the ambient air being blown down the inner bore of the candle, then it would be most apparent in
tests examining the inner surface of the candle (c-ring tension).

The unused candles have no history of pulse cleaning nor of temperature cycling. It can be
seen that the Schumacher and IFP LayCer candles pulsed with time durations of 0.5 seconds exhibit
room temperature strength loss. The strength loss due to these pulses can be attributed to thermal
shock in which temperature gradients produce stresses under conditions that restrain the free
expansion of a body (candle). The temperature distribution could be such that free expansion of
each volume element would separate the individual volume elements in such a way that they would
not fit together. If the maximum stress for a material is reached, failure (such as cracking and
spalling) will result. The effect of thermal stresses depends not only on the absolute level of
stresses, but also the stress distribution, stress duration, and material characteristics (such as
ductility, homogeneity, porosity, and presence of pre-existing flaws).1°
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Table 4-9. Maximum stress values for an unused Refractron 50/5 with 505 binder that had
c-rings cut before and after heat treatment at 1,200°C

1 Heated to 1200°C, then cut into C-rings
2 Cut into C-rings, then heated to 1200°C

C-Ring | Temperature Tension Compression
Width °C)
(inch) Stress +Std Stress +Std
(Mpa) Dev (Mpa) Dev
Postcut 0.75 room 12.52 1.56 15.46 224
Precut 0.75 room 11.68 1.60 1320 | 0.81
22 T
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Figure 4-6. Maximum stresses of a heat treated Refractron 50/5 with 505 bmder candle

c-rings to determine the effect of machining
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Table 4-10. Maximum stress summary of c-ring tension tests investigating the effect
of 5,000 ambient air pulses on candles at §70°C

Tensi
Pulse C-Ring Test cnslon
Duration Temperature | Stress +Std
(sec) O (Mpa) Dev
Schumacher Unused n/a Room 8.23 0.59
Diasehumalith F40 Pulsed 05 Room 592 | 028
Unused n/a 870°C 8.60 0.62
Pulsed 0.5 870°C 741 0.09
Industrial Filter & Pump Unused n/a Room 18.18 1.17
(IEP) LayCer Candle Pulsed 0.05 Room 2056 | 197
Pulsed 0.5 Room 13.22 0.38
Unused n/a 870°C 15.98 2.26
Pulsed 0.5 870°C 17.96 1.59
Didier SiC20 Candle Unused n/a Room 32.54 4.96
Pulsed 0.05 Room 28.94 4.49
10 H 0
| § E
T o ; { 18
0. I : 1"
n 7 Y i
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n ° g y
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0 i |
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PULSED "

' Pulsed 5000 times at 0.5 seconds

UNUSED PULSED *

Figure 4-7. C-ring tension test results of a Schumacher Diaschumalith F40 candle pulsed

5,000 times with ambient air while at 870°C
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As a control, the unused candles (in Figure 4-7 and 4-8) tested at high temperature resulted
in stress values within the range of room temperature tests of the same unused candles. This
suggests that the elevation of temperature will not affect the strength of c-ring specimens if there
is no change in the surface characteristics of the candle. The control also acts as a reference to
which strength values from exposed candles can be compared.

With stress duration also being a determining factor, it can be seen that the IFP LayCer and
Didier candles pulsed at a time duration of 0.05 seconds (refer to Figures 4-8 and 4-9) do not show

any room temperature strength loss (the averages are within the breadth of their standard
deviations). This series of room temperature tension test comparisons do imply that ambient air
pulses to candles at operating temperatures cause strength degradation (possibly via micro-cracking
on the inner bore of the candle) when the pulse duration is at least 0.5 seconds.

An interesting aspect exhibit_ed in Figures 4-7 and 4-8 is that at high temperature, the
candles that showed strength loss (due to 0.5 second pulse durations) when tested at room
temperature show improved strength (some to the point of being within the +1 standard deviation
range for the unused candles). A possible explanation for this "healing" behavior is that the binder
holding the SiC particles together is softening (increased ductibility) and thereby recovering the base
toughness of the candles at high temperature. A more ductile material has a larger plastic
deformation energy value that dominates the high temperature fracture process and will result in
increasing the critical strain-energy-release rate (also referred to as the critical crack driving force).
This increases the strength because the stress at the crack tip is relieved by viscous deformation
which reduces the stress at the crack tip. This also increases the critical stress value because a
greater applied load is required to cause failure.!1:12 The raw data for this series of tests can be
found in Appendix C.

4.13 C-Ring Testing: Thermal Exposure Specimens

The summary of all c-ring tests on the Schumacher candle specimens and the Refractron

candle specimens from the long term thermal exposure testing series are presented in Tables 4-11
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and 4-12, respectively. All of the raw c-ring data can be found in Appendix D. Figures 4-10
through 4-19 are the graphical representations of the c-ring data in Tables 4-11 and 4-12.
Figures 4-10 through 4-14 are of the 0.50 inch Schumacher Diaschumalith F40 candle c-ring
specimen strengths in Table 4-11. Figures 4-15 through 4-19 are of the 0.50 inch c-ring specimen
data in Table 4-12 of the Refractron 70/3 with 442-T binder candle.

In Figure 4-10, there is no change in c-ring compression strength between 100 hours of
exposure at 95 ppm NaCl, 20% steam, and 870°C (no pulse cleaning) with an unused Schumacher
candle. This implies that there is no change in strength to the outer surface with exposure. There
is about a 20% drop in strength from an unused candle when the candle is tested in tension. The
drop in strength could not be attributed to pulse cleaning because this exposure test did not include
any pulse cleaning. Because this was the first candle tested in the long term thermal exposure
testing system, it is possible that thermal shock or other mechanical damage to the candle could
have occurred because there were problems with the testing system at the beginning of testing which
led to many shut down episodes.

