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solids. S

Solids retained in the boiler, usually includes slag deposits in the

-exit nozzle and on the boiler front-wall. Also as % of total solids.

Solids captured by the scrubber as percent of total solids.

Slag chrome (Cr203) content. weight percent, that is from refractory.
Measured ROx at the boiler outlet in ppmv, dry basis. Normalized to
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SREDBO
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Note op the Data Contained in this Report

Some of the data generated in this project relates to the performance of
the combustor that utilizes proprietary design and procedures, some of which
vwere developed independently of this Clean Ccal project. As per the terms of
the Cooperative Agreement between the Department of Energy and Coal Tech, this
data has been supplied to DOE in a separate "Proprietary Document”, concurrent-
-1y with this Final Report. The authors have placed a footnote on each page in
this Final Report which states that "Additional data is contained in the Pro-
prietary Document”. The pages as: 35, 36, 37, 47, 56, 57, 59, figures 8, 16,
20, 21, and 22. Also, Appendix II: Pages A-I1-21, 22, 23, and 24, and figures
S, 52, T, and U. '

The Proprietary Document also contains additional summary rerformance test
data as well as raw test data from representative test runs PC 9 and PC 26. -
{See list of test runs at the end of Appendix "A").

In the course of several decades of R&D by Coal Tech's principals on a
number of advanced power systems, it has been observed that in many cases
capital and operating costs have a greater impact on epergy costs than fuel
coste and/or system efficiency. Therefore, Coal Tech's approach to the air
cooled combustor has been to integrate the combustion and environmental
performance inside the air cooled combustor, and to develop procedures that
allow its fully automatic operation. It is anticipated that this approach will
allow energy systems incorporating this combustor to fully benefit from the low
cost of coal and related solid fuels. '
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1. SUMMARY

- This Final Report presents the results of a three vear demonstration test
effort on a 30 MMBtu/hr combustor retrofitted to an oil designed package
boiler. In May 1390, this project became the first U.S. Department of Energy
(DOE) sponsored, Clean Coal Technology Program Project to complete its Phase
III test effort. In addition to DOE, the $1 million project was supported by
the Pennsylvania Energy Development Authority (PEDA) and the Pemnsylvania Power
& Light (PP&L) Company. Project test work was conducted at the Tampella/Keeler
Co. plant in Williamsport, PA. The project objective was to demonstrate a
technology which can be used to retrofit oil/gas designed boilers, and conven-
tiocnal pulverized coal fired boilers to direct coal firing, by using a patented
air cooled coal combustor that is attached in place of oil/gas/ccal burners.
During the Clean Coal project, the combustor was operated for a total of 900
houre on cil, gas, and dry pulverized coal. This includes about 100 hours. of
tests under other projects. One-third of the operational time was on coal,
with 125 tons consumed. Evaluation of test results indicates that most of the
Clean Coal project goale have been met.

A significant part of the test effort was devoted to resoliring operational
issues related to uniform coal feeding, efficient combustion under very fuel
rich conditions. maintenance of continuous slag flow and removal from the com-
bustor, development of proper air cooling operating procedures, and determining
component materials durability.

The second major focus of the test effort was on environmental control,. -
especially control of SOZ emissions. By using staged combustion, the NOx
emissions were reduced by around three-fourths to 184 ppmv, with further reduc-
tions to 160 ppov in the stack pérticulat.e scrubber. By injection of calcium
based sorbents into the combustor, stack SO2Z emissions were reduced by a
maximum of 58% depending on the Ca/S ratio and combustor operating conditions.
In addition, ‘a small but significant amount of the coal sulfur (maximum = 11%)
was trapped in the calcium bearing slag. The test results suggest that further
significant sulfur retention in the slag is attainable. With sorbent injection
downstream of the combustor, tested in a preliminary fashion primarily under
the fly ash vitrification projects (Ref.l1.1, page 2A), a maximum of 82% S02
reduction was achieved.



Slag retention in the combustor is a function of the combustor stoichio-
metry, decreasing with increasing fuel rich coperation. As very fuel rich
operation appears to increase sulfur reduction. a significant portion of the
tests were performed under these conditions. 5S5lag retention under fuel rich
conditions. ie lower than that attainable under fuel lean cdmbustion conditions.
The magnitude of ash/slag retained in the combustor and boiler floor was ob-
tained from the ash collected in the scrubber. It showed that on ‘average 72%
of the ash/reacted sorbent was retained in the combustor/boiler for all the
test runs with a range of 55% to 90%. Under near stoichiometric conditions,
the average value was 80%. Of the 72% value, sbout 55% was retrieved from the
slag on the combustor wall, exit nozzle. and slag tank, with the other 17%
being ash deposited on the floor of the furnace.

As a benefit to the present project, in terms of extended durability and
operational testing, as well as evaluation of the range of alternate combustor
applications, Coal Tech conducted tests under other projecte, interspersed with
Clean Cozl project testing. These other projecte dealt primarily with the
conversion of utility flyash or municipal solid waste incinerator ash to slag.
Pertinent results of these tests are mentioned in this report where appro-
priate. Detailed information on these projects may be found in the Coal Tech
reporte cited on page 2A, references 1.1,1.2, and 1.3.

The data base for continuous and long duration operation of this combustor
has been established. Near the end of the project, this data base was incorpo-
rated under other projects intoc a micro-computer process control system that
will allow complete automation of the combustor s operation. The data base now
exists to scale up the combustor to a 100 MMBtu/hr thermal input. Using the
above SOx/NOx data, Coal Tech's economic analyeis of the application of thie
combustor for emission control in coal fired utility boilers indicates that it
may be lower in cost than other furnace sorbent injection processes . The
combustor may also be economically attractive in certain industrial bojiler
applications, e.g. vitrification of fly ash to slag, and incineration of
refuse derived fuels (RDF).
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2. BRIEF OVERVIEW OF PROJECT

2.1. Project Description

The Coal Tech Clean Coal I project was conducted in three phases. Fhase 1
consisted primarily of activities involving design and specification of equip-
ment peripheral to the combustor and beoiler. including coal and limestone dry
feed systems, the stack particulate scrubber, several air blowers ae well as
the various equipment required for flow stream measurement and control. In
addition, efforts were initiated to acquire the necessary environmental
regulatory operating permits. -

During Phase 1I, Coal Tech installed the equipment designed in Phase I and
also conducted several one-day shakedown tests on the newly installed equipment
t0 determine its operability.

During Phage II1 the initial aim was to develop a data base assoclated with
combustor operation and teo identify and resolve materials and hardware issues
related to actual retrofit. The ultimate aim of Phase 111 was to conduct malti-

day teste demonstrating continuous operation.

The following test objectives were specified to implement the joint.
objectives in the Clean Coal project cooperative agreement:

1. Combustor operation with coals having a wide range of sulfur contents.

2. T0 to 90% reduction in sulfur c;xides in the stack, with maximum sulfur
retention in the slag.

3. NOx reductions to 100 ppm or less.

4. The eolid products from the combustor, i.e. slag/sorbent/sulfur com-
pounds, are environmentally inert or can be readily converted to an inert form.

5. Achieve high combustor slag retention and removal, with the goal being
90% - 95%, as well as compliance with local particulate emission standards.



6. Achieve efficient combustion under reducing conditions.
7. Determine combustor turndown, with a 3 to 1 objective.
8. Evaluate materials compatibility and durability.

9. Operste the combustor for about 900 hours of steadv state operation on
coal with frequent start-ups and shutdowns.

10. Develop safe and reliable combustor operating procedures.
2.2. Project Activitieg

Appendix III contains a photographic record of the project. The photo--
graphs were selected to show the various stages of the -proiject. -mélud;'mg the
original installation of the equipment; various features of its operation. such
as slag removal, exit nozzle luminosity,- steam blowoff plume, etc.. Also, the
combustor-boiler internals after operation: 'wall-damage and repairs of the
combustor-exit nozzle wall; -and modifications to the original egquipment as a
result of the test-activities. The photographs were selected to give a visual
chronological record of the project. with emphasis on the features of the -
combustor installation, the tvpe of operational problems encountered and .
solved, and the operaticnal features of the combustor. The selections do not
reflect on their relative importance to the success of the project.

The following sections briefly summarize the effort in the three project
rhases. The accomplishments will be presented in more detail in the next sub-
sectlion.

2.2.1. Phase 1: Design & Permitting

In work pre~dating the Clean Coal:Technology I project. the Coal Tech air
cooled cyclone coal combustor was designed, fabricated, and retrofitted to a 23
MMBtu/hr oil designed package boiler at the Tampella facility in Williamsport,
PA. The combustor design effort began in 1984. Combustor fabrication reguired
a one year period during 1985-6. Installation began .in late 1986 and it was
completed in early 1987. The original installation was for use with low ash,
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low sulfur, coal-water slurry fuels. No particulate stack scrubber or sulfur
control system was included in this original system. That effort culminated
with initial tests on the combustor in the Spring of 1987, using a coal water
slurry. The combustor was operated for a period of 40 hours on coal-water
slurry fuele at about 17 MMBtu/hr. Combustor operation was as per design.” An
important result was that combustor pre-heat to operating temperature was accom-
plished with the elurry fuel. This initial coperating experience was a major
factor in the preparation of the test plan for the DOE Clean Coal project.

The Clean Coal project began in March 1987. In Phase I, the auxiliary
equipment necessary to allow dry pulverized coal firing was designed. This
included a 4 ton, on-site pulverized coal storage system, a pneumatic coal
delivery system to the combuetor, a 1/2 ton dry pulverized limestone storage
and pneumatic feed system, and a wet stack particulate scrubber. Coal -
pulverization was off-site with regular fuel delivery by pneumatic tanker
truck. Commercial designe were used for each system, and it was planned to
purchaee the equipment in Phase 2.

The second part of Phase 1 consisted of preparation of the required project .
environmental reports, and initiation of process to obtain the various environ-
mental permits for operating the combustor on pulverized coal. These permits
inciuded an operating rermit from the FA Department of Environmental Rescurces
(DER). which included an initial approval of the operating plan, followed by an
air quality emission permit. Both permits were cobtained in Phage ""2./;'_"I‘he
second permit was for the discharge of the scrubber waste water‘\\into the
Williamsport Sanitary system, which had been obtained prior to the start of the
Clean Coal project. The third permit was for the disposal of the solid waste
produced during combustor operation in an approved landfill. This application
was delayed until the start of Phase 3, as a profile of the eolid waste stream
wae required to file for the permit. o

Phase 1 was completed on schedule in May 1987. During the transition to
Phase 2, procurement of the long lead items required for the coal conversion

began.
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- 2.2.2., thase 2: Fabrication. Installation & Shakedown Tests .

Phase II commenced in July 1987. A commercial 4 ton pulverized coal
storage and delivery system was procured. As no commercial pneumatic coal and
‘limestone feed syetems were available, they were fabricated and assembled to
Coal Tech's designs. The original prlan to purchase a recirculating particu--
late scrubber eystem and install.it inside the boiler house was altered to a.
roof mounted once-through system. The former desien approach had been selected
due to concern over waterline freezing and boiler roof weight bearing capabili-
ty. Howéver, ite cost was coneiderably beyond project resources, and Coal Tech
redesigned and procured the once-through roof mounted system on a piecemesl
basis. The installation of this egquipment was completed in November 1987, and
the two planned, one-day, shakedown tests were performed to evaluate the new
equipment performance. One test was performed with coal water slurry and the
second test was performed with dry pulverized coal.

The first test revealed a design flaw in the secondary air fan which
provides the combustor cooling air and most of the combustion air. The fan
operated on the wrong side of the fan curve which caused damaging vibrations
and extremely high noise levels. Coal Tech found temporary solution to this
problem by modifying the fan inlet. However, during the combustor overhaul in
the Spring of 1988, the fan was returned to the manufacturer for rebuilding and
it has operated quietly and without problems since that time.

The second shakedown test was the first one with dry pulverized coal. .This
test revealed that all the new equipment ﬁas functional. The test was
performed with a low volatile, (<20% volatile matter), refractory ash (T250 >
2800°F) PA bituminous coal. The test showed that the air cooled refractory
liner was considerably outeide the optimum wall heat transfer range for thie-
coal. In addition., it was found that the coal feed system produced up to 17%
feed fluctuations of several minutes frequency. Finally, it was determined
that dry pulverized coal could not be used effectively to pre-heat the
combustor walls to operating temperatures. However, ‘as the entire combustor-
boiler systém operated within an acceptable dry pulverized coal firing
envelope, " was decided to proceed to Phase 3, with initial focus on the coal
feed and combustor wall pre-heat. ’

6



2.2.2. Phage 3: Parametric & Long Duration Testing

Phase 3 began in November 1987. In the period between 1Z2/87 and 5/90, 26
Fhase II1 combustor tests were performed for a total operating time of around
800 hours, consuming about 125 tons of coal. All but the last seven teste were
nominally 24 hre in duration, including heatup and cooldown on auxiliary fuels.
After December 1988, the balance of the tests were of multi-day duration.

. The tests can be divided into the following groups. with major overlap
among the various groups: _

A- The initial group of tesis was aimed at improving the combustion effi-
ciency from the 80% level measured in the first tests. and to reduce the coal
feed fluctuations. The latter goal was achieved by a series of incremental
changes tc the coal delivery and pneumatic feed system, which eventually
reduced the feed fluctuations from 17% to a little over 1%.

The combustion efficiency was gradually improved to the 95-99% range by
using an oil burner to preheat the combustor walls to operating temperatufe.
instead of the planned use of coal. Incidentally, this change in the pre-heat
from coal to olil was a major reason for the discrepancy between the originally
planned 900 hours of coal fired operation, and the actual value which was about
. 1/3 of that. In addition, higher volatile and less refractory ash coals were
used. and limestone fluxing was added to improve slagging performance. However.
the mismatch in thermal properties of the combustor refractory wall with the
combustion gae heat transfer resulted in operation of the combustor wall beyond
its safe operating envelope. This caused refractory wall failure in several
sections of the combustor roof in February 1988, which necessitated a complete
disassembly of the combustor. _A‘new refractory liner was installed having
thermal properties consistent with the wall heat. transfer. Also. the wall
temperature diagnostics as well as the air cooling operating procedures were
revised in light of the prior test experience. The combustor was reassembled
and one day duration testing resumed in May 1988. Since that time the combustor
wall has operated for almost 800 hours with only occasional minor patching
required. Since the introduction of computer control of the combustor’s
operation, and a redesign of the combustor-exit nozzle interface in the Spring
of 1990, no combustor wall patching has been necessary. |
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The second set of tests was primarily aimed at solving the slag tap plug-
ging preblem in the combustor. Very early in the test effort, operation was
continued for a number of hours after the slag tap plugged and a nearly 1 foot
thick layer of frozen slag formed on the floor of the combustor. which had to .
be removed manually by chisel and hammer. After that time. all tests were .
terminated when the slag tap plugged. By a series of trial and error methods.
a combination thermal and mechanical slag breaker procedure was developed in
the course of the project so that by the beginning of 1889, very few test were
terminated due to slag tap plugging. Only one of the seven multi-day tests was
terminated several hours early on the last day of the test due to -a human errbr
related to the operation of the slag breaker.

