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ABSTRACT

The United States Department of Energy, Morgantown Energy Research
Center (DOE/METC), is sponsoring the development of coal-fired turbine
technologies such as Pressurized Fluidized Bed Combustion (PFBC), coal
Gasification Combined Cycles (GCC), and Direct Coal-Fired Turbines (DCFT). A
major technical development challenge remaining for coal-fired turbine systems is
high-temperature gas cleaning to meet environmental emissions standards, as well
as to ensure acceptable turbine life.

The Westinghouse Electric Corporation, Science & Technology Center, has
evaluated an Integrated Low Emissions Cleanup (ILEC) concept that has been
configured to meet this technical challenge. This ceramic hot gas filter (HGF), ILEC
concept controls particulate emissions, while simultaneously contributing to the
control of sulfur and alkali vapor contaminants in high-temperature, high-pressure,
fuel gases or combustion gases. This document reports on the results of Phase III of
the ILEC evaluation program, the final phase of the program. In Phase III, a
bench-scale ILEC facility has been tested to 1) confirm the feasibility of the ILEC
concept, and 2) to resolve some major filter cake behavior issues identified in PFBC,
HGF applications.
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EXECUTIVE SUMMARY

An integrated, low emissions cleanup (ILEC) concept has previously been
proposed by Westinghouse that combines ceramic barrier, hot gas filter (HGF)
technology with sorbent particle injection for gas phase contaminant removal.
Figure S-1 illustrates the ILEC concept. The concept extends similar concepts for
integrated, low-temperature gas cleaning in conventional steam power plants to
high-temperature, high-pressure conditions and enhances the HGF technology. The
concept can be applied to both oxidizing environments, éuch as the combustion gas
in Pressurized Fluidized Bed Combustion (PFBC), or to reducing environments, such

as the fuel gas in Gasification Combined Cycles (GCC).

Program Objectives and Scope

The overall objectives of this program were to:

o assess the feasibility of the ILEC concept at a bench-scale level;

e produce process data for use in subsequent field testing.
The ILEC test conditions have focused on PFBC applications, using sorbents
injected into the HGF for sulfur and alkali removal. In addition, several issues with
the behavior of HGF filter cakes have been identified in PFBC, HGF field testing.
These issues relate to filter cake permeability and pulse cleaning performance, and,
in particular, to the observed formation of "hard" filter cakes and bridges under
some circumstances. It has also been an objective of the Phase III program to assess
these issues, determining the key phenomena responsible for adverse filter cake
behavior, and identifying possible means to improve filter cake behavior.

The ILEC development program consisted of three phases:

e Phase I - Laboratory-Scale Testing

e Phase II - Bench-Scale Equipment Design and Fabrication

e Phase III - Bench-Scale Testing
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Phases I and II had been previously completed and their results repdrted. Included
in Phase I was an evaluation of alternative ILEC concepts, from which the ceramic
barrier filter ILEC concept was selected for bench-scale testing. The Phase III test
program has focused on PFBC filter cake issues, as well as in-filter sulfur and alkali
removal. The Phase III testing, and the evaluation of the results, are the subject of
this report.

Five test series have been conducted at simulated PFBC conditions in
Phase III:

1. Cake Permeability Tests

2. Additive Tests

3. Cake Pulse Cleaning Tests

4. Sulfur Removal Tests

5. Alkali Removal Tests
The testing activities generated 52 sets of test data, representing more than 770
total hours of hot filter exposure. The first series of tests were highly controlled
tests measuring changes in filter cake permeability primarily as a function of
temperature and PFBC fly ash source. The second series examined the ability of
various filter cake additives, and the additive application procedure, to improve the
filter cake permeability. The third series of tests were directed toward measuring
the impact of temperature, PFBC fly ash source, and pulse intensity on pulse
cleaning effectiveness. Test series four and five have characterized the potential for
sulfur removal and alkali removal within the HGF. The final two test series have

also measured the influence of the injected sorbents on the filter cake behavior.

Bench-Scale Facility Description and Test Conditions

A natural gas fired, bench-scale, high-pressure, high-temperature, ceramic
barrier filter test facility was modified to study ILEC performance under simulated
PFBC conditions. The objective of the bench-scale simulation was to produce a filter
inlet gas haw}ing pressure, temperature, gas composition (SO,, alkali content, and
particulate content), and fly ash particulate characteristics representative of coal-
fired PFBC. A drawing of the facility is shown in Figure S-2. A horizontal, natural
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gas combustor is attached to the filter pressure vessel inlet nozzle. The combustor is
a carbon steel, refractory-lined, pipe with internal, high-alloy liner sections. The
burner has been designed to operate entirely on natural gas, or with coal and
natural gas combinations. PFBC fly ashes, sulfur sorbents, alkali sorbents, or
deposit additives may be injected into the secondary zone of the combustor as
required by the specific test. Sulfur and alkali contaminants may also be injected
into the filter inlet gas through the combustor.