Figure 4-11 shows a 40 to 60% drop in strength for the 100-, 475-, and 575-hr Schumacher
specimens exposed to 65 ppm NaCl, 20% steam, and 980°C tested in c-ring tension. Figure 4-12
shows a 55 to 60% drop in strength for the 100- and 575-hr specimens tested in c-ring compression,
but no significant drop in strength for the 475-hr specimen. The 575-hr candle specimen was
situated near the rear of the vessel, and the 100- and 475-hr specimens were placed near the front
of the vessel (not simultaneously). The tension test appears to confirm the strength degradation
due to thermal shock from pulse cleaning theory, but the compression test results appears
inconclusive.

There is no significant change in strength of all the Schumacher exposure candles tested at
20 ppm NaCl, 15% steam, and 870°C when tested in c-ring compression (refer to Figure 4-14).
Figure 4-13 shows no significant difference in strength for the c-ring tension tests of the 100- and
400-hr exposure specimens. However, there is a 25% decrease in strength for the 1,000-hr specimen
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Figure 4-10. Schumacher Diaschumalith F40 candle exposed to 95 ppm NaCl and 20% steam at
870°C (no pulse cleaning): c-ring tested at 870°C

F40980T1

MAXIMUM STRESS (MPa)
——

0 . ] 1 1 !
UNUSED 100 HRS 475 HRS 575 HRS

Figure 4-11. Schumacher Diaschumalith F40 candle exposed to 65 ppm NaCl and 20%
steam at 980°C: c-ring tension test at 980°C
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Figure 4-12. Schumacher Diaschumalith F40 candle exposed to 65 ppm NaCl and
20% steam at 980°C: c-ring compression test at 980°C
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Figure 4-13. Schumacher Diaschumalith F40 candle exposed to 20 ppm NaCl and
15% steam at 870°C: c-ring tension test at §70°C
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Figure 4-14. Schumacher Diaschumalith F40 candle exposed to 20 ppm NaCl and
15% steam at 870°C: c-ring compression test at 870°C
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Figure 4-15. Refractron 70/3 with 442-T binder candle exposed to 20 ppm NaCl and 15% steam
at 870°C for 100 hours (no pulse cleaning): c-ring tested at 870°C
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Figure 4-16. Refractron 70/3 with 442-T binder candle exposed to 20 ppm NaCl and
15% steam at 870°C: c-ring tension test at 870°C
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Figure 4-17. Refractron 70/3 with 442-T binder candle exposed to 20 ppm NaCl and
15% steam at 870°C: c-ring compression test at 8§70°C
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Figure 4-18. Refractron 70/3 with 442-T binder candle exposed to 20 ppm NaCl and
15% steam at 980°C: c-ring tension test at 980°C

11 _
5 or 13
S o 1
; 8:— 4
Qo ]
e o } :
0w [ i
= 3 ]
2 7 : | { '.
= 1+ ) i

UNUSED 100 HRS 400 HRS 500 HRS 1000 HRS

Figure 4-19. Refractron 70/3 with 442-T binder candle exposed to 20 ppm NaCl and ‘
15% steam at 980°C: c-ring compression test at 980°C
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and a 40% increase in strength for the 500-hr specimen. Other than noting that the 1,000-hr
specimen is placed at the rear of the exposure vessel and the 500-hr specimen is placed at the front
of the vessel, there is no apparent explanation of the difference in strengths of the 500-hr and the
1,000-hr candle specimens.

It can be seen in Figure 4-15 that there is no change in strengths for both surfaces (inner
and outer) for the front and rear Refractron 70/3 with 442-T binder candles exposed for 100 hours
(without any pulse cleaning) at 20 ppm NaCl, 15% steam, and 870°C. There does not appear to
be any difference in the placement of the candle specimens in the exposure vessel. However, it is
possible that at longer exposure times and with the inclusion of pulse cleaning, there may be a
difference between the front and the rear candle.

Figures 4-16 and 4-17 show that there is essentially no difference in strength relative to
unused for the Refractron 70/3 with 442-T binder 100-hr exposure specimens (both with and
without pulse cleaning) at 20 ppm NaCl, 15% steam, and 870°C tested in c-ring compression. In
c-ring tension, only the unpulsed 100-hr specimen had no change in strength (as mentioned above
and in Figure 4-15). there is about a 15% drop in strength for the 100-hr pulsed specimen when
tested in tension. The 400-hr specimen had a 25 to 30% decrease in strength for the inner and
outer surfaces (tested in tension and compression). The 500- and 1,000-hr specimens showed no
significant change in the tension test, but did show a 30 to 50% drop in strength in the compression
test.

There is a 20 to 35% loss in strength on the inner and outer surfaces for the Refractron
70/3 with 442-T binder candle exposed for 100 hours at 20 ppm NaCl, 15% steam, and 980°C (refer
to Figures 4-18 and 4-19). The inner and outer surfaces showed a tremendous 75 to 85% loss in
strength for the 400-, 500-, and 1,000-hr exposure specimens. The rate of loss in strength for the
outer surface is similar to the inner surface. It appears to be consistent in terms of major strength

loss after 400 hours of exposure.
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4.14 C-Ring Testing: KRW Candle Strength

In the report "Analysis of Candle Filters from the KRW Gasifier" (refer to Appendix F),
4-point flexure (bend) tests were used to ascertain the strength of the candle. At the time, Acurex
Environmental had not yet finished development of the C-Ring Testing system. The report
indicated that there had been no obvious strength degradation in material strength of the uéed
candles from unused. After the c-ring testing system was developed, the KRW candles were tested
to verify whether the 4-point flexure tests were appropriate for testing ceramic candle strength.
Table 4-13 and Figures 4-20 and 4-21 displays the c-ring test results. Note that the high
temperature (650°C) c-ring compression tests were based upon a c-ring sample population of less
than 5 per candle due to the amount of material available.