The third group of tests was related to durability of the combustor wall-
materials. The air cooled liner test results were noted above. The second .
materials area related to the combustor exit nozzle. which operated under near
adiabatic conditions. The material used in the the exit nozzle withstood the
aggressive slag environment throughout the test effort. However, the nozzle-
combustor interface, as well as the nozzle-boiler wall interface suffered
materials breakdowne due to differential expansion or selection of ceramics
with poor slag or thermal resistance. The boiler front wall was redesigned in
mid-1988. The combustor-exit nozzle interface was redesigned this vear. These
changes have resulted in a design suitable for long term cperation. However,
the present design requires a small amount of additional wall cooling to allow
round-the-clock coal fired operation at fully rated coal fired thermal input.
The combustor wall, on the other hand, is currently capable of operating
continuously at full rated thermal input.

The fourth group of tests were focussed on environmental control of NOx.‘
‘502 and particulate emissions. The resulte will be summarized in the next sub-
Bection. For present purposes, the item of major interest is that the gas emis-
gion controls require very fuel rich operation. Therefore, a major aspect of
the test effort was to achieve efficient combustion under fuel rich conditions.
During the course of the test effort, the combustor air flows were re-arranged
a number of times until conditions at which air cooling, wall temperature. slag-
ging, and combustion efficiency w-re optimized at fuel rich conditions. This
result was achieved in mid-1989, and nearly all subsequent tests were performed
at fuel rich conditions. However, fuel rich operation resulted in reduction of

8



slag retention. At the end of the test effort, considerable progress in S02
reduction had been made. However,. a major project objective of high sulfur .
capture in the combustor and retention in the slag removed from the combustor
had not vet been achieved. In subsequent post Clean Coal project teste, it was
discovered that a high frequency coal feed fluctuation existed throughout the
test effort. It is suspected that this may have adversely affected the sulfur
capture process. Yery recently this fluctuation has been dampened, and it is
planned to perform future sulfur capture experiments under fuel rich operating

conditions.

The next group of tests were to integrate all the operating data base.
gained in the project intc a computer controlled operating system. The
necessary equipment was installed prior t¢ the last test of the Clean Coal
project. However, it was only after the project tests ended that this computer
system has been placed in operation. The process control software incorporates
the operational data base. Its uee in a series of tests since the completion
of the Clean Coal project tests in May 1880, has resulted in a major
improvement in the controllability of the combustor. It is anticipated that
with a number of additional controls related to slag tap cperation, and
combustor start-up and shutdown, it will be possible to operate the combustor
completely automatically.

Beginning in the Fall of 1988, the Clean Coal Fhase 3 test effort was
focussed primarily on longer duration operation.. In December 1988, the first
three day duration test with overnight shutdown was implemented. Overnight
shutdown wae necessary because the combustor-boiler controls were manual., and
required continucus operator supervision. To allow longer davtime periods of
coal fired operation, and more rapid heatup to operating conditions, the
combustor-boiler controls were converted to automatic, unattended. overnight

.operation on pilot gas fuel in early 1989.

Beginning in March 1989, a series of five 4 day tests with round-the-clock
operation were implemented. Nighttime operation was on pilot natural gas, and
-daytime operation was on 0il, for heatup and cooldown, and coal. These tests
were interspersed with one to two day tests on the combustor for other pro- -
jects. As a result by the end of the Clean Coal project in May 19390, a total
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of 900 hours of operation had been completed, of which 100 hours were on two
other DOE and EPA R&D projects on fly ash vitrification. As of the date of
this report, the combustor has operated an additional 100 hours of daytime coal
fired cperation. Most of the test goals were directed at optimization of
combustor and support equipment operation as well as developing the operational
database associated with environmentally acceptable performance.

For the tests, eight different Pennsylvania coals having different sulfur
contents were used. Parametric testing of combustor operation was evaluated
with regard to environmental and process effects. Parameters tested included
first and second stage stoichicmetries, ceoal type, coal firing rate,
calcium/sulfur mole ratic, and so forth. In May 19380, Coal Tech completed the
planned test effort on its DOE Clean Coal demonstration project. The final
effort on this project has been analyzing and evaluating test results. and -
preparing the Final Report.

2.3. Project Accomplishments

The Clean Coal project Cooperative Agreement specified five technical
objectives. To implement these objectives, the following 10 sub-objectives
were defined. The following is a surmmary of the accomplishments as compared to
the sub-objectives listed in section 2.1.

The first objective was to 'use Pennsylvania coals with up to 4% sulfur
content. About eight different PA. Dbituminous coals with sulfur contents -
ranging from 1 to 3.3%, and volatile matter contente ranging from 18% to 37%,
were tested. ‘

- The second objective was to achieve 70 to 90% S0Z reduction at the stack,
with maximum sulfur encapsulation in the slag. With regard to the first part
of the objective, a maximum of over 80% S0Z reduction measured at the boiler
ocutlet stack, using sorbent injection in the furnace at various Ca/S ratiocs.
However, thie reesult is based on limited data from work mainly conducted under
the ash melting projects. It should be emphasized that these results were ob-
tained during preliminary trial runs which made no effort at parametric optimi-
zation. Until further testing can be performed, a full analysis of the results
is not possible. Good progress was being made at the end of the teet effort
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toward meeting the second part of this objective. which requires sorbent inijec-
tion into the combustor. A maximum S0Z reduction of 58% was measured at the
stack with limestone injection into the combustor at a Cas/S of 2. A maximum of
one-third of the coal sulfur was retained in dry ash removed from the combustor
and furnace hearths, and a high of 11% of the ccoal sulfur was retained in the
slag rejected through the slag tap. Further slag sulfur retention is
definitely possible by increasing the slag flow rate, by further improvements
in fuel rich combustion, and by further improvements in sorbent-gas mixing.

The third objective was to achieve NOx reductions to 100 ppm or less. With
fuel rich operation of the combustor, a three-fourths reduction in measured
boiler cutlet stack NOx was obtained, corresponding to 184 ppm. An additional
5 to 10% reduction was obtained by the action of the wet particulate scrubber.
resulting in atmospheric NOx emissions as low as 160 ppm.

The fourth objective was to produce an inert solid waste. All the slag
removed from the combustor has produced trace metal leachates well below the
EPA Drinking Water Standard when subjected to the EP TOX test, and has vielded
sulfide and cyanide reactivities within the regulatory limit.

The fifth objective was to achieve 90%-95% elag/sorbent retention in the
combustor, and meeting local stack particulate emission standards. The second
part of this objective was met with the wet venturi particulate scrubber. To-
tal slag/sorbent retention under efficient combustion operating conditions ave-
raged 72% with a range of 55% to 890%. Under more fuel lean conditions. the
slag retention averaged 80%. In post Clean Coal project tests on fly ash vitri-
fication in the combustor, modifications to the solids injection methed and in-
creases in the slag flow rate produced substantial increases in the slag reten-

tion rate.

The sixth objective was to achieve efficient combustion under fuel rich
conditions, was met. Combustion efficiencies exceeding 99% were cbtained after
proper operating procedures were achieved.

The seventh objective was to achieve a 3 to 1 combustor turndown. Turndown
to 6 MBtu/hr from a peak of 19 MMBtu/hr was achieved. The maximum heat input
during the tests was around 20 MMBtu/hr, even though the combustor was designed
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for 30 MMBtu/hr and the boiler was thermally rated at arcund 25 MMBtu/hr. This
situation was due to facility 1imitéion water availability for the boiler and’
for cooling the combustor. ' In fact, even 20 MMBtu/hr was borderline, so that
most of the testing was conducted at lower rates. ’

The eighth objective was to evaluate materiales compatibility and durabili-
ty. Different sections of the combustor have different materials regquirements.
Suitable materials for each section have been identified. Also, the test
effort has shown that operational procedures are closely coupled with materials
durability. In other words by implementing certain procedures, such as
changing the combustor wall temperature, it has been possible to replenish the
combustor refractory wall thickness with slag.

The ninth objective was to operate the combustor on coal for approximately
800 hours of steady state operaticns with freauent start-up and shutdowns. The
combustor s total operating time during the life of the Clean Coal project was
about -900 hours. This included about 100 hours operation in two other fly ash
vitrification test projects. Of the total time about one-third was with coal.
About 125 tons of cdal were consumed.

The tenth and most important cbjective was to develop proper combustor
operating procedures. HNot only were procedures for properly operating an air
cooled combustor developed, but the entire operating data base was incorporated
into a computer controlled system for automatic combustor operation.-

In conclusion, Coal Tech's goal for this project was to validate the air -
cooled combustor at a commercial scale. This was accomplished. While the
combustor is not yet fully ready for sale with commercial guaranties, it is
ready'for further major scaleup for application to commercial projects such as
waste solid fuels, limited sulfur control in coal fired boilers, and ash to

slag conversion.
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3. DETAILED DESCRIPTION OF PROJECT WORK

The discussion in this section will highlight those aspects of the project
effort that are significant in evaluating the project accomplishments and
directions for future work. The material is not a reproduction of the
discussion contained in the various project technical reports, which have been
previously submitted to DOE.

3.1. Ehase I-Design & Permitting

In work pre-dating the Clean Coal project, the Coal Tech air cooled cyclone
coal combustor was designed, fabricated. and retrofitted to a 23 MMBtu/hr oil
designed, package boiler at the Tampella/Keele; facility in Williamsport. PA.
The combustor design effort began in late 1984, combustor fabrication required
a one year period in 1985-6, and installation began in late 1986 and it was
completed in early 1887. The original installation was for use with low ash.
low sulfur, coal-water slurry fuels. No particulate stack scrubber or sulfur
control system was included in this original system. That effort culminated
with initial tests on the combustor in the Spring of 1987, using a coal water
slurry. The combustor was operated for a period of 40 hours on coal-water
slurry fuels at about 17 MMBtu/hr. Combustor operation was as per design. An
important result was that combustor pre-heat to operating temperature was
‘accomplished with the slurry fuel. This initial operating experience was a
major factor in the preparation of the test plan for the Clean Coal project.

The combustor and the test facility will be described below. Here relevant
drawings and photographs will be introduced to clarify the subseguent
discuseion of the Phase 1 design effort. Figure 1 is a schematic diagram of
Coal Tech's Advanced Air Cooled Cyclone Coal Combustor. The combustor is
attached to a 17,500 lb/hr of saturated eteam (23 MMBtu/hr) D frame, oil
designed, package boiler in the boiler house of the Tampella/Keeler Company in
Williamsport, PA. The latter is shown in figure 2. Figure 3 is a side view
photograph of the combustor as it ie currently attached to the boiler while
figure 4 is a plot plan of the installation. Figure 5 is a process flow block
diagram of the coal fired combustor-boiler system. Figure 6 is a photograph of
the stack scrubber on the roof of the boilerhouse.
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The Clean Coal project began in March'1987. In Phase I, the auxiliary
equ:.pment necessary to allow dry pulverized coal firing was des:.gned This
included & 4 ton on-site pulverized coal storage system, a pneumatic coal
delivery system to the combustor, a 1/2 ton dry pulveriéed limestone storage
and pneumatic feed system, and a wet stack particulate scrubber. Coal
pulverization was to be off-site with regular fuel delivery by pneumatic tanker
truck. Commercial designs were used, and the entire system was planned for
Phase 2 purchase. The basic design consisted of an upper (4 ton capacity) bin
which discharged automatically into a small lower bin that was integrated with
a screw feeder. The latter discharged the coal into a pneumatic air line that
delivered the coal to the combustor. Injection was either axially though a -
pintle, or off-axis, downstream of a pneumatic coal flow splitter.

A limestone bin, with a 1/2 ton capacity was placed alongside the
combustor, and it dellvered the powder to the combustor in a manner simjilar to
the coal feed.

To control stack particulate emission a wet particle scrubber was designed,
with a recirculating water loop. The design called for placement of the
scrubber inside the boilerhouse due to concern of winter freezing of the water
loop., as well as concern over inadequate roof load capability of the
boilerhouse. ' '

The slag removal system design consisted of a simple drag convevor which
removed slag dropped into the slag tank located underneath the combustor.

It was planned to purchase all this' equipment commercially. In fact.
certain components were not available or they performed poorly, and Coal tech
had to modify them extensively

An existing sophiaticated'coz,'co, NO, . 80,. HC stack gas sampling system
in a Keeler test facility adjacent to the combustor facility was made available
for use in the combustor project.
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A second major activity of Phase I was the permitting necessary to
implepent the Phase II and III test efforts. The water discharge permit was
obtained from the Williamsport Sanitary Authority. while the application for
the air emission permit was filed with the Pennsylvania Department of
Environmental Resources (PA DER), Bureau of Air Quality Control, with
subsequent approval of both the Test Plan and Operating Permit in Phase II.

- Finally, the procedure for obtaining a solid waste disposal permit was
initiated with the PA DER, Buresu of Solid Waste Management, including
provision to accumulate and store slag samples on site for subsequent .

" representative sémpling and analysie as per the required Module 1 in Phase 2 &
Phase 3 testing. However, it was discovered later in the project that the slag
was covered under the Pennsylvania Coal Waste Product Recycling Act and, as
such, did not require extensive testing/analysis to obtain disposal permits.
In view of this. plus the fact that the Module 1 testing had already been
performed, showing no hazardous sclid waste characteristics, disposal of most
of the slag and bottom ash produced in the tests was at the FP&L Montour solid
waste facility. However, solid waste characterization testing of the slag was
etill deemed important in overall development and delﬁonstration of the
combustor and we therefore continued to monitor this substance. Late in the

- Phase 3 tests, FP&L could not accept the slag because a significant quantity of
material consisted of large slag blocks. In addition, it was necessary to
dispose of refractory removed from the combustor. As a result a Module 1
application ie now being processed by a local landfill. Due to the lengthy
£3ling period, it is planned to dispose of the remaining material at a secure
private landfill.