The uncooled tubesheet, with a 31-inch plate diameter, has been designed
with commercial candle holder features that inc;luded fail-safe/regenerator devices.
The tubesheet, capable of holding up to 19 candles, supported four commercial,
ceramic candle filter elements in this program, each 1.5-meter in length. The inlet
gas enters the vessel horizontally, near the level of the base of the candles, with no
baffles to deflect the inlet jet. The four candles were located so that direct impaction
by the inlet gas stream was avoided. The four candles were pulse cleaned
simultaneously. The filter vessel outlet piping section incorporated gas sampling for
particulate, alkali vapor, sulfur oxides, and CO2.

Almost all of the bench-scale tests were conducted with the face velocity fixed
at 7 ft/min, and the pressure fixed at 100 psig, while other conditions, such as
temperature and fly ash source were varied. Key measurements made during the
tests were:

e Inlet gas and fly ash mass flow rates,

e QGas inlet and outlet temperature,

e Tubesheet pressure drop,

¢ Plenum pressure and pulse tank pressure during pulse cleaning events,

* Outlet gas mass flow rate, and particulate, CO,, SO,, and alkali vapor

content.

Filter Cake Permeability Test Results
Sixteen controlled tests of PFBC fly ash filter cakes were conducted to

develop an understanding of filter cake behavior, and in particular, adverse behavior
such as hard filter cakes and bridge formation that might occur in PFBC
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applications under some circumstances. The bench-scale testing, combined with

_ laboratory testing (Appendix A) and related information in the literature, identified
the key phenomena resulting in adverse filter cake behavior as "sintering" of the
filter cake calcium constituents induced by SO, and CO, in the gas.

The bench-scale filter cake permeability "trends" were consistent with PFBC,
HGF field test trends -- that is, the relative ranking of permeabilities of the tested
PFBC fly ashes were identical to the ranking extracted from HGF field results, and
the filter cake permeability sensitivity to temperature is similar to that suggested by
PFBC, HGF field tests. The laboratory filter cake permeabilities were generally
greater in magnitude than the estimated PFBC, HGF field test permeabilities, and
the formation of "hard" filter cakes and bridges were never observed in the bench-
scale testing. These differences between bench-scale and field testing probably
resulted because 1) the bench-scale permeability tests did not include SO, in the
simulated PFBC gas, 2) the CO, partial-pressures were lower in the bench-scale
tests than in the PFBC, HGF field tests, and 3) the PFBC fly ashes tested were re-
entrained particles, having reduced reactivity due to previous exposure to the HGF
environment in field units.

Conclusions reached in the bench-scale filter cake permeability testing,
confirmed by supporting laboratory tests (Appendix A), and suggested by the
literature on related technologies, were:

e PFBC filter cake permeability and sintering is largely controlled by
limestone-derived, calcium constituents in the fly ash;
e More extensive PFBC filter cake sintering results from:
- finer fly ash particles size,
- higher temperatures,
- higher CO, and SO, partial-pressures,
- longer filter cake-gas contact times,
- use of calcitic limestone vs dolomitic limestone in the PFBC.
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Additive Test Results
Filter cake additives were addressed in the test program to see if some might

be identified that could minimize the occurrence of adverse filter cake behavior.

Five additive tests were performed, focusing on the influence of additives on the
filter cake permeability, with the additives premixed with PFBC fly ashes having
low permeabilities. The additives tested were pulverized dolomite, kaolin, and
Neutralite. Also, one test was performed with Neutralite applied as a precoat on the
filter elements.

The results showed that the use of pulverized dolomite benefitted the filter
cake permeability significantly. The filter cake permeability was increased about
50%, even though only 10 wt%, or about 5 vol%, dolomite additive was used. Itis
expected that the tendency for fly ash filter cake sintering and bridging would also
be reduced by this dolomite additive.