It can be seen in Figure 4-20 (comparing only the unused candle with the average of the
used candles) that there is about 15 to 25% drop in strength in the candle’s inner surface that the
4-point flexure specimens (refer to Appendix F) could not detect. There is an obvious strength
degradation that would be attributed to the pulse cleaning because the outer surface strength
measurements does not show any strength loss (the high strength value for the unused candle at
650°C in Figure 4-21 is questionable due to the lack of enough material for 5 c-ring specimens per
candle per test condition). The 4-point flexure tests confirm that the body of the candle between
the inner and outer surfaces did not get weaker. Therefore the candles exposed to the operating
conditions at KRW had the strength degradation confined to the inner surface where thermal shock
from pulse cleaning would have the most effect.

4.2 SEM/EDX ANALYSIS

In the thermal exposure tests (see section 3.3.1), Tests A-D were aborted before the full
1,000 hours of testing because it was determined that the NaCl levels were higher than the 20 ppm
NaCl target. The Schumacher Diaschumalith F40 candle was tested at 870°C for the full 1,000
hours with correct NaCl levels. The Refractron 70/3 with 442-T binder candle was tested at 870°C
and 980°C for the full 1,000 hours also with correct NaCl levels. The candles tested at 980°C were
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Table 4-13. C-ring tests on KRW candles

C-Ring Tension Compression

Width Temperature Stress +Std Stress +Std

(inch) °C) (Mpa) | Dev (Mpa) Dev
Unused (7068) 0.75 Room 24.29 1.00 21.16 0.96
Unused (7068) 0.75 650°C 25.02 129 25.38% 1.84
Used (7052) 0.75 Room 18.21 1.38 17.58 2.18
Used (7052) 0.75 650°C 19.60 0.99 18.89% 148
Used (7067) 0.75 Room 18.10 0.83 20.81 1.08
Used (7067) 0.75 650°C 2127 0.49 21362 0.79
Used (Average) 0.75 Room 18.16 111 19.20 1.63
Used (Average) 0.75 650°C 20.44 0.74 20.132 1.14

#The c-ring compression values at 650°C were based upon less than 5 specimens per candle
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Figure 4-20. KRW candles: c-ring tension tests
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Figure 4-21. KRW candles: c-ring compression tests

deformed and showed evidence of melting and flowing. The final condition of the candles was
unacceptable for use in that environment (20 ppm NaCl/15% H,0/980°C).

The SEM/EDX analysis of an unused Schumacher candle showed a fibrous outer layer (see
Figure 4-22) that consists of about 90% Si and 10% Al (the EDX detector used could not determine
elements of atomic weights less than 23 (sodium)). Figure 4-23 shows the outer layer of the candle
from Test H (20 ppm NaCl/15% H,0/870°C/1,000 hours). The SEM micrograph shows an outer
layer that had melted and flowed. The fibers that are easily recognized in Figure 4-22 are no longer
evident in Figure 4-23. The Test H candle outer surface consisted of about 34% Si, 4% Al, 42% Fe,
and 13% Cr (the balance are of other elements). The presence of Fe and Cr suggests that the high
temperature air, steam, and alkali chemically attacked the pre-vessel piping. The corrosion
byproducts were then deposited onto the candle. The inner candle surface revealed 46% Si, 6%
Al, 24% Fe, 12% Cr, and 0.5% Na. This shows that the vessel corrosion byproducts reached all the
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Figure 4-23. Micrograph of Schumacher F40/20 ppm NaCl/15%
H,0/870°C/1,000 hours: Outer surface (200X)
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way to the interior of the candle. It also appears that the outer surface experienced blocking of
pore openings by the melting and flowing of the surface. The shape of the candle had been retained
and was not deformed as were the candles tested at 980°C.

Figure 4-24 shows the cross-sectional view of the unused Schumacher candle (outer surface
on right side of micrograph). Figure 4-25 is the cross-sectional view (outer surface on right side of
micrograph) of the Schumacher candle from Test H. In comparing the two cross-sectional views,
it can be seen that the SiC grains that make up the body of the Schumacher candle is still present.

Using SEM/EDX analysis, the outer surface of an unused Refractron 70/3 with 442-T
binder candle (see Figure 4-26) contains about 91% Si, 3% Al, and 3% Fe. The outer surface of
the Refractron candle from Test M (20 ppm NaCl/15% H,0/870°C/1,000 hours) is shown in
Figure 4-27 and contains about 36% Si, 4% Al, 38% Fe, 9% Cr, and 0.5% Na. It can be seen in
Figure 4-27 that there had been some melting and flow of the outer surface, but it appears that the
pore structure has not been as blinded/plugged as in the Schumacher candle at the same operating
conditions. The shape of the small grains on the outer surface can still be distinguished.

Figure 4-28 shows the inner surface of an unused Refractron candle from Test M which
consists of about 70% Si, 13% Al, 3% Fe, and 0.8% Na. The inner surface of the Refractron candle
in Test M (Figure 4-29) is comprised of about 77% Si, 6% Al, 6% Fe, 0.5% Cr, and 1.5% Na. It
is evident that there is also binder melting and flowing on the interior of the candle like the
exterior. At higher magnification of the inner surface of the Refractron candle (Figure 4-30),
microcracks can be observed. This magnification of the inner surface is at the same magnification
as the outer surface (200X). No microcracks can be seen on the outer surface (Figure 4-27) like
in the inner surface (Figure 4-30).

From the EDX analysis, it appears that most of the corrosion byproducts from the metallic
piping and vessel remained on the outer surface of the Refractron candles.