- Another activity of Phase I was the compilation. and pneparétion of the
necessary documentation as specified in the Cooperative Agreement and the
preparation of the appropriate reports, including an Env:Lromnental Plan Cutlme
and the Environmental Plan itself. These documents are c¢n file at DOE and will
not be reproduced here.
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30 P I1-Fabricati 1 11ats | Shakedown Testi

In Phase 11, the equipment designed and selected in Phase I was installed
at the Tampella/Keeler facility. During installation the stack scrubber design
was modified for placement on the roof of the boilerhouse, as opposed to inside
the building, as in the original design. It was determined that the
installation cost inside the building was much greater than the roof ,
installation. The original contractor that erected the boilerhouse was able
to aécerbajn that the roof bearing load was sufficient for this parpose. A
second design change was to use a once through plain steel scrubber vessel .
instead of a stainless steel scrubber vessel with a recirculéting water system.
This reduced the cost of the scrubber system by a factor of 5. The decision to
proceed with this approach was based on Coal Tech's assumption that the use of
lime injection in the combustor would result in a basic water flow in the
scrubber, which would reduce the corrosion rate substantially. This proved to
be the case. The pH of the scrubber water ranged up te 12. The duct work and
the scrubber fan were redesigned and procured separately.

In nearly 3 vears of operation the scrubber operated very statisfactorily.
even in the winter, with air temperatures as low as 5°F. To prevent freezing,
the water lines were drained after each test. It was necessary to rearrange the
water discharge to assure proper gravity flow for drainage parposes.  The only
problems encountered were erosion of the scrubber vessel inlet scroll which was
caused by the fact that the wall thickness was too thin at that location. This
section was replaced with a section of thicker. erosion resistant steel. In
addition, the scrubber inlet duct was not properly supported which caused a.
shear tear in one wall of the inlet vessel. This was also readily corrected.
The final problem with the scrubber eystem was damage to the fan wheel, which
had to be replaced. It was not certain whether this was caused by madequat.e
maintenance, e.g. regular fan wheel cleaning and fan shaft bolt tightening, or
whether it was caused by residual debris that had not been removed from the .
scrubber vessel after its repair. These three problems occurred in December
1989, and it ie suspected that the fan problemr was caused by flying debris.

A commercial, 4 ton capacity, dry pulverized coal storage and delivery .
system was procured. The original plan had been to parchase the pneumatic
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conveying system as part of the coal system. However, the high cost and
limited commercial availability of a complete system resulted in the decieion
to design our owm system. Varicus size eductors were tested with Coal Tech
‘designed flow splitters to determine the appropriate component sizes. The
final desiegr selected allowed coal feed of up to 3/4 ton per hour with multi-
point off axis injection in the combustor. The limestone feed egystem was
limited to only about 200 lb/hr capacity due to the small size of the limestone
injection tubes in the combustor. This proved to be a significant drawback in
sulfur capture tests in the Phase 3 effort. To partially correct this problem,
one of the coal porte was used for limestone injection. However, this was not
a satisfactory sclution ae sorbent-gas mixing was not as uniform, (It should
be noted that Coal Tech has recently instzlled a new solids injection system
that would allow limestone injection rates in excess of 1000 lb/hr at off-axis
locations. ) ' :

In addition, a 1000 1b capacity limestone storage and feed system was
fabricated and installed alongside the combustor. o

" As noted in the Phase I section, an existing gas sampling system in an
adjacent building was made available for our use during this project. In Fhase
II, sampling lines were installed to allow extractive combustion gas éampling
from either the boiler outlet, upstream of the scrubber, or from the scrubber
fan stack exhausting to atmosphere.

Although a slag removal system had been designed prior to Phase I, it was
decided to delay installation of a continuous slag removal system until the
results of early testing could provide a détermination of the nature of the
Blag. Owing to slag tap operation problems in the early Phase III tests, a
continuous slag conveying system was not procured until later in Phase III.
This convevor, which is shown in several photographs in Appendix II11 proved to
be of very poor design, as it was very prone to jamming. After one
modification by the original manufacturer, Coal Tech made a number of
incremental improvements to this conveyor. However, even at this date the unit
is still prone to jamming, and for future multi-day tests, Coal Tech will use
the experience gained to-date to design a new slag convevor.
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Two combustor shakedown teste were implemented in Phase II. The originally
planned teste were to consist of two. one day tests with dry pulverized coal
(PC) to establish the performance of the scrubber and the PC feed system. This
plan was modified to a new test sequence in which the bulk of the first test
was to be performed with coal water slurry fuel, with a brief operating period
on dry PC. The second test was to remain unchanged with dry PC operation. The
change in plans was motivated by the fact that both the scrubber and pneumatic
feed systems for coal and limestone were purchased as individual components - -
from multiple suppliers. Therefore, a prudent approach to test the scrubber
first, using the proven slurry fuel, was followed. '

The first test, which achieved 10 WBtu/hr slurry firing, showed good
scrubber performance but identified excessive noise and vibration of the
combustion air fan as a problem. The details of this problem and its
resolution are presented in section 3.3.3. Briefly, it was determined that the
fan had a design defect and that it was operating on the wrong side of the fan
curve. (oal Tech determined that by increasing the inlet opening to the fan -
the vibration could be eliminated. However, the fan noise was still
unacceptably high.  As a result, when the combustor was rebuilt in March 1988,
the fan was returned to the manufacturer for installation of a new fan wheel.
Since that time the fan has operated quietly and trouble free.

In the second test, 17 MMBtu/hr of dry PC was fired under fuel rich
conditions. The coal storage and delivery system performed well. as did the
scrubber. However, combustion efficiency was determined to be only around 80%.
Thie problem and its resolution are also discussed in section 3.3.3. Briefly,
the problem was caused by poor slageing on the combustor wall and very high
coal feed fluctuations. Fhase 2 was completed in November 1987.
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3.3. Phase 3- Parametric & Long Duration Teeting

3.3.1. Test Plan.

The original Phase III test plan for the dry pulverized coal tests was
developed on the basis of experience gained in earlier tests on this combustor
with coal water slurries (1). It was assumed that after a brief checkout of
the new dry pulverized coal storage and pneumatic feed syvstems. and the stack
gas scrubber, that coal teste of increasingly longer duration could be imple-
mented. However, as more operating time on PC was accumulated. the original
test plan was modified to focus on technical issues which were discovered dur-
ing testing that required additional work. For example., more extensive paramet-
ric tests were necessary to deal with the refractory ash properties of the test
coal which made effective slag flow very difficult. This was not totally unex-
pected since in reviewing the literature on commercial and advanced cyclone
combustores, it was noted that considerably lower ash fusion temperature coals
have been used. While good combustion efficiency and slag flow were eventually
achieved, it required considerable development work, including the refurbish-
ment of the ceramic combustor liner when the combustor was inadvertently ope-
rated outside its designed thermal envelope. Another factor which impacted the
test plan was the difficulty encountered in the operation of the dry PC storage
and feed system. This commercial system required extensive modifications
before reliable and steady coal flow to the combustor was achieved.

Another major factor that influenced the total operating time on coal wae
the finding that dry pulverized coal could not be used to pre-heat the
combustor to operating temperatures. This statement requires clarification.
Coal could be used to pre-heat the combustor. However, if the walls were too
cold to slag the coal ash, a large fraction of the coal particles would blow
out of the combustor. The furnace section of the package boiler is not
designed to burn coal. Therefore, significant unburnt coal would entrain in
the stack exhaust and overload the scrubber. For thie reason, oil firing was
used to pre-heat the combustor wall. Since we had planned frequent startups
and shutdowns at least one-half of the scheduled hours of coal fired operation
were eliminated. Thie is the major reason why only about 1/3 of the 800 hours
of combustor operation in this project were on coal.
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In the process of resolving these issues, the test effort was focused on
the following areas of the combustor svestem:

-Use of a wider range of coals than had been originally planned.
~Extensive development of the coal storage and feed system.
-Debugging of the auxiliary components of the facility, such as the high
pressure fan, combustor diagnostice and controls.

-Development of efficient combustor operation with the refractory coals.
under fuel rich and fuel lean conditions.

-Development of effective and continuous slag rejection.

-Development of efficient 502 and ROx control techniques.

It should be emphasized that while the experience gained in the past decade
of cyclone combustor R&D in pilot scale units has been extremely valuable in '
the present test activitiees, the operation of this commercial scale combustor
ie very different from the smaller units tested previously. Thus, during Phase
III, the general aim was to develop a data base associated with combustor
operation as well as to evaluate the performance of various system hardware and
combustor components and upgrade where necessary.

This type of operational evaluation was necessary since the simultaneous .
optimization of key performance characteristics such as SO0x and NOx control.
combustion efficiency, and slag retention/rejection was not straightforward
owing to coupling effects of operational parameters. In addition, “"mapping” of
this kind occasionally required running the unit at non-ideal conditions in
“order to identify the boundaries associated with good environmental control as
well as satisfactory combustion and thermal performance. Another constraint
was to operate the combustor in a manner which would not result in severe
deterioration or failure of the combustor or any of its components. It was
impossible to avoid this generation of a combustor operating data base since
the available literature on commercial sized units is vague. PFurthermore, the
data available from pilot scale combustors, though useful globally, does not
usually address materials issues such as compatibility and durability. Thus a
major 2oal of the Phase III test work was to address durability and related
technical issues.
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3.3.2. Facility Description

‘Figure 1 is a schematic diagram of Coal Tech s Advanced Air Cooled, Cy-
clone, Coal Combustor. The cyclone combustor is a high temperature (>3000 F)
device in which a high velocity swirling gas is used to burn crushed or pulver-
ized coal. The ash is separated from the coal in liguid form on the cyclone
combustor walls, from which it flows by gravity toward a port located at the
downstream end of the device. Coal Tech’'s cyclone combustor is an advanced
version of commercial cyclones used in large utility boilers in the 1950°s and
60°s (2). The use of these cyclones was reduced due to the high NOx emissions
resulting from their mode of operation.

A brief description of the operation of the air cooled combustor is as
follows: a gas burner, located at the center of the closed end of the unit, is
used as a pilot. A light oil gun, similarly located, is then used to pre-heat
the ceramic lined combustor wall and to start coal combustion. Dry pulverized
coal (70% minus 200 mesh or finer) is transported by primary air (= or < 2/1
coal to air mase ratio) and injected intd the combustor through tubes in an
annular region enclosing the gas and oil burners. In a similar way. limestone’
or calcium hydrate powder for slag viscosity and/or S02 control is conveyed and
injected into the combustor. The combustor can simultanecusly or separately
fire all three fuele noted above; in addition coal water slurries can be fired
if a slurry gun is installed in place of the oil gun.

Secondary air (5A) is used to adjust the overall combustor stoichiometry
for 502 and NOx control.  Final or tertiary combustion air ie injected directly
into the boiler to establish overall stoichiometry. The key novel feature of
thies combustor is the use of air cooling. This is accomplished by using a.
ceramic liner, which is cooled by the SA and maintained at a temperature high
enough to keep the slag in a liquid, free flowing state. The SA tangential
injection velocity and the off-axis coal injection are designed to ensure quick
and complete mixing of fuel and air, resulting in suspension burning of the
coal particles near the cyclone wall with high combustion efficiency.

This arrangement also promotes slag retention, and values in excess of 90%
were achieved (3, 4) in the pilot scale unit while maximum values of 90% are
obtained on PC with the present unit. This liquid slag is drained into a water
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guench tank where the solidified material is removed by a belt conveyor to a
drum for subsequent disposal, as shown in figure 13. The balance of the
slég/speﬂt sorbent particulates, which are not retained in the combustor or
deposited in the boller, are conveyed by the flue gases to a venturi type wet
scrubber which removes sufficient particulates to meet emission requirements.
This device is shown in figure 6.

Although the combustor is mostly air cooled, some internal members are
water cooled. Thie cooling water, as well as the elag quench water and the
water discharged by the scrubber are all collected and discharged to the
sanitary drains at the test site. This water discharge is routinely sampled
and analyzed for compliance with the thermal, suspended solids, and heavy metal
trace element standards and regulations of the Williamsport Sanitary Authority.

Tests on the combustor were performed in the boiler house of the Tampella/
Keeler Company in Williamsport, PA. and showm in figure 2. Installation work
began in the Fall of 1986, and it was completed in March 1987. Figure 3 is a
gide view photograph of the combustor as it is currently attached to the boiler
wnile figure 4 is a plot plan of the installation. Figure 5 is a process flow
block diagram. o

To contain the capital equipment costs at the combustor site, it was
decided to sub-contract the pulverization of the coal to a local vendor, who
would deliver the coal to the site in a tanker truck. The latter acts as the
primary on-site storage system, and it has sufficient capacity for about 24 hr
operation at full boiler load. To‘allowrshorter duration testing., and to allow
replacement of the empty trailer without combustor shutdown, a smaller 5 ton
coal storage bin was. installed at the site, to which coal is transferred from
the trailer, and from which it is metered to the combustor by a pneumstic line.

As noted in the Phase 1 section, an existing gas sampling system in an
adjacent building was made available for our use in this proﬁect. This systen,
which is pictured in figure 14, consisted of Beckman analyzere for 02, 00, COZ,
NOx, and S02. In Phase II, sampling lines were installed to allow extractive
combustion gas sampling from either the boiler outlet, upstream of the scrub-
ber, or.from the scrubber fan stack exhausting to atmosphere.
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3.3.3. Tepical Description of Tests

In the period between 12/87 and 5/90", 26 Phase III combustor tests were
performed for a total operating time of around 800 hours, consuming about 125
tons of coal. All but the last seven tests were nominally 24 hrs in duration,
including heatup and cooldown on auxiliary fuels. The final series of tests
was multi~day with overnight firing on pilot natural gas. The final four tests
involved three and four consecutive day operation. Most of the test goals wera
directed at optimization of combustor and support equipment operation as well
as developing the operational database associated with environmentally accept-
able performance. The following sub-sections discuss these key issues on a
topical basis. A chronologiczl description of the tests is presented in Appen-
dix I, while the compositions and properties of the coale and sorbents used are
presented in Appendix V. '

3.3.3.1. Solids Feeding & Air/Fuel Mixing

Problems encountered with solids feeding were either a total or partial
loss of feed, or too much variability in the flow, ‘Feed loss was usually
associated with hang-up of the pulverized coal or limestone (LS) in the feed
hopper or screw, while diminished flow resulted from partial blockage of
downstream flow components. In addition, the presence of oversized "tramp"
material, such as rocks, can lead not only to flow problems but also to
equipment damage, which occurred on one occasion. The hang-up problem was
overcome by adding vibrators on the hoppers and by rearranging the pneumatic
piping. The first occurrence of the "tramp" material problem was associated
with improper quality control at the subcontractor’s pulverization site. The
second occurrence involved metal nodules, which were attributable to inadequate
quality contreol at the pulverization company. ‘

Variability or oscillation in solids flow, which for coal:had a sine wave
pericd on the order of several minutes, usually resulted from excessive interac-
tion between the coal feed and pneumatic conveying system. The problem was
greatly reduced by testing various arrangements of the pneumatic lines. By -
early 1989, the oscillations in the coal flow were reduced from a high of 17%
to 1 to 3%. Fuel rich operation below 90% of theoretical combustion air (SR
<0.9), which is necessary for both NOx and 802 control, only became possible
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when these fluctuations had been essentially eliminated. Since the boiler acts
as a calorimeter low frequency coal feed fluctuations can be seen on the steam
flow chart records. Figure 7 shows the steam flow charts for two coal fired
teste. Figure 7a was obtained during a test early in the project; while the .-
figure Tb was taken later in the project after the feed fluctuation problem -
had been solved. Note that strong fluctuations in the steam flow rate in the
top chart compared to the smooth steam flow in the bottom chart.