Precoating the candle elements with Neutralite, a commercial baghouse filter
aid, initially resulted in a filter precoat having relatively high permeability, but
exhibiting a large reduction in filter cake permeability as the temperature was
increased to PFBC temperature. The test of a cake of PFBC fly ash on the
Neutralite precoat showed that the cake permeability was slightly lower than it had .
been in earlier tests having no precoat. It was found that the Neutralite precoat
was very thick (about 1/2" to 5/8") and was a hard, stable layer that needed to be cut
out in sections. A thinner precoat should be used, and the stable layer might
provide some protection to the candle if no detrimental reactions occur with the
candle materials. Such a stable precoat might also provide an aid to pulse cleaning.
Further assessment of the precoat concept should be considered.

Neutralite was also tested as an additive to fly ash. A cake of PFBC fly ash
mixed with 5 wt% Neutralite was formed and resulted in a cake permeability much
lower than previously measured with the PFBC fly ash alone. A further series of
continuous pulse cleanings and cake i)uildups showed a significant deterioration in
the baseline pressure drop, further exposing the poor performance of Neutralite as a
direct additive. Neutralite would not appear to be a useful filter cake permeability
aid for PFBC applications. Neutralite might be a useful aid to reduce re-




entrainment with filter cakes having low cohesion, such as may be obtained in some
GCC applications.

Finally, an additive test was performed using a mixture of 10 wit% Kaolin in
PFBC fly ash. The results showed little influence of the Kaolin on the filter cake
permeability compared to prior tests without the additive. The kaolin size
distribution was roughly comparable to the PFBC fly ash size distribution, and its
major clay constituents were similar to the major coal ash constituents of the PFBC
fly ash.

In general, the practicality of filter cake additive use is uncertain based on
the testing. The dolomite additive had the most positive results, and its low cost
combined with the possibility for additional sulfur removal within the filter, makes
dolomite an additive candidate for PFBC applications.

Pulse Cleaning Test Results

Controlled pulse cleaning tests were performed over a range of parameters to
determine if ineffective Ppulse cleaning might contribute to the adverse filter cake
behavior observed in PFBC, HGF field tests under some circumstances, Pulse
cleaning performance was characterized by building filter cakes at specified
temperatures, and measuring the recovery of the baseline pressure drop over a
range of pulse cleaning intensities. Two PFBC fly ashes were tested, a Tidd fine fly
ash, and a Karhula PFBC fly ash. While the Tidd fine fly ash was prone to adverse
filter cake behavior, the Karhula fly ash was free from adverse behavior in PFBC,
HGF field tests. Twelve tests were conducted at temperatures of 1300, 1450, and
1550°F. The solenoid valve opening and closing characteristics were fixed at near
optimum values in all of the testing.

The pulse intensities were measured in all of the tests and were a monotonic
function of the pulse gas tank pressure. The pulse intensity is defined as the
maximum pressure reached in the filter plenum during the pulse event. It is
assumed that the maximum plenum pressure is the same as the maximum pressure
in the candles during a pulse. The pulse gas tank pressure is the pulse gas source
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pressure in the accumulator that is applied at the start of the pulse. The pulse
intensity rises almost linearly as the tank pressure increases, but it also appears
that the intensity is slightly higher as the temperature is increased. This probably
resulted because the filter cake and "residue" permeabilities had decreased as the
temperature was increased.

The "baseline pressure drop" is the plenum pressure drop following the pulse
cleaning event. The "residue" pressure drop is defined as the baseline pressure drop
minus the pressure drop if perfect cleaning were achieved. A lower value of this
residue pressure drop means that a more effective pulse cleaning was performed. At
each temperature in the test program, as the pulse intensity was decreased a clear
increase in the residue resulted. As the temperature increased, the residue pressure
drop was higher at the same pulse intensity. For exaniple, at 1300°F a pulse
intensity of 5 psi resulted in a residue pressure drop of about 0.5 "H,O, while at
1450°F the same 5 psi pulse intensity resulted in a residue pressure drop of about
3 psi, and at 1550°F the same 5 psi pulse intensity resulted in a residue pressure
drop of about 7 psi. '

The Tidd fine fly ash and the Karhula fly ash showed very similar pulse
cleaning behavior. Even though the Karhula fly ash had a significantly higher filter
cake permeability than the Tidd fine fly ash, with also much less sensitivity to
temperature, a significant influence of temperature and time on the pulse cleaning
effectiveness was observed.