Examination of the exposed filters show that there had been some bond depletion and
flowing of the candle material. The flowing of the binder (becoming viscous at high temperature)
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Figure 4-25. Micrograph of Schumacher F40/20 ppm NaCl/15%
H,0/870°C/1,000 hours: Cross-section (80X)
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Figure 4-26. Micrograph of Refractron 70/3 with 442-T/Unused: Outer surface (200X)

Figure 4-27. Micrograph of Refractron 70/3 with 442-T/20 ppm
NaCl/15% H,0/870°C/1000 hours: Outer surface (200X)
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Figure 4-28. Micrograph of Refractron 70/3 with 442-T/Unused: Inner surface (80X)
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Figure 4-29. Micrograph of Refractron 70/3 with 442-T/20 ppm
NaCl/15% H,0/870°C/1,000 hours: Inner surface (80X)
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Figure 4-30. Micrograph of Refractron 70/3 with 442-T/20 ppm
NaCl/15% H,0/870°C/1,000 hours: Inner surface (200X)

may have been due to gravity and aerodynamic drag of the hot gases flowing through the candle
filters.
43 XRD ANALYSIS

XRD of the Schumacher and Refractron candle filters revealed silicon carbide (SiC) as the
major constituent. This is expected because SiC grains constitute more than 90% of the total candle
material. The lack of enough binder material to analyze makes the detection of changes of phases
in the binder material difficult. A summary of XRD analyses performed are presented in
Table 4-14 (the raw XRD data is presented in Appendix E). Instead of showing all of the individual
compounds, the types of phases are presented instead. The following is a list of the individual
compound numbers (as they appear in the Powder Diffraction File of the Joint Committee on
Powder Diffraction Standards) for each phase listed in Table 4-14 (each dark square in Table 4-14

represents one or more of the listed compounds).
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Silicon Carbide (SiC)
SiC: 1-119, 4-0756, 22-1273, 22-1316, 29-1127, 29-1129
Moissanite: 19-1138, 29-1128, 29-1130, 29-1131
Silicon Oxide (SiO,)
SiO,: 18-1169, 27-0605, 34-1382
Cristobalite: 11-0695
Sodium Aluminum Silicate (NaAISi;Og)
Albite: 10-0393, 20-0572
Aluminum Oxide (Al,O3)
Corundum: 10-0173
XRD analyses were not performed for the thermal exposure Tests E, F, I, J, K, N, O, and P.
Crystalline silica was detected in the used candles, but none was detected in the unused
candles. This observation implies that the silicon was either tied up as another crystalline
compound (such as SiC) or as a noncrystalline compound (such as amorphous silica) before
exposure. After exposure, the amorphous silica may have devitrified or silicon compounds (such
as SiC) may have reacted with oxygen to produce crystalline silica. Cristobalite was detected only
in the used Schumacher candles exposed to 980°C (65 ppm NaCl) or 95 ppm NaCl (870°C). The
used Schumacher candles exposed to 20 ppm NaCl (870°C) did not show the presence of
cristobalite. The presence of cristobalite is undesirable because of the difference in volume
expansion (thermal expansion) of cristobalite compared to the volume expansion of the common
form of silica (quartz). Cristobalite, the high-temperature polymorphic form of silica, has a density
of about 2.32 g/cm?, where as quartz has a density of 2.65 g/cm>13 This difference in density
corresponds to differences in volume changes, which can lead to the cracking. The transformation
temperature for cristobalite is 1,470°C. Since the thermal exposure tests never exceeded 1,000°C,
then the presence of other elements (such as the Na modifier) has reduced the transition
temperature to less than 1,000°C. This could mean that each time a "cold" air pulse cleaning
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occurs, the drop in temperature could cause the formation of microcracks (due to the volume
mismatch) which degrades the strength of the candles.

The cristobalite phase was only noticed in the Schumacher candles tested at 980°C and/or
>15% steam and/or >20 ppm NaCl. No cristobalite was detected for the Schumacher candles
tested at 870°C nor any of the Refractron candles tested (both at 870°C and 980°C).

Albite (NaAlSi;Og) was detected only in the exposed Refractron candles, hence the
formation of albite is as a result from the exposure testing at both 870°C and 980°C. The same
type of argument for the formation of microcracking can be applied to albite as it did for
cristobalite. However, the exact effect of albite on the candle properties are unknown. It is also
a possibility that the formation of albite (which incorporates the Na modifier) would decrease the
viscosity of the candle that would result in crack blunting,

Corundum (Al,O5) was detected in all candles tested except for the unused Schumacher
candle. It is assumed that the alumina in the unused Schumacher candle is in the form of
amorphous alumina.

44 FIBROSIC TEST RESULTS

Industrial Filter and Pump (IFP) has developed a fibrous filter that is different from the
rigid candles (typically SiC grains held together by an alumino-silicate binder) tested above. The
filter is a vacuum-formed body which is post-treated to strengthen the high stress areas and modify
the surface pore size. In late 1991 and early 1992, Acurex Environmental performed durability
testing (funded by the Electric Power Research Institute) of the Fibrosic candle under development
by IFP. In operation, the Fibrosic candles performed well (having high collection efficiency with
low pressure drop), but the candle durability was suspect because the candles catastrophically failed
during testing. These candles were assembled by gluing a flange onto the vacuum-formed body.
The tests showed the glued joint to be the weak area. The burst tests of these filters showed the

used candles to have a candle burst pressure of approximately 8 psi whereas the unused candles
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burst at approximately 16 psi. These measurements indicated there had been significant strength
loss from use.

44.1 Fibrosic Candle Test Results

Since the original tests, IFP has further developed the Fibrosics filter. A final part of the

project assessed the durability of the new Fibrosic filter to accelerated pulse cleaning at high

temperature and to actual filtration operating conditions. The Fibrosics candle test conditions were:

® Temperature: 1,600°F (870°C)

® Pressure: Atmospheric

® Dust: PFBC flyash (4.7 pm Ds) )
e Dust Joad: 4,000 ppm,,

e Pulse pressure: 60 psig

® Pulse duration: 0.5 seconds

® Face velocity: 8 ft/min

Table 4-15 summarizes the test results performed on the Fibrosic candles.