Air/coal mixing is critical to proper combustion. It was determined that
central pintle injection of the coal resulted in poorer mixing than off-axis, -
injection. However, even with off-axis injection, non-uniform or irregular -
coal flow can result in flame pulsation with fluctuations in flame length of
several feet and freguencies in the seconds range. In thie situation,
efficient combustion within the combustor is not achieved.

. However, even with uniform off-axis coal injection, initial dry PC testing
yvielded combustion efficiencies of 80% or less. This problem was solved by
providing sufficient combustor heatup prior to ccal injection. This was accom-
plished by the addition of a high thermal input oil gun which was used to heat
the walls to temperatures at which the nominal slag viscosity was 250 poise or
less. Due to the refractory nature of the ash for most of the Pennsylvania ..
bituminous coals used in the project, it was necessary to flux the ash with the
injection of limestone or calcium hydrate. These measures alsc improved
combustion efficiency, resulting in efficiencies averaging 97% and 94%, based
on slag carbon and stack gas/particulate analysis, respectively, since test 8
of May, 1988. |

As can be seen from Appendix V, coal particle size was not varied greatly
and therefore had little impact on test observables. However, work performed
under other projects suggests that overall combustion efficiency is enhanced by
having a finer sized coal.

+3.3.3.2. Air Cooled Combustor Liner Operation

" The original liner material installed in the combustor was determined to
have thermal properties that were inconsistent with the highly refractory coal
ashes, and correspondingly high slag fluid temperatures, emploved in the early
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tests. - In addition, chemical analysis of slag samples obtained during this
testing period showed evidence of slag/liner chemical interaction. Initial
attempts ‘to achieve good slagging conditions with this liner resulted in over-
heating of the liner and partial refractory failure. Thie occurred early in
Phase 1II, and the combustor was disassembled and a new liner material, which
was more compatible with the specific test coals, was selected and installed.
As part of this redesign effort, sections of the ceramic and metal wall materi-
al was submitted by DOE/FETC to the Oak Ridge National Materials Laboratory and
by Coal Tech to Professor D. Simpson of the Lehigh University Geology Depart-
ment for electron microprobe and X-ray probe analysis. The results showed that
while slag attack of the wall materials was taking place, this was not the
probable cauge of the wall failure. Instead it appeared to have been caused by
failure of the support structure of the ceramic wall. This hypothesis was
strengthened by a stress analysis of the combustor wall performed by Professor
P.V. McLaughlin of Villanova's Mechanical Engineering Department. It showed
that the support strnicture was subject to high thermal stresses. These results
were incorporated in a modified support structure for the combustor wall.

In addition; an upgraded combustor operating precedure, which relied on
improved process temperature measurement and control, was implemented. This
procedure was designed to limit thermal shock of the refractory as well as to
minimize slag corrosion.” The new liner and control strategy were implemented
during tests 8 and ¢ in May of 1988, and have proved to be very satisfactory.
Between 800 and 850 of the nearly 1000 hours of combustor operation, since the
start of the Clean Coal tests, have been performed with the new liner, without
having to replace it. Figure 8 shows the different nature of the wall heat
transfer in the new liner compared to the old liner. The new liner is much.
lese dependent on total thermal input to the combustor.

However, it should be noted that the present combustor was operated under a
harsher thermal environment than commercial slagging combustors due to daily -
thermal cycling, and due to the wide range of operating coﬁditions experienced
'dufing the parametric test effort. In commercial units, the combustor is only
shutdown for maintenance after a relatively long. campaign, at which time the
refractory is generally replaced. As a result, in the present combustor, loca-
lized refractory losses were experienced from time to time but were quickly re-
paired with chemically identical cement. As cyclic operation generally occurs
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occurs in smaller industrial and commercial boilers, a means had to be deve-
loped to replenish the refractory wall during combustor operation. A procedure
to accomplish this, which involved adjusting process tempefatur*e .and slag laver
thickness, was developed late in Phase II] testing. This procedure had been
further refined in post Clean Coal project tests, and no patching of the combus-
tor wall has been necessary since the early Spring of 1990.

"3.3.3.3. C@mmgmrzBQ;Ller_Ibemal_lnmrim

A major cperational difficulty encountered during the Phase 111 testing was
refractory failure in the exit nozzle section, at its attachment point to the
boiler. The exit nozzle section connects the combustor to the boiler. In
September of 1988, during test 14, hot combustion gases vented out of the
boiler through small openinge in the boiler access door. Post test inspection
revealed extensive damage to.the boiler front wall. However, the refractory in
the exit nozzle was not damaged, and it indeed survived the entire 900 hours of
operation. Detailed mechanical and heat transfer analysis led to the conclu-
sion that the failure occurred mainly due to inadequate insulation at the
nozzle/boiler interface. A different installation design, using different
refractory materials. was implemented and hae performed satisfacforily.

& second area of difficulty was overheating at the combustor/exit nozzle
thermal interface. While temporary solutions controlled the problem initially,
it was decided in the Summer of 1989 to desisn and install a modified interface
refractory the next time the problem reappeared. This did not occur until -
February 1980, after about 250 to 300 hours of operation. Since the combustor
was being used for testing under other projects, the modification was imple-
mented in two steps in March and June 1990. In recent testis, the modification
has performed as per design. Nevertheless, thermal data show that a modest
degree of additional cooling is required at the boiler front wall in order to
allow round-the-clock operation-at full thermal combustor load.

One' final point of importance regarding the operation of this combustor is
slag flow into the boiler. Depending on the combustor’'e operating conditions,
and on the geometry and contour of the exit nozzle, it ie possible to either
close a major part of the exit nozzle with slag, or to alternatively produce
significant slag flow onto the beiler furnace floor. Thie complex issue was
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investigated in detail during the test effort. and procedures to prevent exit
nozzle ¢losing or slag flow into the boller were developed.

3.3.3.4. Slag Retention/Rejection & Slag Tap Overation

As noted in a previous section., initial testing on dry PC resulted in poor
combustion efficiency and slagging due to the high viscosity of the slag. It
was not until LS injection was routinely implemented that both combustion effi-
ciency and slag retention/rejection were greatly improved., In additioh, plug-
ging of the slag tap was the primary cause of premature termination of coal
fired operation early in the Phase III testing. On one occasion, operation con-
tinued with a closed tap. After the test, a one foot thick layer of frozen
slag covered the combustor floor. After many modifications to the slag tap
operation, a combined mechanical and tap heating procedure was developed to
keep the slag tap open. This Drocedure was introduced in mid 1989, and since
that time only one test was terminated due to slag tap plugging. After the
modifications were finalized, slag retention in the combustor. exit nozzle, and
rejection to the slag quench tank averaged 72% with a range of 55% to 90%. Un-
der near stoichiometric conditions, the combustor/boiler retention was better,
averaging about 80% with a range of 65% to 90%. The slag retention is very
sensitive to the injection location. After the completion of the Clean Coal
project a new and improved solids injection procedure was used for fly ash
injection. In one test better that 80% slag retention in the combustor was
measured from the slag passing through the slag tap in the combustor.

3.3.3.5.

The combustor was controlled manually for virtually all of the coal fired
Clean Coal Technology testing. The original test plan called for overnight .
shutdown of the combustor with daytime coal fired operation. This was dictated
by project resource limitations. However, as it became clear that heatup and
cooldown of the combustor could not be implemented with coal firing, and that
cold~start daytime heatup and cooldown wasted too much operating time, the con-
trol syster was converted to automatic overnight operation on low fire with
pilot natural gas at the beginning of 1989. This operational and safety inter-
lock system was devised and implemented to perwmit unattended overnight firing.
This allowed a more rapid start-up the next day, which resulted in more test
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time on coal, and also allowed round-the-clock operation. This procedure has
worked well, and five four-day tests with round-the-clock operation were logged

since that time.

During the Spring of 1980, sufficient operational data had beern accumula-
ted to implement computer controlled operation. Under another project, a.
commercial process control software package was customized for control of the
- air cooled combustor using the control strategy developed during Phase III.
This svstem was installed prior to the final four-davy Clean Coal test in May of
18980, It is currently undergoing shakedown as part of other test efforts.
This system is very important to the commercial succeses of the combustor, as it
will allow automatic combustor operation with minimam supervision. This is
critical in small boiler applications. Since May 1990, the computer svstem has
been used to control the combustor operation with manual control inputs. In
addition. more and more combustor control functions are being automated in each
succeeding test. - The objective is 1o achieve completely automated combustor -

operation.

‘ Figure 9 shows the location of the computer relative to the computer and
manual control panel. Figure 10 shows the computer screen with the Cozl Tech
operating logo., Figure 11 shows a sample control strategy for the combustor.
Figure 12 shows the computer screen of the combustor control sequence.

3.3.3.6. Miscellaneous

During shakedown testing of the system, excessive noise and vibration from
the high pressure cooling/combustion air fan was noted. Although not strictly
a compliance problem, the noise level was a considerable nuisance. After exten-
sive consultations with the manufacturer, the problem was discovered tc be main-
" 1y caused by a design defect in which the fan operated in the surge mode to the
point where damage to the fan housing supports occurred. Coal Tech devised a
temporary method of operating the fan which eliminated the surge, but the pro-
blem was not fully solved until the fan was returned to the manufacturer for
rebuilding. The rebuilt fan was installed during the combustor refurbishment,
and it now operates satisfactorily at a noise level far below that of other
equipment at the test site. '

28



Although the scrubber has probably been the most reliable commercially
installed hardware component of the entire system. there were three occasions
when it needed repair, all in the second half of Phase 3. The first occasion
involved replacing a section‘ of the cyclone wall where it nad been worn by
solids abrasion. In order to minimize the scrubber cost and in view of the
limited lifetime reguired for this equipment, a low cost and thin wall section
had been originally installed. A heavier gage. abrasion resistant steel patch
was installed to repair this section. The second repair involved replacing the
scrubber fan owing to imbalance which was most probably caused by scrap materi-
al released during the scrubber wall failure. The imbalance loosened the fan
bearings. The scrap metal also damaged the stack damper outlet used to modu-
late the fan. The third incident was related to the first, in that a side
panel of the scrubber inlet developed a shear tear, which was probably caused
by the stress induced by the first repair. Thie section was provided with =
added supports to reduce the shear load. To prevent future fan and scrubber
vessel problems, a procedure was implemented to clean the scrubber fan and
scrubber inlet after each test.

Two pin-hole leaks in the water cooled burmer developed during Phase III.

These leakes had no adverse effect on operation and were fixed between test

nns.
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3.3.4. Test Results

In this section the technical results are presented by speéific topic, and
categorized as either a combustor or an environmental performance obeervable,
Combustor performance refers to operation of the unit as a burner and thermal
process device. Here, specific observables include combustion efficiency or -
fuel utilization, thermal characteristics such as heat release and operating
temperature, slag retention/rejection, and refractory wear. Environmental
performance dealg with project goale in the environmental control area,
addressing NOx and SOx reduction as well as slag reactivity. In addition,
results of regulatory compliance testing for particulates and wastewater are
included.

In an attempt to unravel the complex interactions of combustor cperating
conditions on test observables, the Coal Tech Clean Coal data base, supple-
mented by the DOE and EPA ash conversion data, was subjected to statistical
analysis. The extensive data base consisted of a matrix sized 207 X 45, i.e..
there were 207 separate test conditions, each having up to 45 different obser-
vations or measurements. Thus the matrix potentially consisted of over 9000
entries. However, in many cases certain measurements were not alwaye taken so
that the actual data base consisted of about 6500 entries. It should be noted
that the Clean Coal data base did not include tests with the inlitial liner
since most of that data was obtained in preliminary testing, where combustion
efficiency and slagging were very poor and, in any case, the recorded data were
not as comprehensive as with the new liner. Thus, all statistical results are
for the new liner only. '

After evaluating hundreds of models, it was determined that all key process
obeervables could be adequately accounted for by models having four independent
variables, namely, first stage inverse equivalence ratio (SR1), combustion
gwirl air pressure (SWIRLPR in inches of water columm or "WC), total fuel heat
input (HEATIN in MMBtu/hr), and percent contribution of coal to the total heat
input (PCTPC). In addition, models of the sulfur related independent variables
included the Ca/S mole ratio (CASRAT). It is important to note that all experi-
mental cbeervables or dependent variables, including measured S0Z reduction in
the boiler cutlet (SREDBQ), provided independent variable or operating parame-
ter models having a low (< .05) probability (two-tailed significance) of zero
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coefficient. This suggests that the measured changes in test observables. as a
function of parametric operation, were in fact due to changes in operating
conditions and not simply random events. ‘

1t should be emphasized that the statistical method, while useful in gaug-
ing relative effects at average conditions, is less useful, and may even be
misleading, in predicting the true or actually measured range. of values for the
various dependent variables. This resides in the fact that model predicted
values used in this analysis are based on the full range of one independent
variable plus the average values for the other independent variables in the
model. In actual operation., the negative effects of one of the process vari-
ables on good operation were ordinarily compensated for by varving other i:»ara—
meters, usually away from their average values.