There are two factors that have contributed simultaneously to these results.
First, higher temperature results in lower cake permeability and greater residue
accumulation. Secondly, the tests were performed in the order of ascending
temperatures, so that as the temperatures increased, the cumulative test time also
increased. This second factor resulted in more opportunity for residue accumulation
on the candles, or within the candle surface pores, as time, and temperature
progressed. The results imply that, with both the Tidd fine fly ash and the Karhula
fly ash, a steady accumulation of residue might occur that cannot be effectively
cleaned even at the highest pulse intensity conditions used in these tests. This

residue accumulation, though, appears to be representative of normal filter element
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"conditioning". It is not expected to be a contributor to the adverse filter cake
behavior observed in some PFBC, HGF field tests, so long as the pulse intensity is
maintained greater than about 10 psi, and uniform pulse cleaning of all elements is
provided. ,

Two final tests were conducted to measure the benefits of a higher pulse
source pressure on the pulse cleaning performance. Both tests resulted in a pulse
intensity of about 35 psi. The results imply that with the fine Tidd fly ash, a
continued buildup of residue occurred on the candles that increased as the
temperature increased, while this temperature sensitivity was not shown for the
Karhula fly ash. A significant residue resistance remained on the candles even with

this high pulse intensity.

Sulfur Removal Test Results

The testing was conducted to measure the in-filter SO, removal performance
of PFBC fly ashes and calcium-based sorbents. Another objective of the sulfur
removal testing was to determine the influence of SO, exposure on PFBC fly ash
filter cake permeability, since SO, is known to accelerate filter cake sintering. The
test parameters were:

e Fly ash source: Tidd and Karhula PFBC

¢ Sorbent type: -325 mesh dolomite alone or mixed with PFBC fly ash

e Temperature: 1450-1550°F

e Pressure: 100 and 150 psig

Two types of SO, removal tests were performed. The primary procedure
provided a test of the influence of SO, on the cake permeability and characterized
the ability of the predeposited filter cake to removal sulfur. The second procedure,
applied in one test only, was a test of the particula\‘te (sorbent) to remove SO, while
being fed in the suspended state and simultaneously building a filter cake.

Eight tests were performed. The sulfur removal tests included SO, sampling
system calibration runs. All of the tests were performed at a temperature of 1550°F

and a pressure of 100 psig, with the exception of one sorbent test performed at
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1450°F and 150 psig. Estimates of the "free calcium/sulfur ratio", or the molar ratio
of unsulfated calcium fed during the entire test divided by the total sulfur fed during
the test, were made. Estimated percent retentions of sulfur in the HGF were also
made. There were uncertainties in the tests as a result of a relatively high
background SO, level that was indicated by the instrumentation. This is believed to
be instrument error due to interference by other gas components as well as actual
S0, release from the filter internals..

No significant differences in filter cake beﬂaﬁor or SO, removal performance
were observed during the transient entrained sorbent test, or at the lower
temperature/higher pressure conditions, relative to other comparable tests. While
the sulfur removal measurements have a large uncertainty, the results do provide
representative and significant trends: ’

e The inclusion of SO, in the filter inlet gas had a negligible impact on the filter
cake permeability with the two relatively coarse PFBC fly ashes tested, as
well as with the dolomite sorbent tested.

¢ The Tidd fly ash, from the partially-spoiled cyclone testing on the Tidd HGF,
showed little ability to capture sulfur, while the Karhula fly ash had
significant sulfur capture capability. This may be because the Karhula ash
contained more free calcium than the Tidd fly ash.

¢ The PFBC fly ash-sorbent mixtures and the sorbent alone showed significant
sulfur capture ability, being greater than 90% at calcium-to-sulfur ratios of 1
to 2.

e No indication of hard filter cake formation, or deposits that would initiate
filter bridging, was found on observation of the filter elements after testing,
even for the tests with dolomite alone. This is probébly because the dolomite
fed was of relatively coarse particle size.

These trends indicate that relatively coarse (-325 mesh) sorbent injection for in-filter
sulfur removal would be very efficient and would not result in adverse filter cake
formation. It is expected that injection of much finer sorbent particles (mean size

5 pm or less) into the filter would result in a high degree of filter cake sintering. The
fact that SO, exposure did not result in sintered filter cakes when using the PFBC
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fly ashes probably is due to 1) the previous exposure and sulfation of these fly ashes
in PFBC, HGF field units, and 2) their reiatively coarse particle size.

Alkali Removal Tests

The objectives of the alkali removal tests were to 1) to measure the in-filter
alkali removal performance, and 2) observe the filter cake permeability to see if
adverse filter cakes were generated at temperatures where the reacted alkali
sorbent particles may become relatively soft. Alkali removal tests were performed
by injecting PFBC fly ashes and alkali sorbent (emathlite powder) premixed with
micro-pulverized sodium chloride, the alkali vapor source. The feed rate of
pulverized emathlite was maintained at about 10 times the saturation feed rate. At
saturation, emathlite can adsorb about 20 wt% sodium.