Table 4-15. Fibrosics candle test summary

Accelerated Operational
Unused Pulse Cleaning Filtration
Pulse Frequency (sec) 30-50
AP Set Point (inches H,0) 15
Pulse Duration (sec) 0.5 0.5
Total Number of Pulses 15,000 20
Total Time (hours) 200 100
Collection Efficiency (%) 99.992% (0 pulses) 99.995 (10 hours)
99.990% (5k pulses) 99.995 (24 hours)
99.992% (10k pulses) | 99.998 (53 hours)
99.992% (15k pulses) | 99.998 (79 hours)
99.999 (100 hours)
Burst Pressure (psig) 20 16 15
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Upon disassembly of the candle from the accelerated pulse cleaning test, a crack was
discovered about 4 inches from the bottom of the candle flange. The crack was perpendicular to
the axial length of the candle and extended about 3.5 inches along the candle surface. The crack
depth (measured about mid-point along the crack) was estimated to be about 1/8 of an inch. The
crack had not propagated to the interior wall. The collection efficiency results confirm this
observation.

The cylindrical burst strength tests performed on the accelerated pulsed cleaned candle
resulted in the failure of the candle at a location other than at the crack site. This is contrary to
the expectation that the site of candle failure would be at the weakest part of the candle which is
presumed to be the crack.

Figure 4-31 shows the Fibrosic candle permeability at 870°C during the accelerated pulse
cleaning tests. The results show that initially, the permeability dropped (pressure drop across filter
increased) at the 5,000 and 10,000 pulse mark, and then increased at the 15,000 (concluding) mark.
The initial drop in permeability could be attributed to the fact that filter collection efficiencies were
also being performed on the same candle. The flyash used during collection efficiency tests
remained on the surface of the candle, affecting the permeability.

Figure 4-32 shows the Fibrosic candle permeability at 870°C during the 100 hour
operational filtration testing. This candle test also shows the same initial drop in permeability
followed by an increase after the 50 hour mark.

There was only one candle available for each test.

442 Fibrosic Tubesheet Test Results

IFP has also been developing a fibrous ceramic tubesheet and candle hold-down system.
This approach has appeal by reducing the amount of metal subjected to high temperature gas. The
tubesheet/hold-down assembly has not been subjected to sufficient testing. There is no long term
testing data of the structural integrity of the Fibrosic tubesheet at high temperature. Simulation
of the "worst" case structural conditions that the tubesheet can encounter was done (see Section 3
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above). The tubesheet subjected to a loading similar to that expected from the filter, dust, and
hold-down plate at 870°C for 500 hours. During the test, measurements of deflection of the
tubesheet (via alumina rods) from the as received tubesheet as a function of time were performed.
The measurements were performed manually with a pair of calipers.

Figure 4-33 shows the absolute value of displacement over time of the alumina rod that was
extending up from the surface of the Fibrosic tubesheet and through the top of the oven.
Figure 4-34 displays the locations on the tubesheet in which the alumina rod was situated. It can
be seen in Figure 4-33 that the major displacement in the Fibrosic tubesheet occurred within the
first 24 hours at 870°C. Even after 500 hours, it appears there was still deflection (sagging) in the
tubesheet. The raw data from the measurements of the alumina rods are in Appendix G.

Visual examination after removal of the tubesheet from the oven after load testing revealed
some separation of the layers on the edge of the tubesheet. Since the tubesheet is in compression
during operational use, however, this does not pose a problem. There were some small cracks
observed on the bottom of the tubesheet as well as on the interior of some of the candle holes.
Upon laying a straight edge across the width of the tubesheet section, a deflection of about 0.1
inches was observed.

Figure 4-35 shows the topographic map of the surface of the Fibrosic tubesheet. This
topographic mapping is based on the edges of the Fibrosic tubesheet (across the width) defined as
at the reference height of "0". Figure 4-36 shows an overlay of the topographic map on a drawing
of the Fibrosic tubesheet to show which parts of the tubesheet are correlated by the topographic
map. Figure 4-37 shows the three dimensional representation of the topographic map of the

Fibrosic tubesheet surface (note the Z-axis is not in the same scale as the X- and Y- axes).
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SECTION 5

CHEMICAL TEST RESULTS AND ANALYSIS

Experiments at Virginia Polytechnic Institute (VPI) were performed (VPI were
subcontracted and provided support to this project) to determine the response of commercially
available ceramic particulate filters to the high-temperature environments of advanced coal
conversion systems. The final reports prepared by VPI are supplied in Appendix H. The following
is a summary of some of the analyses performed by VPI. The SiC candles examined were the
Schumacher Diaschumalith, Didier SiC, and the IFP LayCer candle filters.

The SiC candle filter specimens were exposed to alkali-containing atmospheres at
temperature ranging from 450 to 1,225°C and pressures ranging from atmospheric to 1,000 psi
(68 atm) for up to 24 hours. An alumina crucible containing either Na,CO3, or X,CO5 was placed
in a box furnace and surrounded by test specimens. Upon firing, the alkali vaporized within the test
environment.

At the end of 6-, 12-, and 24-hour exposures, to the evaporation of Na,CO5 and K,COj at
atmospheric pressure, and temperatures of 925 and 1,225°C, the SiC candle filter specimens
displayed evidence of attack. The Didier specimens appeared slightly bloated and were coated with
a glassy phase. The Diaschumalith specimens were also coated with a glassy phase and bloated,
with the fibrous membrane areas of these specimens being more severely bloated. The membranes
reacted more severely to the K,CO; environment than to the Na,CO5 environment. Energy
Dispersive X-ray analysis (EDX) identified the bloated membrane areas as 10 to 15% alkali,

whereas little or no alkali was detected in interior portions of the samples.
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In hydrothermal testing, a filter sample was sealed in a platinum tube containing thé:
required amount of H,O to generate the desired steam atmosphere. The sealed tube was placed
in a pressure cell purged with argon gas, which served as a pressure medium and also prevented
oxidation of the test cell. The pressure on the sample was applied through the steam generated
insidé the platinum tube. The total pressure at the testing temperature was calculated using the
ideal gas law.