In the following subsections a brief technical description of the relevant
rhysical and chemical processes is first presented as background. Following
this, the test results are presented and discussed. Key results from the
statistical analysis are alsc included; however, a detailed presentation of the
statistical analysis is found in Appendix II.- '

3.3.4.1. Combustor Performance
3.3.4.1.1. Combustion Efficiency

Coal combustion may be thought of as occurring in two steps: combustion of
volatiles followed by char burnout. Under oxidizing (fuel-lean) conditione the
major products of combustion (POC's) are CO2, H20, N2, and 02 with small
amounts of CO, NOx, and 802 depending on exact fuel composition and details of
the combustion process. With reducing conditions, as would be.encountered in
fuel-rich staging., the char residue is gasified by endothermic reactions with.
the CO2 and H20 produced from “normal” combustion. Here the major POC's are
CO2, €O, H20, H2, and N2 along with some unburned hydrocarbons (UHC) and other
reduced species. ' ‘

The efficiency of this carbon conversion or utilization procese depends on
temperature, residence time, and stoichiometry as well as char particle size.
In addition, char not converted in the fuel-rich first stage may be consumed if
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it is carried over to the second, excess air stage. resulting in good- overall
combustion efficiency. Even with less than 100 % carbon conversion or char-
bturmout in the fuel rich first stage. both the coal sulfur and nitrogen are
essentially completely evolved if they are organically bound (5). However,
this conclusion does not apply to coals with high inorganic sulfur or nitrogen.

Shakedown testing of the system was conducted with coal-water slurry (CWS)-
and resulted in near 100% fuel utilization based on measured CWS and air flows
plus stack gas combustion product analysis. Initial dry coal testing. however,
resulted in estimated combustion efficiencies < 80 %, as already noted. To see
if coal/air mixing was plaving a role, coal injection geometry was mwodified
with inconclusive resulte. Efforts were then directed to providing sufficient
combustor preheat prior to coal injection. This required installation of a
high thermal input light oil gun. The initial results of this effort were .
still poor.

Evaluation of the coal chemical composition showed low volatile matter (VM)
and an extremely refractory ash, having a T-250 of about 2800 F. It should be
noted that the poor combustion characteristics of the coal were simultanecusly
related to poor slagging and high solids carryover into the boiler. With these
apparently related results in mind, limestone injection wae tried to flux the
ash. The results were greatly improved slagging, which will be discussed in
more detail later, and an improved combustion efficiency estimate of = or > 85
%. This encouraging result was obtained by the fourth Phase 111 test and was
subsequently improved with higher W and less refractory ash coals to yield
overall coal combustion efficiencies, during steady state operation, of 95 to -
99 %, based on stack gas, slag carbon, and scrubber particulate analysis,

- Testing aimed at fuel-rich combustor operation to optimize NOx and- 502 .
control was initially plagued by poor overall carbon burnout. However, .
reconfiguration of the Tertiary Air piping, leading to improved fuel/air mixing
in the combustion second stage within the boiler, allowed fuel-rich combustor
operation (0.7 inverse equivalence ratio) with good overall combustion
efficiency.

However, recent (post Clean Coal Technology project) tests have showm that
previcuely undetected coal feed induced non-uniformities produce multi-second -
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flame pulsations even at fuel .lean conditions in.the combustor. These pulsa-
tions would have had an even greater adverse impact on the local fuel burnout
in the combustor under fuel rich conditions. This in turn would adversely
affect proceesses such as sulfur capture in the combustor. The feed fluctua-
tions have been very recently greatly reduced by reconfiguring the coal feed.
It is, therefore, essential that fuel rich combustor tests, including sulfur
capture tests, be repeated under the new fuel feed conditions.

In the statistical analysis there were three independent methods to assess
the degree of fuel utilization or combustion efficiency as a percent of total .
combustibles: slag carbon content (SLAGCEFF), measured air and fuel flows ve.-
stack oxvgen (GASCEFF), and carbon content of the solids discharged by the
scrubber (TSSCEFF). These values are expressed as percent conversion of fuel
combustibles to final products. SLAGCEFF (slag carbon combustion efficiency)’
relates directly to the combustor’s operation, which includes fuel rich
conditions, while the other two relate to overall efficiency, including second
stage combustion with excess air. In percent units, the average measured
value, standard deviation, plus high and low values for each of these variables
is: SLAGCEFF (slag carbon combustion efficiency): 99.8, 0.7, 100.0. 95.0;
GASCEFF (flow and oxvgen combustion efficiency): 107.0, 8.0, 135.0, 81.0:
TSSCEFF (scrubber carbon combustion efficiency): 94.4, 3.8, 99.8, 80.8.

Based on statistical modeling, the dependence of each combustion efficiency
variable on key operating parameters was determined. Although each of the
combustion efficiency variables depends on several operating parameters, the
relative effects vary.

All three combustion efficiencies increased as SR1 (first etage inverse
equivalence ratic). increased, which is expected on the basis of improved .combus-
tion at stoichiometric and low excess air conditions. - The effect of SR1 (first
stage inverse equivalence ratio) is nearly equal for all three combustion effi-
ciency variables. Combustion air swirl pressure (SWIRLFR) had a small effect
on combustion efficiency with all three combustion efficiencies decreasing as .
air swirl pressure was increased. This effect is likely due to increased liner
surface cooling at higher swirl pressure. This phenomenon had been obeerved on
several occasions. This cooling probably results in partial guenching of the
wall coal burning reactions, especially at low SR1 (first stage inverse equiva~

- 33



lence ratio) where endothermic char gasification reactions must proceed to com-
pletion to obtain good fuel utilization and/or combustion e€fficiencies.: All
combustion efficiencies increased as fuel heat .input increased.. This effect is
probably attributable to increased combustion intensity at higher firing rates,
resulting in improved fuel utilization.

The percent of fuel heat input due to coal (PCTPC) effects indicated that
all combustion efficiencies increased as the percent of coal firing increased.
At first glance, this appears to be unexpected since coal is more difficult o
burn than natural gas or light oil, the auxiliary fuels used in the tests.:
However, as PCTPC (percent coal firing) increases., the percent of auxiliary
fuel decreases and there is therefore less competition for oxygen from the
premiun fuels, and coal combustion can proceed to a greater extent. In
addition, and probably more importantly, coal char combustion/gasification
takes place to some extent in the combustor wall slag laver. As PCTPC (percent
coal firing) goes up, there is relatively more coal ash/slag in which the char
particles can be embedded for subsequent reaction via gas scrubbing. This.
interpretation is supported by testing in early Phase III, which showed that
the presence of a liquid combustor wall slag layer was necessary to ensure good
coal combustion.

Unlike SR1 (first stage inverse equivalence ratio), SWIRLPR (gwirl air
pressure), and HEATIN (total fuel heat input), the effect of PCTPC (percent
coal firing) on the three combustion efficiency variables is not of comparable
magnitude. This is illustrated in figure 15. PCIPC (percent coal firing)
appears to affect SLAGCEFF (slag carbon combustion efficiency) about twice as
much as GASCEFF (flow and oxyegen combustion efficiency) or TSSCEFF (scrubber
carbon combustion efficiency}. This ie not unexpected inasmuch as the latter
two variables are measures of overall combustion efficiency and thus include
the effects of second stage burncut, which alwaye takes place under excess air
conditione. OLAGCEFF (slag carbon combustion efficiency), .however. includes
- fuel rich combustion and would therefore be more susceptible to the oxygen .
competition and wall burning effects of PCTPC (percent coal firing) than the
other variables.

In conclusion, the present project achieved many of the technical goals
~ required to demonstrate commercial readiness of this technelogy for boller
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retyrofit applications. Optimization of combustor operation in a safe and
efficient mode. which was a major goal of the test program, was generally -
achieved. A key element in reaching this goal was achieving near 100% overall
combustion efficiency. - It should be emphasized that the ultimate success in
this area required simultaneous improvement in combustor slagging, as well as
proper process temperature control. The latter optimization was achieved by
Tlexibility provided by combustor air cooling, and its effects on wall tempera-
ture contreol. Air cooling was decisive in achieving not only good combustion
efficiency but also enhanced operation and control in other areas as will be
discussed later. Attaining high levels of combustion efficiency with a wide
variety of coale, under both oxidizing and reducing conditions. was therefore a
major accomplishment of this project.

3.3.4.1.2. Themal Performance

Actual combustor cperating temperature was determined by three experimental
obeservables. The calculated liner surface temperature (LINERTEM), degrees F,
is an indicator of the combustor wall temperature. The combustor cooling air
tube-hot-side temperature (THSTEMP), degrees F, is a directly measured variable
which relates to the amount of heat being generated in and extracted from the
combustor. Finally, the wall heat flux in Btu/hr/fi2, as calculated from the
cooling air flow and delta-T (AIRFLUX), is an overall measure of the thermal
interaction between the hot combustion gasee and the combustor wall *.

Basically., proceses temperature varisbles are affected by the same indepen-
dent variables., and to the same degree, as the combustion efficiency variables.
This is to be expected, since good combustion is associated with high heat
releasge. S

Statistical analysis of the effects of SRl (first stage inverse equivalence
ratio) on the three process temperature variables showed that all temperature
indicators increased as SR1 (first stage inverse equivalence ratio) increased,
which is expected on the basis of improved combustion efficiency and/or hesat
release at stoichiometric and low excess air conditions. This effect is natu-

(*)-"Added thermal performance data is contained in the Proprietary Document”.
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rally coupled to the effect of SR1 (first stage inverse equivalence ratio) on
combustion efficiency discussed above. The effect of SRl (first stage inverse
equivalence ratio) is nearly equal for LINERTEM (combustor wall temperature)
and THSTEMP (air cooling tube temperature) but considerably less for AIRFLU}(
(wall heat transfer). This difference is probably due to the fact that AIRFLUX
(wall heat transfer) is a measurement integrated over the entire combustor wall
surface, including both the relatively cool mixing zone as well as the main
flame or combustion zone. The other two measurements are localized to the
downstrean side of the combustor where the main flame zcne is located. - Peak
flame temperatures strongly depend on SRl (first stagé inverse equivalence
ratio) so that flame zone wall temperature measurements are expected to be
highly influenced. Alternatively, integrated or averaged wall thermal effects
would tend to smooth out this SR1 (first stage inverse equivalence ratio)
effect due to combustor geometry effects on radiative heat transfer.

Analysis of combustor circunferential and axial wall thermocouple (TC)
temperature measurements, made in early FPhase III1 testing (March, 1988). showed
that combustor heat release was essentially radially uniform but axially non-
uniform. Excluding the exit nozzle, approximately the first one-third of the
combustor served as an air/fuel/sorbent mixing zone and had a relatively low .
temperature, accounting for less than 30% of the heat release, while the rest .
of the combustor had higher temperature and heat release. It should be empha-
eized that these measurements reflect the smoothing effect of radiative heat
transfer, so that the actual differences in combustor zone gas temperatures are
probably much greater than those suggested by the wall TC measurements.

Combustion swirl air pressure (SWIRLPR) effects on LINERTEM (combustor wall
temperature), THSTEMP (air cooling tube temperature), and AIRFLUX (wall heat
transfer) were small”. Analysis of fuel heat input (HEATIN) effects indicated
that all process temperatures increased as fuel heat input increased. This
effect is attributable to increased combustion intensity at higher firing
- rates, resulting in higher heat release.. The effect of HEATIN (total fuel heat
input)- is about the same for all three process temperature variables. The .
percent. of fuel heat input due to coal (PCTPC) caused all procees temperature
indicators to increase as the percent of coal firing increased. Thie effect ie
no doubt coupled to improved combustion efficiency at higher PCTPC (percent.

{*)"Added thermal performance data is contained in the Proprietary Document” .
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coal firing) as already noted. However, the relative effect is larger for
process temperature than for combustion efficiency. This is probably attri- -
butable to enhanced wall heat transfer as PCTPC (percent coal firing) in-
creases, owing to ite higher flame emissivity vs. oil & natural gas (NG). and
the effects of wall burning. The effect of PCTPC (percent coal firing) on the
process temperature varijables is eseentially the same for LINERTEM (combustor
wall temperature) and THSTEMP (air cooling tube temperature), but ie.somewhat
higher for AIRFLUX (wall heat transfer). Figure 16 illustrates the effect of
HEATIN (total fuel heat input) on wall flux for coal and oil firing.

In addition to operating temperature, thermal performance includes the com-
bustor ‘s efficiency as a burner or combustion chamber. This aspect has already
been discussed in the preceding section. It also refers to the combustor as
part of an overall system, namely, as & heat source for a paékage boiler. In
this regard, effects of the combustor on procese efficiency are important. Un-
like water cooled combustors, the present air cooled unit recovers combustor en-
thalpy as regenerative air preheat, resulting in combustion air temperatures of
between 300 and 500 F. Minimal water cocling to combustor components resulted
in permanent heat losses of only 2 to 3% of total heat input. Thus recovery
and direct utilization of combustor thermal energy is one significant advantage
of the Coal Tech air cooling concept as compared to water cooled units. In the
latter, water cooling energy is low grade heat that cannot be efficiently uti-
lized in a power cycle.

Another ad#ant.age is the high level of flexibility that air cooling pro-
vides with regard to tajloring wall temperatures for efficient combustion and
‘8lagging. This permits operation over a wide range of conditions [e.g. SR1
(first stage inverse equivalence ratio), HEATIN (total fuel heat input)] for a
variety of fuels which would not have been attainable with water cooling. This
flexibility is a major plue in spin-off applications such as incineration and.
vitrification of environmentally active solids. Furthermore, the integrity of
air cooling proved to be far superior to water cooling. Namely, even with par-
tial failure of the first liner and perforation of some of the cooling tubes,
the unit was still operable such that it could be shut down in a safe and gradu-
al manner. This is ihxportant since with water cooling, a water tube failure of
similar magnitude would have resulted in immediate shutdown and additional re-
fractory damage owing to thermal shock, as well as possible system overpressure
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due 1o steam generation. Thus the potential for catastrophic cooling failure
is much lees with air than with water; an important coneideration in a commerci-

al process application.

Another important aspect of thermal performance is boiler derating, which
is almost always required with retrofit of conventional PC burners to oil fired
boilers. In the Clean Coal test program, with the combustor itself acting as a
combtustion zone, there was no evidence of flame impingement or boiler tube ero-
sion/corrosion in the firebox, even with staged combustion. However, dry ash
deposits did form on the boiler tubes. They were easily brushed off, and soot
blowing and/or mechanical -tube cleaniné must be an integral part of the mainte-
nance schedule for a commercial boiler using this combugtor. There was not
sufficient operating time to establish a tube cleaning maintenance schedule.

3.3.4.1.3. Slag Retention

- In general, efficient operation of the slagging process requires rapid re-
moval of the slag -from the combustor. To achieve rapid slag flow requires a
relatively low slag viscosity, generally below 80 poise (6) and possibly consi-
derably lower (7). The viecosity of coal slags depends on composition and
temperature. Highly acidic (high silica or alumina content) or highly basic
(high iron, calcium, or megnesium oxide content) slage have high melting points
or equivalently high relative viscosities. Numercus studies to measure the
vigcosity of coal slags and to correlate the viscosity to the slag composition
have generally indicated that most coal slags will have the required viscosity
for rapid siag flow in the temperature range of 2200 to 2700 F.