Test procedures similar to those used in the sulfur removal testing were
applied. Alkali was sampled at two locations using an extractive, condensing probe.
The first location was downstream of the filter exit pipe, where particle, and SO,
sampling was performed. The temperature drop was too great at this location and
was expected to result in significant alkali vapor condensation within the piping
prior to extraction. The second location was directly from within the vessel head,
with minimal temperature loss occurring. The probe extracted gas during the entire
alkali salt feeding period.

All of the tests were performed with fixed conditions of a face velocity of
7 ft/min, a pressure of 100 psig, and a temperature of about 1550°F. Ten tests were
completed. Test periods for calibration of the alkali probe and for determination of
alkali background reading were also conducted. The tests were performed with
probe samples (condensate water-soluble sodium) collected and analyzed.
Unicertainties in the results arise from the possibility of alkali vapor condensation,
alkali vapor reactions with the metal internals in the filter vessel, and incomplete
vaporization of the injected alkali salt.
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The results, though uncertain, indicate that significant alkali removal was:
obtained with emathlite injection into the filter, and adverse filter cake behavior
was not observed, even though the reacted alkali sorbent might be relatively soft at

the test temperature.

Conclusions and Recommendations

The bench-scale testing has shown that the ILEC concept is a viable
extension of HGF technology for PFBC applications.

The bench-scale SO, removal test results showed significant removal, though
the results are uncertain. The results also indicated that dolomite injection will not
generate adverse filter cake behavior, at least if the dolomite size is -325 mesh.
Supplemental laboratory sorbent-sulfur oxide reaction kinetics testing and
evaluation performed in this program provides estimates that a calcium-to-sulfur
ratio of 1.5 to 2 should be sufficient to provide greater than 80% sulfur removal in
the HGF.

Pulverized emathlite, and probably several other clays, could be injected into
the HGF to achieve sufficient alkali removal for turbine protection. Again, the
bench-scale alkali vapor removal test results are quite uncertain, but they do
indicate that significant alkali removal can be obtained within the filter without -
adverse filter cake formation due to emathlite softening. Supplemental laboratory
testing of alkali-sorbent reaction kinetics conducted in this program has produced
estimates that a pulverized emathlite feed rate of about 10 times the saturation rate
is sufficient to meet turbine alkali vapor criteria.

The bench-scale ILEC testing, combined with supplemental laboratory
testing, HGF field test data and observations, and information from related
technologies, indicates that the source of adverse filter cake behavior in PFBC, HGF
applications is primarily filter cake calcium-constituent sintering induced by the gas
phase SO, and CO,. Reliable PFBC, HGF operation, without adverse filter cake
behavior, can be maintained by selecting conditions, to the extent that the
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application allows, that promote slower filter cake sintering rates. Options available
to accomplish this can be applied individually or in combination:

o reduced HGF temperature,

e increased filter cake particle size,

e lower partial-pressures of CO, and SO,

e use of dolomitic limestone rather than calcitic limestone in the PFBC

Pulverized dolomite (-325 mesh) could be injected into the HGF to act both as
a filter cake permeability aid, probably reducing the potential for hard filter cake
and bridge formation, and to perform supplemental sulfur removal in the HGF. A
feed rate of about 10 wt% dolomite, relative to the fly ash feed rate, should be ample
for significant filter cake permeability enhancement. -

It is expected that the ILEC concept can also be applied in other HGF
applications, such as GCC, WI;ere the sorbent types and functions may differ
substantially from those for PFBC. It is recommended that the ILEC concept be
tested at available PFBC and GCC, HGF field facilities to provide larger scale,
steady-state performance data on in-filter contaminant control functions, and their

influence on the filtering performance.
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1. INTRODUCTION

Coal has maintained its status as the prevalent fuel for utility-scale power |
generation in the United States and in the developing countries of the World, even
with the climate of mounting environmental concerns and regulations, as well as in
the face of high availability of alternative fuels, such as natural gas. The United
States Department of Energy, Morgantown Energy Technology Center, is
sponsoring the development of advanced, coal-fueled power generation systems that
improve the economics and environmental performance of coal-based power
generation through advances in power plant thermal efficiency and emissions
control technologies. Advanced power generation systems using coal-fueled turbine
combined cycles, such as Pressurized Fluidized Bed Combustion (PFBC), Advanced
Pressurized Fluidized Bed Combustion (APFBC), and coal Gasification Combined
Cycle (GCC), have been developed to the state where they are now nearing full-scale
demonstration in Clean Coal Technology programs.