Following exposures to steam at 700 to 1,000°C and pressures of 200 psi, 500 psi, and
1,000 psi for up to 20 hours, no visual evidence of degradation of any SiC specimens was observed.
However, SEM examination of the Didier specimens indicated that melting and flowing of the bond
phase had occurred in the steam atmosphere at 700°C and 200 psi and became more prominent
with increasing temperature at this pressure. SEM examination revealed that bond melting and
depletion had occurred in the Diaschumalith, Didier, and LayCer specimens exposed to steam at
700°C, for the pressures of 500 and 1,000 psi.

Discoloration had occurred in the granular aluminosilicate following all steam exposure.
However, XRD and SEM examination revealed no changes in specimens exposed at 700 to 1,000°C
at 200 psi. Specimens exposed to 500 and 1,000 psi steam atmospheres at 1,000°C, however, were
deteriorated and crumbled upon handling. Phase identification by XRD showed cristobalite
formation.

The chemical degradation of clay-bonded SiC candle filters in alkali-containing atmospheres
appears to result primarily from the alkali attack on the bonding phase of the filters. The filter
specimens exposed to the alkali-containing atmospheres at temperatures from 700 to 1,000°C
showed varying degrees of bond melting and flowing.

The kinetics of sodium diffusion in the bonding (binder) phase of the clay-bonded SiC filters
were investigated to predict sodium penetration and accumulation in the binder phase when exposed
to a sodium-containing atmosphere. The aluminosilicate binder phase was approximated by a 76
SiO, -16 AL, O3 -8 P,05 (mol%) fireclay glass, and the specimens used were core-drilled glass rods

52




-97-

with dimensions of 6 mm in diameter and 5 mm long. Both ends of the glass pellets were polished
flat to provide a defined boundary from which diffusion measurements were taken.

The alkali diffusion in the fireclay glass was evaluated at 800, 900, and 1,000°C. The thin
film method was used for diffusion annealing at 800°C in which a drop of Na,CO5 or K,CO5 was
evaporated on one end of the fireclay glass pellet, leaving a thin film containing Na or K sources.
The coated pellets were heated isothermally at 800°C for 96 hours. The alkali diffusion at 900 and
1,000°C was carried out by exposing the fireclay glass pellets at a constant alkali partial pressure
generated by either Na,CO5 or K,CO5. The fireclay glass pellets in this case were wrapped in
platinum foils so that diffusion occurred in only one direction. The alkali concentration of the
exposed sample was measured as a function of diffusion distance using EDX. A series of spot
analyses was performed along a line scan perpendicular to the exposed surface.

The resulting sodium diffusivities at 900 and 1,000°C are 3.7x10°8 cm?/s and 7.1x10°8 cm?/s,
respectively. The potassium diffusivities at 900 and 1,000°C were determined to be 7.5x10"10 cm?/s

and 3,2x10° cm?/s, respectively. The final reports supplied by VPI are in Appendix H.
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SECTION 6

MODELING

In attempts to provide modeling of the degradation mechanisms which predict candle
degradation as well as candle lifetimes, attempts were made using theoretical framework and
empirical observations of the data.

Solgasmix-PV is a chemical equilibrium program used for predicting the concentration of
gas phase alkali species given the temperature, pressure, and the flue gas composition. The results
of the program were to be used as input into the Virginia Polytechnic Institute (VPI) analyses to
predict the lifetime of candle filters. 7

VPI developed a model based upon material loss due to reaction with alkalis. The rea;ction
kinetics of mullite, cordierite, and aluminum titanate were examined in the presence of alkalis (in
the form of Na,O) via solid state reactions. The full report by VPI is presented in Appendix H.
The basic assumptions of VPI for this model were:

(1) Alkali reactions originate from the surface

(2) Alkali concentration in the atmosphere is equal to the alkali content in the solid state

reactions

(3) New surface is exposed due to the spalling of the reacted layer

(4) No external forces applied

(5) Material loss rate is equal to the alkali reaction rate
Summary of the VPI model are as follows:

(1) Time for consumption of 50% of the available mullite at 833°C: 40 minutes

(2) Time for consumption of 50% of the available mullite at 1,065°C: 2 minutes
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(3) Time for consumption of 50% of the available cordierite at 833°C: 20 minutes

(4) Time for consumption of >60% of the available cordierite at >927°C: <2 minutes

(5) Time for consumption of =30% of the available cordierite at 833°C: 8 minutes

(6) Time for consumption of 100% of the available cordierite at 927°C: 60 minutes

The VPI model predicted that major candle changes would occur within minutes of exposure
to an alkali atmosphere at high temperature and implies that the lifetime for the candle filter may
be very short. The VPI modél showed a very rapid penetration and consumption of alkali into the
candle material. Attempts to correlate the VPI model with results from the thermal exposure tests
proved unsuccessful. The poor correlation may have been due in part to the assumption that alkali
uptake was only diffusion limited. The VPI model predicted major candle degradation to occur
within a time scale of minutes, but the thermal/chemical exposure tests showed the candle
degradation to occur on a time scale of days. The application of the VFI model probably is
appropriate for the initial degradation of the candle (which shows a rapid drop in strength), but it
apparently does not describe the long term degradation mechanisms which occurs gradually over
a period of days.