Owing to materiale durability and other process constraints such as minimi-
zation of trace metal vaporization, it is usually not advisable to operate a
slagging unit above about 2400 to 2500 F wall temperature, i.e. a key require-
ment is to provide a slag with a.low enough viscosity to flow at about 2500 &
in the combustor. :-In cases of highly refractory, acidic coal ash it is ¥nown
that additions of a fluxing agent such as calcium oxide (Cal), usually intro-
duced as limestone {CaC03). which guickly calcines to Ca0, will produce a slag
having decreased fluid temperature and viscosity. As noted in a previcus sec-
tion, initial tésting on dry PC resulted in poor combustion efficiency and
slagging due to the high viscosity of the slag. It was not until limestone
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(L8) injection was routinely implemented that both combustion efficiency and
slag retention/rejection were greatly improved.

Of the total sclids injected into the combustor, which include cosl, sor-
bent., and, -on occasion, fly ash, various percentages of the non-combustible
and/or non-volatile solids report as slag rejected by the combustor (SLAGREJ).
a8 boiler deposits (BOILREJ)., as scrubber solids (SCRUBREJ), and as atmospheric
emissions. In a separate DOE SBIR project, aimed at evaluating the feasibility
of converting utility fly ash to an environmentally inert slag, using the Coal:
Tech combustor, non-isokinetic particulate sampling of the atmospheric dis-
charge, downstream of the scrubber, was performed. Results of these prelimi- .
nary measurements showed that with coal firing (HEATIN, total fuel heat input.
= 10.6 MMBtu/hr; PCTPC, percent coal firing, = 75%), plus combustor sorbent and
fly ash injection (0 to 150 FFH), the solids discharged to atmosphere accounted
for about 0.5 to 3% of the total solids input. This relatively small amount
was neglected in the. present bulk solids distribution analysis.

SLAGREJ (combustor tap slag rejection) is actually a lower limit on combus-
tor slag retention since the measurement only occasionally included slag inven-
toried in the combustor -and exit nozzle and basically was only the slag rejec-
ted through the tap. In our assessment, the slag depositing in the exit noz-
zle, and flowing onto the boiler front wall and hearth, should be considered as
part of the combustor.slag. This is especially important at high coal fire,
when there can be large slag deposits in the exit nozzle, since thie material
can rarely backflow into the combustor and be rejected through the tap. How-
ever, in practice, this material was seldom included in the SLAGREJ (combustor
tap slag rejection) measurement since retrieval of this slag required consider-
able effort and downtime. Thus, in the statistical analysis, this slag was
included as BOILREJ (boiler solids retention) by default. (In recent post
Clean Coal project teets, very high ash injection levele have been utilized to
the point where inventoried slag/ash in the boiler is being recovered after
each one day test. These recent resulte show that slag rejection is betier
than the levels reported for the Clean Coal project.)

An examination of factors leading to exit nozzle slag buildup is relevant
to this section. Exit nozzle slagging can occur either as an upset in opera-
tion or as & normal adjunct to operation at moderate to high fire. Upset exit
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nozzle slag buildup/blockage has two requirements: (1) poor slagging in the com
bustor; and (2) a hot exit nozzle. The former requirement is usually accom-:
panied by poor combustion as evidenced by "char balls" in the rejected slag.
Poor slagging/combustion occurs when the ash/elag is not tacky or sticky so
that injected solids tend not to be trapped on the combustor wall but are
carried out to the exit nozzle. Since the exit nozale i almost always hotter
than the combustor, due to heavier insulation and the lack of active cooling.
slagging occurs here with buildup and potential blockage, or with slag flow
into the boiler.

Conditions in the combustor itself, which are not conducive to good slag-
ging/combustion can arise if (1) the combustor is too cold; (2) the flame tempe-
rature is too low; or (3) the slag T-250 is too high. The first case occurs
when the combustor is cooled too much or if the switch-over from oil to coal is
rremature. The second condition occurs when SR1 (first stage inverse equiva-
lence ratio) is too low (< 0.6) or too high (>1.5 as per test FA4 of the DOE
SBIR project), in which cases there ie poor heat release to the combustor due
to incomplete combustion or excessive flame cooling, respectively. Thus the
interplay of these three factors can account for poor slagging/combustion as
well as exit nozzle slag buildup. As noted above, there is almost alwave some
nozzle slagzing at moderate to high fire owing to direct flame impingement.

One final point on this subject is that overnight heating of the combustor,
even at low levels, revealed that the refractory insulated exit nozzle, unlike
the air cooled combustor, runs near-adiabatic, retaining mach of its thermal
storage. This resulted in initiation of slag formation in the exit nozzle,
probably in addition to combustor wall slagging. Thie was not evident during
the one-day parametric tests. Depending on the combustor’s cperating condi-
tions, and on the geometry and contour of the exit nozzle, it is possible to
either close a major part of the exit nozzle with slag, or to alternatively
produce significant slag flow onto the boiler furnace floor. This complex
issue was investigated in detail during the test effort, and procedures to
prevent exit nozzle closing or glag flow into the boller were developed.

It should be noted that the lower SLAGREJ (combustor tap slag rejection)
measurements were obtained for non-optimized parametric operation. This kind
of operation was necessary for scoping the effects of operating conditions on
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SLAGREJ (combustor tap slag rejection), but does not reflect optimum perfor-
mance. SCRUBREJ (scrubber sclids rejection) was-determined from the scrubber
water discharge solids content and flow. BOILREJ (boiler solids retention) was
cbtained by difference, namely, BOILREJ (boiler solids retention)= 100-SCRUBREJ
{scrubber solids rejection)-SLAGREJ (combustor tap slag rejection), and is
therefore an upper limit. As percents of total permanent sclids, the average
measured value, standard deviation. plus high and low values for each of these
variables is: SLAGREJ (combustor tap slag rejection): 45, 13, 80, 18; BOILREJ
(boiler solids retention)}: 19, .14, 50, 0; SCRUBREJ (scrubber solids rejection):
36, 16, 66, 1,

Statistical analysis of the three tulk solids distribution variables.showed
that SLAGREJ (combustor tap slag rejection) and BOILREJ (boiler solids reten-
tion) increased as SR1 (first stage inverse equivalence ratio) increased, while
SCRUBREJ (scrubber solids rejection) decreased. The coneiderable positive ef-
fect of high SR1 (first stage inverse egquivalence ratio) on SLAGREJ (combustor
tap slag rejection) is probably related to the already diecussed enhancement of
combustion efficiency and process temperature, which is expected to result in
better eclide melting and slagging. In a similar way, high BOILREJ (boiler
solids retention) is also associated with high SR1 (first stage inverse-equiva-
lence ratio). As noted above, a substantial fracticn of BOILREJ. (boiler sclids
retention) could be conceptually considered as part of SLAGREJ (combustor tap |
glag rejection). Thus. it is reasonable that SR1 (first stage inverse eguiva-
lence ratio} should produce the same qualitative effect on both variables. In
addition, it is poesible that with improved combustor melting, the material
carried out of the combustor is partly melted and thus sticks easier to-boiler
surfaces than dry ash. The effect of increasing SR1 (first stage inverse equi-
valence ratio) on SCRUBREJ (ecrubber solids rejection) ie negative. This is
expected due to mass balance considerations, i.e. - if more solids are retained
by the combustor/boiler at high SRl (first stage inverse equivalence ratio)
then lese will be in the scrubber.

Combustion ewirl air pressure (SWIRLFR) effects on SLAGREJ (combustor tap
slag rejection), BOILREJ (boiler solids retention), and SCRUBREJ (scrubber
solids rejection) indicated that SLAGREJ (combustor tap slag rejection) in-
creased, but BOILREJ (boiler solide retention) and SCRUBREJ (scrubber solids
rejection) decreased, as SWIRLPR (swirl air pressure) increased. Improved slag

41



- rejection at higher SWIRLFR (swirl air pressure) is likely due to enhanced cy-
clonic action of the swirl air. Although the modeled strength of this effect
on SLAGREJ (combustor tap slag rejection) is relatively small. the large nega-
tive influence it has on BOILREJ (boiler solids retention) and SCRUBREJ (scrub-
ber solids rejection) can only be attributable to enhanced combustor slag reten-
tion at high swirl pressure. The relatively emall strength of SWIRLPR (ewirl
air pressure) in the SLAGREJ (combustor tap slag rejection) model may reflect a
non-linear threshold effect. In any case, the effect of SWIRLFR (swirl air
pressure) on total combustor &lag retention is believed to be of more signifi-
cance than indicated by the SLAGREJ (combustor tap slag rejection) modeling
results. :

Fuel heat input (HEATIN) effects on SLAGREJ (combustor tap slag rejection),
BOILREJ (boiler solids retention). and SCRUBREJ (scrubber solids rejection)
indicated that all solid stream contents, as a percent of total solids,
increased as fuel heat input increased. There appears to be a relatively amall
improvement in SLAGREJ (combustor tap slag rejection) as HEATIN (total fuel
heat input) increases, conceptually in line with improved combustion intensity
and melting as discussed previously. However, both BOILREJ (boiler solids
retention) and SCRUBREJ (scrubber solids rejection) are also increased as the

total fuel heat input goes up. Here we have a contradiction since mase balance
considerations’ require that the sign.dependencies of the dependent variables
cannot all be the same..

Even though combustion efficiency/process temperature increase as I-IEATIN '
(total fuel heat input) increases, and you might therefore expect better ash
melting and slag rejection, visual observations of the combustor exit nozzle
have indicated that at higher HEATIN (total fuel heat input) a significant por-
tion of the combustion takes place in the exit nozzle, particularly with staged
combustion. In thie situation the flame is not entirely confined within the
combustor proper. Thus experimental observations suggest that the rate of com-
bustor slag rejection increases at higher firing rates, but that slag reten-
tion, as percent of total solids input, probably has a negative dependence on
HEATIN (total “uel heat input) when PCTPC (percent coal firing) is large, i.e.
total eclids loading to the combustor is high. This interpretation is at odds
with the statistical result but is justified to some extent by the huge posi-
tive effects of HEATIN (total fuel heat input) on BOILREJ (boiler solids reten-
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tion) and SCRUBREJ (scrubber solids rejection), and by the PCTPC (percent coal
firing) effects discussed below.

The percent of fuel heat input due to coal (PCTEC) effects on SLAGREJ (com-
bustor tap slag rejection), BOILREJ (boiler solids retention), and SCRUBREJ
(scrubber solids rejection) indicated that both SLAGREJ (combustor tap slag
rejection) and BOILREJ (boiler solids retention) are reduced, while SCRUBREJ
{scrubber solids rejection) is increased, as the percent of coal firing in-
creased. . This result is in line with the above discussion where it was general-
ly concluded that higher solids loading lead to decreased SLAGREJ (combustor
tap slag rejection) in spite of better combustion efficiency and higher process
temperatures. As PCTPC (percent coal firing) increases, we have higher solids
input, with the associated negative effect on SLAGREJ (combustor tap slag
rejection). It is important to emphasize that the positive effect of increased
PCTPC (percent coal firing) on SCRUBREJ (scrubber solids rejection) is due to
increased scrubber solids loading as ash, not as unburned coal. In section
3.3.4.1.1. it was determined that increased PCTPC (percent coal firing) lead to
improved combustion efficiencies. Thus, the positive effect of increased PCTFC
(percent coal firing) on scrubber solids cannot be due to poorer combustion
efficiency and, hence. more unburned coal carryover to the scrubber. Instead.
it must be due to more ash and other non-combustible carryover.

To summarize, SLAGREJ (combustor tap elag rejection) appears to be pogitive-
ly influenced by conditlons which enhance ash melting via improvementé in com-
bustion efficiency/procese temperature, and by reduced slag viscosity. But it
is negatively influenced by conditions which increase total mass or solids
input. As solids input increases, the rate of slag rejection alsc increases
but SLAGREJ (combustor tap slag rejection), as a percent of total solids, goes
dovn while the amount of solids in both the boiler and scrubber goes up. Part
of this result is due to the narrow definition of SLAGREJ (combustor tap slag
rejection) imposed by the experimental method. In addition, solids not cap-
tured in the combustor tend to end up in the scrubber rather than layout in the
boiler as the total solids input increases. As SWIRLPR (swirl air pressure)
increases there is better SLAGREJ (combustor tap slag rejection) and less
boiler and scrubber solids.

In general, these results, plus test obeervations, support the view that‘
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the present combustor volume ie underutilized. or that the combustor is too
short to adequately retain and reject slag at high mass/thermal input. Reconfi-
guration of the sclids injection gecmetry under the DOE ash Gitrification‘pro—
ject has recently resulted in a significant increase in combustor slag rejec-
tion owing to improved utilizaﬁion of the combustor s air/fuel/solides mixing
zone. In addition, the flame pulsations in the ash project also would be
expected to have an adverse impact on slag retention. It is, therefore, be-
lieved that solids injection and combustor geometry design changes, ag well as
improved flame uniformity can result in combustor retention and rejection of
elag currently depositing in the exit nozzle and on the boiler front wall.

3.3.4.1.4. BRefractorv Performance

In this section there are three areas of interest: (1) the combustor liner,
{2) the exit nozzle, and (3) the combustor/boiler interface. ‘

Owing to the highly refractory nature of the coals emploved, plus the appa-
rently cross-coupled interaction of combustion efficiency and slagging. all
Phase 111 tests, from the fourth through the seventh, utilized limestone injec-
tion and/or very hot combustor liner wall temperatures to achieve the combus-
tion efficiency and slagging test goals. Thie was not a desired mode of conti-
nucug operation since a previocus literature survey indicated that the comtustor
refractory liner being used was not compatible with these operating conditions.
Chemical analysie of slag samples obtained during this testing period bore out
the literature-derived prediction by showing evidence of slag/liner chemical
interaction. Eventually, visual combustor liner inspection, conducted after
excessive combustor temperature readings were recorded during the seventh test,
revealed partial liner.failuré due to thermal and chemical causes. It must be
emphasized that the ultimate cause of liner failure was the refractory nature
of the coal ash, requiring extreme conditions in the combustor to achieve
proper combustion and slag flow. | ‘

Working witﬁin the operational constraints imposed by the available coals,
a new liner material wae selected and installed. In addition, a modified com-
bustor diagnostic arrangement <as devieed and implemented to allow combustor
control to be directly related to ite thermal status. This control concept was
implemented with the new liner to prevent thermal shock and/or overheating as
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well as to minimize slag corrosion. The new liner and control strategy were
implemented during tests 8 and 9 in May of 1988, and have proved to be very
satisfactory. Between 700 and 750 of the nearly 900 hours of combustor opera-
tion, &ince the start of the Clean Coal tests, have been performed with the new
liner, without having to replace it.