These advanced, coal-fueled power generation systems demand high levels of
performance from hot-gas cleaning systems that remove process gas contaminants
at high-temperature, high-pressure conditions to meet power plant environmental
requirements and to satisfy turbine protection requirements. The hot gas cleaning
systems represent technologies critical to the success of the Clean Coal Technology
programs, and development programs, focused on the individual cleanup functions of
sulfur removal, alkali removal, and particulate removal, have been placed to support
the demonstration programs. The development of integrated, multi-functional, gas
cleanup equipment might provide additional economic and efficiency benefits for the
advanced power generation systems. The program described in this document has

tested and assessed the feasibility of such an integrated hot gas cleaning approach.




2. BACKGROUND

The incentives for conducting the program described in this document were
two-fold:
e An Integrated Low Emission Cleanup (ILEC) concept has been proposed that

has the potential to provide cost and contaminant control benefits to
advanced, coal-fueled power generation technologies. Small-scale
demonstration testing and evaluation was needed to assess the ILEC concept
and guide its future development.

e PFBC, HGF field testing had identified some major performance issues
relating to adverse behavior of filter cakes uqder some circumstances. The
phenomena involved, and the options available to minimize adverse behavior,

needed to be identified and assessed.

2.1 HGF Filter Cake Issues for PFBC Applications

Westinghouse hot gas filter (HGF) field testing has recently been completed
at three major PFBC test installations (Lippert and Newby, 1995): the American
Electric Power (AEP) Tidd Plant, a bubbling-PFBC; the Foster Wheeler
Development Corporation (FWDC), Phase 2, circulating-PFBC development facility;
and the Ahlstrom-Pyropower, circulating-PFBC pilot plant. The characteristics of
the HGF facilities at these PFBC installations are summarized in Table 2.1. These
HGF facilities have provided critical data supporting the design of new HGF
systems associated with several PFBC development facilities and demonstration
programs:

e Foster Wheeler Development Corporation (FWDC), Phase 3; Advanced-

PFBC subscale test facility (Livingston, NJ),
e Southern Company Services, PCD test facility (Wilsonville, Alabama),
o Foster Wheeler, Wilsonville Advanced-PFBC pilot facility (Wilsonville,
Alabama),
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Table 2.1 — Westinghouse PFBC, HGF System Characteristics

Ahlstrom
Pilot
AEP Tidd Bubbling-PFBC FWDC Phase Circ-PFBC
Brilliant, OH 2 Karhula,
Circ-PFBC Finland
Livingston, NJ
Facility Size (MW¢): 30 1.2 10
Gas Flow (acfm): 7600 300 3070
Pressure (psig): 135 100-200 160
Fuels/Sorbents: Pgh #8/Plum 3 7
Run dolomite Variations Variations
Hours of Operation
- Max. Continuous: 600 72 280
- Cumulative: 6000 800 2050
Preclean Cyclone: Yes Spoiled No No No
Number Candles: 384 288-384 288 14-22 128
Face Velocity 6.5 4.5-8.7 8.9 2-8 3-8
(ft/min):
Temperature (°F): 1150-1450 1200-1400 1400-1550 1450-1700 1300-1650
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e Pyropower circulating-PFBC, DMEC-1 Clean Coal Technology Program,
e Air Products, Advanced-PFBC, FREMP, Clean Coal Technology Program.

Test observations made at the three PFBC, HGF facilities are summarized in
Table 2.2. Issues with filter cake permeability, ash bridging, and ash bulk flow can
arise in PFBC, depending on the nature of the fly ash and the HGF operating
conditions. The Tidd HGF tests had discrete test periods using an efficient
precleaning cyclone; a spoiled, precleaning cyclone; and, most recently, eliminating
the precleaning cyclone. The Tidd tests established that ash bridging is coincident
with very fine, reactive particle size distributions in the filter cake when operating
at higher temperatures, and is essentially eliminated when the precleaning cyclone
isremoved. The circulating-PFBC facilities had only recycle cyclones and hard filter
cakes and ash bridging were observed only during periods of extreme temperatures.

The occurrence of "hard" filter cakes and ash bridging, particularly at the
Tidd HGF when using an efficient precleaning cyclone, led to conjecture as to the
phenomena leading to this behavior. The ILEC test program has attempted to
identify the key phenomena leading to this behavior. It is also important to note
that significant SO, removal, about 50%, has been consistently measured across the
Tidd HGF (Radian, 1995) and is consistent with the high conversion of calcium and
magnesium to sulfate forms found in the filter cakes. The content of alkali in the
filter outlet gas is an issue to turbine protection when the HGF operates at
temperatures greater than about 1400°F, based on alkali sampling conducted at the
FWDC Advanced-PFBC facility (Robertson, et al., 1994).