In addition to the analytical modeling, attempts were made to relate empirical observations
from the c-ring tests to knowledge of fundamental material characteristics and degradation
mechanisms. Examination of the data as well as the qualitative behavior of the candles during
testing may provide insight into the characteristics of the candles during operational conditions
which may in turn produce a useful model of the contribution of thermal/mechanical stresses
compared to chemical degradation mechanisms.

In examining the strength of unused Schumacher and Refractron candles at various
temperatures, it was determined that the candles did not retain structural integrity at 980°C.
Figures 6-1 and 6-2 shows the strength (via c-ring tests) of unused Schumacher Diaschumalith F40
and Refractron 70/3 with 442-T binder candles at different temperatures. The decrease in strength
could be attributed to the softening of the candle/binder material (refer to section 4.1.2 above).
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When the softening temperature of the candle material is exceeded, the microcracks may be blunted
and increase the toughness, but the ultimate strength of the candle may also decrease as a result.
This viscoplastic behavior of the candles was observed at 980°C in both the Schumacher and the
Refractron candles. At 980°C, there was not the characteristic brittle failure (elastic up to the
fracture stress) expected from a ceramic material. Brittle fractures of the c-rings were (generally)
observed for specimens tested at 870°C and below. This would imply that the upper limit for the
observed "healing" of candles (when tested at a crosshead rate of 0.05 in/min) may be limited to
temperatures ranging from 870°C to 980°C. Further testing was performed to see if the transition
temperature to viscoplastic behavior could be determined. A quick test in which one specimen was
tested for each of the selected intermediate temperatures for the Schumacher candle were
performed. Figure 6-3 shows the load versus displacement curves for this series of tests.

From Figure 6-3, it appears that ~920°C is the transition temperature for viscoplastic flow
at a rate of 0.05 in/min. A substance is viscoplastic if it exhibits both energy dissipation and energy
storage in its mechanical properties (it would be viscoelastic if the deformation was recoverable
after removal of all stress)!4. For viscoplastic materials, the rate of testing would greatly influence
the results.

Even at temperature as low as 500°C, stress relaxation in the c-rings was observed (this
would make creep deformation during long-term use a concern). This observation is based on
loading a c-ring to a stress level below the failure stress and stopping the crosshead motion. At
room temperature the c-ring (an unused Schumacher candle) sustained the load; but above 500°C,
the load dropped with time. When specimens display deformation (displacement of crosshead)
without the expected linear increase in load characteristic of an elastic material, creep is said to
have occurred. The flow of the material (probably due to binder softening) allowed stress release
and thus reduced the structural integrity of the candle filters. Since this behavior is rate dependent,
it is highly probable that changing the crosshead testing speed would result in a transition
temperature different from the 920°C obtained from the crosshead speed of 0.05 in/min.
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Figure 6-3. Load versus displacement curves for the Schumacher F40 at various temperatures

Figure 6-4 shows the percentage change of the strength of Schumacher candles from an
unused Schumacher candle when tested at 870°C. The candle that is only pulse cleaned (not
exposed to any chemical degradation) shows about a 15% decrease in strength after 5,000 "0.5
second" pulse cleanings. The candle that was thermal/chemically exposed to 20 ppm NaCl, 870°C,
15% steam, and pulse cleaned with 0.5 second pulses (every 30 minutes) shows a quick decrease
in strength initially, but the degradation in strength appears to level off to approximately the same
slope as the "pulsed only" candle. The thermal/chemical exposure candle specimens extends up to
about 2,300 pulses (over 1,000 hours of exposure) and the remaining pulses on the graph were
extrapolated out.

Figure 6-4 implies that the candle degradation is initially controlled by its chemical
interaction with the candle environment, but as equilibrium is reached/approached, the thermal
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degradation contribution (from pulse cleaning) to the candle’s overall degradation becomes more
significant.

Modeling of the degradation mechanisms of the candle filters is complex. As it can be seen
in Figure 6-5, the strength of the Refractron 70/3 with 442-T binder appears to decrease with
exposure at the 20 ppm NaCl, 870°C, 15% steam, and pulse cleaned (2,400 times with 0.5 second
pulses every 30 minutes) condition, but it increases up to a strength greater than an unused candle.
A possible explanation of this phenomena is the formation of albite (see Section 4.3). Albite
apparently affects the characteristics of the Refractron candles. It had not been detected in any of
the previous studies with the Schumacher candles. Another possible explanation of the increase in
strength of the Refractron candles with exposure is the possible increased softening of the candle
to the point where the candle material flowed (although major deformation of the candle at 870°C
was not observed). Material could have flowed to a point where the candle became denser thus
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reducing porosity. This could cause the strength of the material to increase. Unfortunately, no tests
were performed on the candle porosity and permeability. In another project performed by Acurex
Environmental, Refractron 50/5 with 442-T binder candles exposed at the Solar Turbines Direct
Coal-Fired Turbine Test Facility also showed the unexplained phenomena of increasing strength at

high temperature.!’
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SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

Ceramic materials used in hot gas cleaning applications will be exposed to conditions that
may degrade strength and limit service life due to thermal and chemical degradation. Further, the
mechanical limitations of ceramic materials pose significant problems when such materials are
exposed to dynamic environments. Based upon the tests and analyses of this project, the following
conclusions can be stated.
C-RING TESTS

® Cwring testing proved to be the desired mechanical testing method for rigid candle
materials because of the c-ring specimens retain the surface flaw population. For
example, the c-ring specimens showed strength degradation for the KRW exposed
candles, whereas the 4-point flexure tests did not show any strength loss.