This second combustor liner is containg chrome oxide refractory. Thue the
presence of excess chrome as Cr203 (XSCHROM, as percent of slag sample weight)
in the coal ash slag ie an indication of liner loss. As percents. the average
measured value, standard deviation, plus high and low values for XSCHROM
(refractory chrome in slag) are: (.83, 0.59, 2.23, 0.01.

The effect of SR1 (first stage inverse equivalence ratio) on XSCHROM (re-
fractory chrome in slag) showed that ae SR1 (first stage inverse egquivalence
ratio) increased there was less liner degradation. From the preceding discus-
sions, we have determined that high SRl (first stage inverse eguivalence ratio)
vields high heat release and process temperature, which are generally known to
be unfavorable to refractory life (23). However, SRl (first stage inverse
equivalence ratio) also affects the nature of the gasecus environment in terms
of oxidizing ve. reducing conditions. Articles in the literature (e.g. 24)
indicate that reducing atmospheres usually promote refractory corrosion by -
slags. Thus, it appears in the present case that the negative effects of reduc-
ing atmosphere on refractory life outweigh the benefits of reduced gas tempera-
ture. Put another way, the positive effects of an oxidizing atmosphere on
refractory life at high SRl (first stage inverse equivalence ratio) outweigh
the negative effects of higher temperature.

Combustion swirl air pressure (SWIRLPR) effects on XSCHROM (refractory
chrome in slag) indicated that XSCHROM (refractory chrome in slag) decreased as
SWIRLFR (swirl air pressure) increased. As in several of the above discus-
sions, this effect may be attributed to increased liner/slag cooling at high
SWIRLPR (swirl air pressure), which results in a kinetic rate reduction of slag
/liner chemical interaction. The fuel heat input (HEATIN} effects on XSCHROM
(refractory chrome in slag) indicated that liner degradation, as measured by
XSCHROM (refractory chrome in slag). increased significantly as HEATIN (total
fuel heat input) increased. This effect is likely due to increased process
temperature at higher heat input, which accelerates the kinetics of elag
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corrosion of the liner. The percent of fuel heat input due to coal (PCTPC)
effect on XSCHROM (refractory chrome in slag) indicated that XSCHROM (refrac-
tory chrome in slag) is greatly increased as the percent of coal firing is in-
creased. As with HEATIN (total fuel heat input). increases in PCTPC (percent
coal firing) lead to increased process temperature; with its associated nega-
tive effect on liner life. 1In addition, as PCTPC (percent coal firing) is
raised, the amount of coal ash slag also increases, thereby providing ereater
potential for corroeive interaction between the slag and the liner.

To summarize, degradation of the second combustor refractory liner. as
indicated by excess chrome in the rejected slag. is primarily caused by the
presence of coal ash slag. This is undoubtedly a chemical corrosion effect
which increases kinetically as process temperature increases, a HEATIN (total
fuel heat input) effect. Although this coal ash effect is largely immune to
effects of ash composition, analysis indicated that higher iron content slags
somewhat accelerated the negative effect of coal ash on liner wear. Alternative-
ly, the presence of basic sorbent material had no discernible impact on liner
loss. Increased SWIRLFR (swirl air pressure) partially offsets slag corrosion
by cooling the liner/slag surface. In addition, liner wear appears 1o be more.
severe under reducing vs. oxidizing conditions, a SR1 (first stage inverse
equivalence ratio) effect. in line with the literature.

On the surface., the liner degradation results appear unfavorable to continu-
ous operation at high coal firing rates, dictating frequent liner replacement,
with resultant high cost due not only to labor and materials for repair buat al-
so due to down time. However, toward the end of the Phase III testing, an ope-
rating technique was developed to replenish the combustor walls with slag by
precisely controlling the slag viscosity via coal ash/sorbent blending. This
technique requires careful monitoring of process temperatire as well as timely
application in order to be effective. Thus, the adverse effects of high coal
firing rate on liner life can be neutralized without derating the combustor.
Development of this technique was a major accomplishment of the present project

Although the above technique was developed under manual combustor opera-~
tion, it is believed that its full potential can only be achieved with compuater
process control. Economic factors related to the degree of operator supervi-
sion in a commercial use, also dictates an computer control procedure.
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The second major operational difficulty encountered during the Phase III
testing was refractory failure in the exit nozzle section, which connects the
combustor to the boiler. In September of 1988, during test 14. hot combustion
gases vented out of the boiler through small openings in the boiler access
door. Post test inspection revealed extensive damage to the boiler front wall.
However, the refractory in the exit nozzle was not damaged, and it indeed
survived the entire 800 hours of operation. Detailed mechanical and heat
transfer analysis led to the conclusion that the failure occurred mainly due to
inadequate insulation at the nozzle/boiler interface. A different inétallation
design, using different refractory materiales, was implemented and has performed
satisfactorily.

A third area of difficulty was overheating at the combustor/exit nozzle
thermal interface. While temporary solutions controlled the problem initially,
it was decided in the Summer of 1989 to design and install a modified interface
refractory the next time the problem reappeared. This did not occur until
February 1990, after about 250 to 300 hours of operation. Since the combustor
was being used for testing under other projects, the modification was implemen-
ted in two eteps in March and June 1990. In recent tests, the modification has
performed as per design. Nevertheless, thermal data show that a modest degree
of additional cooling is required at the boiler front wall in order to allow
round-the-clock operation at full thermal combustor load.

3.3.4.2. Envirommental Performance

The main impetug for the Clean Coal I project was the demonstration of the
Coal Tech combustor for environmental control of NOx and SO2 as well as particu-
lates during combustion of PC. Within the framework of operétional and materi-
als constraints discussed above, significant progress was made in the environ-
mental control area. It should also be added that some portion of the effort
made in this area was related to testing for compliance with the various air,
water, and solid waste stream regulations.

The major objective of the Environmental Monitoring Plan (EMP) generated in
Phase 1 was to provide a detailed description of Coal Tech’s environmental
compliance and supplemental monitoring taske. These, in turm, served to
provide operational and performance data aimed at ensuring that the demonstra-
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tion project was not in violationh of the applicable environmental standards and
was otherwise not detrimental to human health or the environment. However,
since one of the technical objectives of this project was to establish perfor-
pance characteristice of the combustor, it was necessary to operate the combug-
tor over a range of parametric test variables, some of which fell ocutside the
range of acceptable environmental performance. if only for brief periods. With
the exception of these short test periods, the combustor was operated within
environmental standards. The compliance performance results fall into three
categories: Air Emission Monitoring, Waste Water Effluent Monitoring, and Solid
Waste Monitoring. ’

Air quality compliance monitoring requirements were specified by the Penn-
sylvania Department of Environmental Resources (FA DER), Bureau of Air Quality
Control, viz. 502 limit of 4 1b/MMBtu, particulate limit of 0.4 1b/MMBtu, and
cpacity limit of 20%. Water quality compliance requirements were specified by
the Williamsport Sanitary Authority, in concurrence with the PA DER, Bureau of
Water Quality Control. As per the Authority, the following parameters were
monitored: total water discharged into the sanitary system; total suspended
solids (TSS) in the discharged water; the heavy metals cadmium, copper, and
selenium suspended in the water; the water discharge temperature and pH. The
discharge limite are 0.5 1b of Cd/day. 1.0 1b of Cu/day, 0.1 1b of Se/day,
maximum water temperature of 135 F, and 5 < pH < 9.

The solid waste compliance monitoring reaquirements were specified by the
Resource Conservation and Recovery Act (RCRA), and administered by the PA DER,
‘Bureau of Sclid Waste Management. The pertinent substances that fell under the
RCRA are the slag nitrogen and sulfur reactivity to form gas phase cyanide and
sulfide compounds, and the leaching potential of heavy metals and cyanide in
the slag; the reactivity limits are 250 mg/kg for cyanide and 500 mg/keg for
sulfide while the heavy metal limits are found in EPA-SW-846, 2nd ed., section
2.1.4. The evaluation of compliance was to be determined by preparation of a
Module 1 document in which the characteristics of the solid waste product are
documented, using laboratory test results as a basis, to obtain the neceesary
landfill permite.

'In practice, once operating conditions were stabilized, time resolved
boiler outlet and stack gas, scrubber discharge water, and rejected slag
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samples were obtained at varying intervals. The boiler outlet gas samples were
analyzed on site via continuous sampling to a bank of instruments giving direct
readings on oxygen, carbon dioxide, carbon monoxide, nitrogen oxides, unburned
hydrocarbons, and sulfur dioxide. Periodically. thie system was switched over
to monitor the scrubber stack emissions to atmosphere. It should be noted,
however, that since one of the main goale of the project was to evaluate
combustor environmental performance, the bulk of the gas sampling focused on
the boiler outlet upstream of the scrubber. In addition, combustion conditions
were routinely checked by oxygen and combustible measurements in the boiler
ocutlet provided by a Teledvne (and later an Enerac) portable analyzer.

Although the combustor is mostly air cooled, some internal members are
water cooled. With coal firing, this cooling water was then used as the slag
quench water and the scrubber water. The slag quench tank (SQT) and scrubber
water streams were then discharged to the sanitary drains at the test site. The
scrubber water discharge was routinely sampled and analyzed for compliance with
the thermal, suspended solids, and heavy metal trace elements standards and
regulations of the Williamsport Sanitary Authority. Scrubber water samples, -
taken in plastic bottles, and slag samples were collected at definite time
intervals, nominally every half hour. Selected water and slag samples were
subsequently sent to a commercial laboratory for chemical analysis.

In the following subsections, the envirommental monitoring results for the
various waste streams are presented. These results are reported in more detail
in. the Annual Environmental Reports.

3.3.4.2.1. NOx Coptrol

There are two sources of NOx in coal combustion, namely fuel-bound-nitro-
gen (FBN) and molecular nitrogen (N2) in the combustion air. It is well known
{e.g. - B) that staged combustion with a fuel rich first stage, followed by gas
cooling for about 0.5 to 1 second duration, prior to introduction of the final
combustion air, usually results in significant overall total NOx reduction.

In general, FBN conversion to NOx is relatively insensitive to temperature
while N2 converegion ie very temperature dependent, being the primary source of
thermal NOx. Thermal NOx is controlled by the Zeldovich mechaniem which at high
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terperature, and under excese air conditions, is dominated by the reaction (89)
M2 + 0 = HNO + N

Ordinarily, thermal HOX is supressed by reducing the combustion temperature
to below about 3000 F by delaying second stage air mixing, allowing some combus-
tion gas heat loss to surroundings, or by thermal quenching via recirculated
flue gas.

With fuel-rich combustion the FBN is found in the gas as HCN, NH3, and NO,
{e.g. 10). The key to reducing NOx from FBN is to convert the above species to
N2 prior to the introduction of the final combustion air: otherwise they will
oxidize to ROx. Calculations performed in (5) suggest that significant reduc-
tion of the fuel-NOx intermediate species can occur in around 10 to 100 msec at
an inverse equivalence ratio of 0.7 in the temperature range of 2500 to 3200 F.

One of the main goals of the Clean Coal project was to reduce the atmos-
pheric emissions of oxides of nitrogen (NOx) to 100 ppm or less. The technigue
used to achieve this was staged combustion. with a fuel rich first stage to
convert fuel-bound-nitrogen (FBN) to -molecular nitrogen, followed by a fuel
lean esecond stage to complete fuel burnout, but without generating excessive
thermal NOx. 1In the present project. the combustor itself was the first stage,
-while second stage or tertiary air was injected into the boiler firebox sur-
rounding the comtustor gas exit nozzle. The effects of this control strategy
were determined by measuring NOx (ppmv. dry basis) at the boiler outlet. For
comparison, the measured NOx levelse were converted to equivalent values at 3%
oxyvgen or 15% excess air (NORMNOX). In addition. & small further reduction in
NOx was cbtained due to the action of the wet particulate scrubber. This ef-
fect contributed an additional 5 to 10% reduction in NOx emitted to atmosphere.
As ppmv, dry basis, and normalized to 3% 02, the average measured value, stan-
dard deviation; plus high and low values for NORMNCOX (normalized NOx in the
boiler outlet) are: 355, 148, 769, 81. It should be noted that the lowest
value corresponds to oil-only firing and that the minimum with coal firing was
184 ppm. The minimum coal fired ROx level in the scrubber stack was 160 ppm.

The results of the statistical analysis showed that as SRl (first stage
inverse equivalence ratio) increased the level of NOx in the boiler outlet
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increased. This relationship has been demonstrated many times by various
groups, and 1s due to increased oxidation of FBN to NOx at higher SR1 (first
stage inverse Egquivalence ratio). For high ccal firing as percent of total
heat input, namely PCTPC > 70%, the degree of control of NOx at the boiler
outlet, obtained by staged combustion, is shown in figure 17. As can be seen,
a minimum in NOx occurs at SH1 (first stage inverse equivalence ratio) around
0.75. Globally, measured NOx levels have been reduced from an unstaged value
of 769 ppm to below 200 ppm, a reduction of more than 75%.