2.2 Westinghouse ILEC Concepts
Two ILEC concepts have been proposed for evaluation in this program: 1) a

ceramic barrier filter with injected sorbent particles for in-filter, gas-phase
contaminant control; and 2) a fluidized bed filter with immersed ceramic filter :

elements, and fluidized bed sorbents for contaminant control.
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Table 2.2 — Westinghouse PFBC, HGF Filter Cake Observations

Ahlstrom Pilot
AEP Tidd FWDC Phase 2 Karhula,
Brilliant, OH Livingston, NJ Finland
Cyclone: Yes Spoiled No No No
Fly Ash Size: 1-3 5-7 25-30 5-25 12-22
(mean, um)
Dust Loading: 0.5-1 3-4 15-20 2-30 4-18
(1000 ppmw)
Permeability: 0.2-0.6 1-2 5-6 2-5 2-6
(10™° 1b/ft)
Pulse Frequency: 1-2 2-4 4 0.5-3 1-3
(1 hr)
Occurrence of Temp Less Very Temp Very Little
Bridging and >1400°F | Severe | Little >1600°F
Hard Cake:
Vessel Drainage Poor Little Good | Periods of Poor Good
Performance Problem




The ceramic barrier filter ILEC concept is illustrated in Figure 2.1. A process
gas from an advanced, power generation gas producer, such as a PFBC or a coal
gasifier, is first treated with injected sorbent particles upstream of the HGF to
obtain uniform gas-particle mixing. The process gas and suspended sorbent
particles enter the HGF where contaminant-sorbent reactions occur both within the
gas-particle suspension and within the fly ash-sorbent filter cake. The mean gas
residence time within the HGF may 5e 5 to 10 seconds, much longer than the gas
résidence time within the hot gas piping. The ILEC unit operates identically to a
HGF dedicated to particulate control, with periodic pulse cleaning to remove a
portion of the filter cake from the HGF.

The sorbents may be any appropriate sorbent materials, selected for the
specific contaminants to be removed, for the HGF temperature, and for their
operability as a filter cake component. Additives might also be injected into the
process gas solely for the purpose of improving the behavior of the filter cake, or the
sorbent particles might be selected and sized for their ability to also act as filter cake
aids. In a PFBC application, for example, injected sorbent materials might be a
pulverized limestone applied for supplemental SO, removal, and a pulverized clay
material applied for alkali vapor removal. In a coal gasification application, the
injected sorbents might be a pulverized, calcium-based sorbent for supplemental
sulfur and/or HCI removal, a catalyst for ammonia or tar cracking, and a pulverized
clay material for alkali vapor removal. This ILEC concept is a direct extrapolation
of similar concepts proposed and developed for application in conventional, steam
power plants, with the particle removal equipment being primarily conventional,
low-temperature equipment (fabric filters, or electrostatic precipitators).

The second ILEC concept, the fluidized bed filter, is more novel in nature and

is at a lower state of development. The concept is illustrated in Figure 2.2. A
process gas from an advanced, coal-fueled power generation, gas generator flows
into a fluidized bed of sorbent particles, or inert bed particles. Fine sorbent particles
might also be injected into the process gas before it enters the fluid bed. Ceramic
filter elements, most likely candle forms, are suspended into the fluidized bed. The

process gas mixes with the fluid bed sorbent particles, and injected sorbent particles,
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reacting to remove contaminants. Adhesive ash particles in the process gas might
also be directly removed by the fluid bed particles, as in fluid bed filter concepts, but
the ceramic filter elements act to maintain all of the particulate materials in the
vessel while removing fly ash particles from the process gas.

The vigorous mixing action of the fluid bed continuously removes portions of
the filter cake from the filter elements, and the filter cake is continuously drawn off
the vessel. Ideally, the ceramic filter elements do not need to be pulse cleaned, but a
means for periodic pulse cleaning would be provided. A similar fluid bed filter
concept, using immersed candle filter elements in the bed has been previously
proposed for use in catalytic reactor systems (Degnen, et al., 1951). Cold model
testing of the fluid bed ILEC was previously performed by Westinghouse and
reported (Newby, et al., 1990). Supplemental testing of the fluid bed ILEC was
conducted in Phase III of this program and is reported in Api)endix D.