® C-ring testing allows for separate evaluation of inner and outer surface strengths to
investigate strength degradation from different environmental conditions.

e C.ring widths from 0.5 to 1.25 inches are representative of the strength of the candle
material. The average maximum stress values (strength values) are more stable with
widths greater than or equal to 0.75 inch.

e The optimum c-ring width is 0.75 inch. The 0.5-inch specimen is more fragile than the
0.75-inch specimen. Using c-ring widths greater than 0.75 inch is an inefficient use of

available material.
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e C-ring testing of the homogenous Didier SiC20 candle validated the c-ring stress
equation because the strength for the inner and outer surfaces is the same.

® Machining of c-ring specimens during c-ring preparation does not significantly affect the
strength measurement of the c-rings.

THERMAL RATCHETING

e Strength degradation due to room temperature air pulse cleaning of candles at high
temperatures (870°C) occurs with pulse durations greater than 0.05 second. Pulse
durations of 0.05 second did not produce strength degradation.

e Strength degradation occurs with 0.5 second room temperature air pulse cleaning of
candles at high temperatures (870°C).

® At high temperatures, the SiC based ceramic candles showed increased toughness due

to binder softening which blunted microcracks (relieving stress at the crack tips)

resulting in increased strength.

THERMAL/CHEMICAL EXPOSURE

The flow-through alkali thermal/chemical exposure experiments showed contamination
from metals, such as Fe and Cr, from the corrosion byproducts of the vessel and pre-
vessel piping.

There was evidence the binder became a viscous liquid at operating temperatures and
flowed under gravity and aerodynamic drag to blind some of the pore structure of the
exposed candles.

The modeling of the thermal/chemical degradation mechanisms to predict filter lifetime
was unsuccessful.

Both the Schumacher Diaschumalith F40 and the Refractron 70/3 with 442-T binder

candles did not retain their integrity when exposed at 980°C.
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Initially, the dominant degradation mechanism appears to be attributed to chemical
degradation (alkali, metals, and/or steam), but the thermal/mechanical degradation

(pulse cleaning) becomes the primary degradation mechanism.

Schumacher Diaschumalith F40

Strength degradation was observed after 100 hours of exposure to 95 ppm NaCl, 20%
steam, 870°C, and without pulse cleaning.

Strength degradation was observed due to 65 ppm NaCl, 20% steam, 980°C, and with
pulse cleaning.

Strength degradation was observed only after 1,000 hours at 20 ppm NaCl, 15% steam,
870°C, and with pulse cleaning.

Cristobalite was detected only in the exposed candles at 980°C. No cristobalite was

detected in the unused Schumacher candle nor the candles exposed at 870°C.

* Crystalline silica was, however, -detected in the exposed 870°C and 980°C candle

specimens.

Refractron 70/3 with 442-T binder

Strength degradation was observed after 100 hours at 20 ppm NaCl, 15% steam, 870°C,
and with pulse cleaning. Increase in strength for the 500-hour and 1,000-hour
specimens was seen at the inner surface only.

Strength degradation was observed due to 20 ppm NaCl, 15% steam, 980°C, and with
pulse cleaning.

Albite formation was detected only in the exposed Refractron candles.

FIBROSIC CANDLE TESTS

Both Fibrosic candles had collection efficiencies greater than 99.99% during and after
the 15,000 pulse cleaning cycles and after 100-hour operational filtration testing.

The unused Fibrosic candle (Fibro2800) tested in this project has a burst pressure of
20 psig as compared to the 16 psig tested in an earlier version of the Fibrosic candle.
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® There was about a 25% drop in burst pressure for both of the Fibrosic candles tested
as compared to the 50% burst pressure loss for the earlier version of the Fibrosic
candle.

® Although a crack was discovered on the candle exposed to accelerated pulse cleaning,
it did not affect the burst test strength of the candle (the failure occurred away from the
crack).

® The permeability of the Fibrosic candle remained high throughout the tests.

FIBROSIC TUBESHEET TEST

® Minor cracks on the bottom side of the tubesheet were observed after loading with
113 pounds (using worst-case scenarios) and heating to 870°C for 500 hours.

e The major displacement of the tubesheet during load testing at 870°C occurred within
the first 24 hours.

® Deflection in the tubesheet was still observed after 500 hours (but at a much slower rate
than the first 24 hours).

® The Fibrosic tubesheet deflection/sag of about 6.1 inch (measured at the lowest point
across the width of the tubesﬁeet).

72 RECOMMENDATIONS

At the conclusion of this project, the following recommendations can be made:

® The results from the Fibrosics filtration testing look promising (high collection
efficiencies, high permeability, and no catastrophic failure), but there was only one
candle available for testing. Therefore the results are not statistically representative for
describing the candle characteristics and properties under operating conditions. More
candles should be tested to confirm the burst strength values and to determine if the
crack discovered on the accelerated pulse cleaning candle specimen was an anomaly.

® Cylindrical burst strength tests need to be investigated to define the limitations,
constraints, and applicability for strength measurements of candle filters. This is an
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issue because the burst strength test performed on a cracked candle did not fail at the
site of the crack.

Collection efficiency tests should be performed separately from permeability
measurements to examine if the flyash used during collection efficiency tests affects the
permeability measurements.

Future studies on the effect of thermal/chemical degradation on candle filters should
also include the measurement of porosity and permeability (possibly including collection
efficiency) to ascertain whether the candle material retains filtration properties.
Chemical modeling studies need to consider more than the diffusion limited case in the
uptake of alkali. The modeling studies should also include kinetic mechanisms such as
retention of some corroded material which will affect the surface area of new material
for the continuation of alkali corrosion.

Contact of alkali with piping materials leading into the thermal exposure vessel should
be minimized, thus minimizing the exposure to corrosion byproducts that may affect the
candle filters being tested.

Extended exposure times to flow through testing at temperature without pulse cleaning.
This data can be compared to the thermal/chemical degradation testing of candle filters
which received thermal pulse cleaning at high temperature.

A minimum of 5 c-ring specimens should be tested at each test condition in order to

have a statistically significant strength value (having more specimens is desirable).
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