Based on the state-of-readiness of the technologies, and the technical
uncertainties identified in the fluid bed ILEC testing, the primary concept of interest
is the ceramic barrier filter concept. Cold model testing of the fluid bed ILEC was
previously performed by Westinghouse and reported (Newby, et al., 1990).
Supplemental testing of the fluid bed ILEC was conducted in Phase III of this
program and is reported in Appendix D.
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3. PROGRAM OBJECTIVES AND STRUCTURE

The overall objectives of this program were to:

o assess the feasibility of the ILEC concept at a bench-scale level;

o produce process data for use in future design and field testing.
The bench-scale ILEC test conditions have focused on PFBC applications, using
sorbents injected into the HGF for sulfur and alkali removal. Several issues with
the behavior of HGF filter cakes had been identified in PFBC, HGF field testing.
These issues relate to filter cake permeability and pulse cleaning performance, an&,
in particular, to the observed formation of "hard" filter cakes and bridges under
some circumstances. It was also the objective of the_Phase I11 program to assess
these issues, determining the key phenomena responsible for adverse filter cake
behavior, and identifying possible means to improve filter cake behavior.

The ILEC development program consisted of three phases:

e Phase I - Laboratory-Scale Testing

e Phase II - Bench-Scale Equipment Design and Fabrication

e Phase III - Bench-Scale Testing .
Phases I and IT had been previously completed and their results reported (Newby, et
al., i990). Included in Phase I was an evaluation of alternative ILEC concepts, from
which the ceramic barrier filter ILEC concept was selected for bench-scale testing.
The Phase III test program focused on PFBC filter cake issues, as well as in-filter
sulfur and alkali removal, and this testing, and the evaluation of the results, are the
subject of this report. Some cold flow model testing of an alternative ILEC concept,
a fluidized bed ILEC, was also continued in the Phase III activities.

Five test series were performed in Phase III:

1. Cake Permeability Tests
Additive Tests
Cake Pulse Cleaning Tests
Sulfur Removal Tests
Alkali Removal Tesﬁs

I NN

3-1




The first series of tests were highly controlled tests measuring changes in filter cake
permeability primarily as a function of temperature and PFBC fly ash source. The
second series examined the ability of various. filter cake additives and the additive
application procedures to improve the filter cake permeability. The third series of
tests were directed toward measuring the impact of temperature, PFBC fly ash
source, and pulse intensity on pulse cleaning effectiveness. Test series four and five
characterized the potential for sulfur removal and alkali removal within the HGF.
The final two test series also measured the influence of the injected sorbents on the
filter cake behavior. (

Phase III included some supplemental laboratory testing to complement the
bench-scale testing. This has included some Westinghouse in-housé testing as well
as the DOE-sponsored work:

o filter cake sintering tests (Appendix A);

e entrained sorbent, sulfur removal kinetics (Appendix B);

e entrained sorbent, alkali removal kinetics (Appendix C);

e continuation of fluidized bed ILEC cold flow modeling (Appendix D).

The entrained sulfur sorbent and alkali sorbent reaction kinetics measurements in-
the supplemental laboratory testing were made at temperatures of 1850 and
2100°F, of interest in some DCFT concepts, but considerably higher than PFBC
temperatures. The kinetic test results can, none-the-less, be applied to guide and
interpret the bench-scale testing at PFBC conditions.
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4. TESTING METHODOLOGY

This section describes the test equipment, materials, test procedures, and

test matrices applied in the program.

4.1 Bench-Scale Facility Description

An existing Westinghouse HGF test facility was modified for ILEC testing in
the program. Figure 4.1 is a layout drawing of the bench-scale ILEC facility, the
major components being the combustor, the filter pressure vessel and internals
(tubesheet, candles, metal liner and insulation), and the gas outlet piping. The
pressure vessel overall dimensions are 10-ft height and 40-inch outer diameter. The
tubesheet supported four, 1.5-m long ceramic candles in the test program, although
it is capable of supporting up to 19 candles. The gas outlet piping included a
sampling section with two ports used for downstream gas sampling in the test
program. Nozzles were also available in the vessel head that could be used as
sampling locations.

The bench-scale HGF range of operating requirements in the test program
were:

e Temperature (°F): 1300 - 1650

e Pressure (psig): 50 - 150

¢ Gas volumetric flow (acfm): 80

e Gas mass flow (Ib/hr): 750 -850

e Fly ash/additive/sorbent feed rate (Ib/hr): 0.2 -5

For the ILEC test program, several modifications w