Combustion swirl air pressure (SWIRLPR) effects on NORMNOX (normalized NOx
in the boiler .cutlet) indicated that NORMNOX (normalized NOx in the boiler
outlet) increased as SWIRLPR (swirl air pressure) increased. As SWIRLPR (swirl
air pressure) increases, we have seen that slag combustion efficiency and
process temperature decrease while combustor slag rejection increases. The
former effect is due to higher liner/slag surface cooling. while the latter
result 1e caused by higher cyclonic action. With regard to NOx control via
staging, it is important to release the FBN in the fuel rich first staze.
Otherwise, FBN carried over to the fuel lean second stage will be easily
converted to NOx. In the present instance, the twin effects of increasing
SWIRLFR (ewirl air pressure) on FBN release are at cross-purposes. Decreased
combustion efficiency and process temperature are expected to result in lower
FBN release, while higher combustor esolids retention is expected to improve FBN
release. Since the overall effect of increased SWIRLPR (swirl air pressure) is
to increase NOx emissions, the solids retention effect must be subordinate to
the combustion efficiency and temperature effects, i.e. there is poorer release
of FBN in the combustor, resulting in more NOx formation on the second stage.:

The fuel heat input (HEATIN) effect on NORMNCX (ncormalized NOx in the
boiler outlet) indicated that NORMNOX (normalized NOx in the boiler outlet)
decreased as HEATIN (total fuel heat input) increased. This effect is likely
due to increased :ilag combustion efficiency and process temperature at higher
heat input, which accelerated the release of FBN in the combustor. The percent
of fuel heat input due to coal (PCIPC) effect on NORMNOX (normalized NOx in the
boiler outlet) indicated that NORMNOX (normalized NOx in the boiler cutlet)
increased as the percent of coal firing increased. As PCTPC (percent coal
firing) increases the total amount of FBN increases. It ie generally agreed
that fuel-NOx is highly dependent on the amount of fuel nitrogen or FBN present

51



in the system. For the eight coals tested, fuel nitrogen averaged 1.27% by
weight, with a range of 1.12 to 1.83%. - This narrow range of FBN content was
tested in models of NORMNOX (normalized NOx in the boiler outlet) but had a
relatively low tolerance of PCTPC (percent coal firing), which was a more
important variable. ‘ '

. In review, the control of nitrogen oxide emissions during the Clean Coal I
project was accomplished by rich/lean staged combustion. With SR1 (first stage
inverse equivalence ratio) around 0.75, NOx levels at the boiler outlet were
reduced by > 75% from the unstaged, excess air (X54) values. This corresponds
to about 184.ppm, normalized to 3% oxygen, or 63 ppm at gas turbine outlet
conditions, namely 15% oxvgen. Additional NOx reductions of 5 to 10 % were
obtained in the scrubber outlet discharging to atmosphere. As SR1 (first stage
inverse equivalence ratio) and PCTPC (percent coal firing) increased, NOx
increased as expected. As HEATIN (total fuel heat input) increased, NOx
decreased due to better FBN release on the first stage., owing to higher
combustion efficiency and process temperature. This resulted in lower overall
NOx with staged combustion. As SWIRLPR (swirl air pressure) increased, NOx -
increased due to the liner/slag cooling effect quenching FEN release.

Further reductions in NOx emissions are no doubt possible with improved
combustor volume utilization. This would result in longer first stage
residence times and thus enhance FBN release and conversion to molecular
nitrogen. In addition, the orientation of tertiary air injection is known to
'be‘anothér critical factor in overall NOx control. This parameter was not
evaluated in the Clean Coal I project due to limited resources and the demands
of other project objectives.

3.3.4.2.2. 8502 Control

One of the most significant results to emerge from recent work on cyclone.
coal combustore is the discovery of reductions in sulfur oxide emissions with
sorbent injection into the combustor. However, fire-side or "in situ” sulfur
capture and retention by sorbent injection is complicated, involving several
heterogeneous processes. ' '

In general (11), the first step in the sulfur capture process with lime-
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stone (LS) is calcination, where CaCO3 is converted to Ca0. This reaction is
very fast and is essentially complete at about 1300 F for atmospheric combus-
tion of fossil fuels. A similar reaction also occurs with calcium hydrate
where H20 instead of C0Z is driven off. A porous Ca0 structure is left after
calcination and, with excess 02, sulfur capture via gaseocus diffusion through
the pore structure leads to the formation of CaSO4. Eventually, a layer of
CaS0O4 encapsulates the particle and hinders the reaction. Kinetic modeling

. results (12) suggest that for 10 to 50 micron LS particles significant sulfur
capture can cccur if the particles are suspended in the gas stream for about
100 msec. -

An alternate or complementary capture mechanism is the reaction of Ca0 with
H2S to produce CaS (13), which has about the same kinetics as the sulfate reac-
tion. This pathway would be available only at very fuel-rich conditions, name-
ly inverse equivalence ratio < 0.7. In either case, total sulfur capture times
depend mainly on sorbent particle size and porosity.as well as the temperature
and the partial pressures of the gasecus species. Also, depending on collec-
tion efficiency: the bulk of the sulfur-bearing sorbent may be expected to
- report to the slag.

Under equilibrium conditions in oxidizing atmospheres, the CaS04 moves
toward dissociation above about 2200 F (14). This results in the possibility of
sorbent desulfurization if the sulfur-bearing sorbent is allowed to reside in
the hot combustion environment for an extended time period. The objective then
is to remove it with the slag in the combustor before it can re-evolve gaseous
sulfur compounds.

For oxidizing conditions in the combustor, an experimental study (15)
suggested that super-equilibrium levele of SO2 can be retained in slag melts
for periods up to 20 minutes. This result has been confirmed on an order-of
magnitude basis by a more recent study and forms the basis of Coal Tech's
unique sulfur removal concept.

During combustion the ccal sulfur was partitioned among four streams:
gulfur retained and rejected with the slag (ACTSLGS), sulfur deposited in the
. boiler (BOILSULF), sulfur found in the scrubber diecharge (PCTSSCRB), in solu-
tion and/or as part of the suspended solids, and sulfur emitted to atmosphere
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(ATMSULF). 1In practice, BOILSULF (sulfur retained in the boiler) was not mea-
sured directly but was determined by subtracting ACTSLGS (slag sulfur content)
from the measured reduction in S02 (as percent of total sulfur) in the boiler
outlet or SREDBO. In a similar way ATHMSULF (sulfur emission to atmosphere) was
taken to be 100 - SREDFS (sulfur reduction in the scrubber stack). where SREDFS
{sulfur reduction in the scrubber stack) is the measured reduction in S02 in
the scrubber fan stack. Essentially all of the sulfur emitted to atmosphere
will be S802. Baseline measurements with no environmental control performed in
the Clean Cosl and previous projects have confirmed this. Although no direct’
measurements have been made by us, boiler studies by others suggest that up to
several % of the S0x may be 503 on the basis of eguilibrium.

As percent of total sulfur, the average measured value for all the tests,
the standard deviation for all the teste, plue high and low values for each of
the directly measured variables in all the tests was:

-ACTSLGS (sulfur content in the slag): 1.80, 2.54, 11.15, 0.16;

-SREDBCO (sulfur reduction in the boiler outlet): 15, 17, B2, 0,
~-PCTSSCEB (sulfur content in the scrubber water & solids): 25, 18, 100, 1;
" -SREDFS (sulfur reduction at the scrubber stack): 35, 12, 57, 9.

Tt should be noted that the maximum value of sulfur reduction in the boiler
ocutlet (SREDBO) of 82% was cbtained with boiler sorbent injection. The maximum
value obtained with combustor sorbent injection was 58%. The above average
values yield a normalized sulfur balance of 2% in the slag (ACTSLGS), 12% as
boiler deposits (BOILSULF), 24% in the scrubber discharge (PCTSSCHB), and 62%
emitted to atmosphere- (ATMSULF), for a total of 100%, averaged over all the

sorbent injection tests: :

For the four sulfur variables ACTSLGS (slag sulfur content), BOILSULF (sul-
fur retained in the boiler), PCTSSCRB (scrubber sulfur content), and ATMSULF
(sulfur emission to atmosphere), statistical analysis of the effects of SR:
(firet stage inverse equivalence ratio) indicated that overall system sulfur
retention decreased as SRl (first stage inverse equivalence ratio) increased, -
while emission to atmosphere increased. It is likely that these effects, taken
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as a whole, are due to increased sorbent deadbuning at high SR1 (first stage
inverse equivalence ratio). which has been shown to railse combustor tempera-
ture. On an individual basis, however, the different degrees of dependency of
the sulfur variables suggest that other changes in operating conditions, due to
variation in SR1 (first stage inverse equivalence ratio), must be at work.

The slag sulfur content is the sulfur variable most susceptible to SR1
(first stage inverse equivalence ratio) variation, as shown in figure 18. Thir
profound dependency suggests that at low SR1 (first stage inverse eguivalence
ratio), around 0.6 to 0.7, local conditions of temperature and gas composition
are optimized for in-situ sulfur capture by sorbent with subsequent rejection
in the slag. This asbect had been studied in detail by Coal Tech in previous
work (25) where it was found that first stage stoichiometry was a critical
parameter in the sulfur capture process. For comparison, data obtaiﬁed from
Reference 25 are presented in figure 19, showing a remarkable qualitative
similarity to figure 18.

It should be ﬁoted that good slag sulfur retention/rejection is also
associated with rapid slag removal from the combustor, in order to minimize
slag desulfurization. As discussed in section 3.3.4.1.3 good slag rejection
depends most significantly upon high SRl (first stage inverse equivalence
ratio). This result contrasts with the slag sulfur results, which show maximum
slag sulfur at low SRl (first stage inverse equivalence ratio). This implies
that local combustor thermal/chemical environment is more important than bulk
elag removal in achieving good slag sulfur retention. In any case, it is
probably necessary to optimize both ACTSLGS (slag sulfur content) and SLAGREJ
(combustor tap slag rejection) by manipulation of operating parameters other
than SRl (first stage inverse equivalence ratic) and/or by incorporating
combustor design changes as discussed in section 3.3.4.3.

It should aleo be noted that the Coal Tech concept of rejecting the cap-
tured sulfur with the liquid slag has been conceptually verified by slag chemi-~
cal analysis wherein the presence of significant amounts of sulfur occurs only
if Ca0 from sorbent is also present. "Analysis of combustor slag samples from
test 22 yielded values of 20 to 32% of the total sulfur present in the ash .
-along with high Ca0 levels. While the maximum value obtained from rejected
slage was 11%. These higher amounts of sulfur retention are extremely encou-
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raging and clearly give impetus to the Coal Tech concept of "in situ’ sulfur
capture by injected sorbent; the requisite corollary being rapid rejection and
removal with the slag.

Figure 20 illustrates the relative effects of SRl (first stage inverse
equivalence ratio) on BOILSULF (sulfur retained in the boiler), PCTSSCRB (scrub-
ber sulfur content), and ATMSULF (sulfur emission to atmosphere). . Both boiler
- and scrubber sulfur contents decrease as SRl (first stage inverse equivalence
ratio) increases. This is partly due to sorbent deadburning, as noted above,
In the case of PCTSSCHRB (scrubber sulfur content), however, the reduction at.
higher SR1 (first stage inverse equivalence ratic) is undoubtedly coupled to
the fact that total scrubber solids (SCRUBREJ) alsc decrease as SRl (first
stage inverse equivalence ratio) increases, as discussed in section 3.3.4.1.3.
In addition, it was shown in section 3.3.4.1.1 that increasing SR1 (first stage
inverse equivalence ratio) lead to improved combustion efficiency and. thus,
less unburned fuel. Since PCTSSCRB (scrubber sulfur content) increased as SR1
{first stage inverse equivalence ratio) decreased, it is fair to attribute part
of the increase in scrubber sulfur to the presence of some unburned coal.  Fi-
nally, more sulfur is emitted to atmosphere as the sorbent becomes less effec-
tive in capturing sulfur due to the deadburning effect of high SRl (first stage
inverse equivalence ratio). However, the correspondence is not proportional
since the scrubber can remove some sulfur with or without sorbent.

Combustion air swirl pressure (SWIRLPR) effects on ACTSLGS (slag sulfur
content) indicated that slag sulfur content greatly increased as air swirl
pressure increased. The high positive effect of increasing SWIRLFR (swirl air
pressure) on slag sulfur content may be due to a number of factors. First. it
has been shown that high SWIRLPFR.(swirl air pressure) leads to increased
liner/slag e;urface cocling. This could be important for slag sulfur retention
‘by (a) helping to reduce sorbent deadburning, and (b) minimizing temperature
dependent slag desulfurization. Secondly. it has alsc been shown that high
swirl air pressure improves slag rejection. This would result in more of the
‘sulfated sorbent being thrown to the wall and embedded in the slag. The other
sulfur variables show only a weak dependence on SWIRLPR (swirl air pressure).
These effects are believed to be.indirect and coupled to the SWIRLPR (swirl air
pressure) effects on combustion efficiency and process temperature, with their
attendant impact on fuel sulfur release, and on bulk solids distribution.
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The fuel heat input (HEATIN) effects on ACTSLGS (slag sulfur content),
BOILSULF (sulfur retained in the boiler). PCTSSCRB (scrubber sulfur content).
and ATMSULF (sulfur emission to atmosphere) indicated that ACTSLGS (elag sulfur
content) and PCTSSCRB (scrubber sulfur content) increased when HEATIN (total
fuel heat input) increased, while BOILSULF (sulfur retained in the boiler) and
ATMSULF (sulfur emission to atmosphere) decreased as HEATIN (total fuel heat
input) increased. The positive effect of higher fuel heat input on slag sulfur
retention/rejection may be due to enhanced combustion efficiency/process tempe-
rature resulting in better coal sulfur release. Alternmatively, the higher
combustion intensity may promote more vigorous mixing of the air/fuel/sorbent.
In addition, the rate of slag rejection, but probably not SLAGREJ (combustor
tap slag rejection) as percent of total solids. alsoc increases as HEATIN (total
fuel heat input) increases, thus minimizing slag residence time and
desulfurization in the combustor.

As HEATIN (total fuel heat input) increases there is a slight decrease in
boiler sulfur. This may be due to unfavorably high flame temperatures and/or
more sorbent deadburning in the second stage., which generally burns more inten-
sely at higher HEATIN (total fuel heat input). The significant increase in
scrubber sulfur with increasing heat input is no doubt largely related to
increased bulk solide in the scrubber as discussed previcusly. In addition,
higher fuel rates may provide a higher and more favorable sulfur/sorbent reac-
tion temperature in the boiler, downstream of the second stage flame zone, and
in the boiler cutlet. For example, the boiler outlet stack temperature was
found to increase most at higher fuel heat inpute. Finally, as HEATIN (total
fuel heat input) increases, there is a fair decrease in atmospheric S02. This
drop is mainly due to improved scrubber sulfur retention at high HEATIN (total
fuel heat input).

The percent coal firing (PCTPC) effect on the sulfur variables was analvzed
statistically. The extremely large positive effects. of higher PCTPC (percent
coal firing) on slag, boiler, and scrubber sulfur contents are shown in figure
21. " This situation arises since higher coal contributions to total heat input
are expected to kinetically increase the sulfur/sorbent reaction rate by in-
creasing the partial pressure of SO2. It has been variously shown (e.g. 26)
that the overall reaction rate of sorbent and SOZ is proportional to the concen-
tration of S0Z, usually expressed in atmospheres. In the present analysis,
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this effect is believed to be mainly important for improved slag and boiler
sulfur retention, while the enhancement of scrubber sulfur is mainly attribut-
able to increased scrubber sclids at high PCTPC (percent coal firing). A
poseible corollary effect is that at higher PCTPC (percent coal firing) there
may be more condensation of S0Z vapors on particles going to the scrubber. As
with fuel-nitrogen, efforts to explicitly include coal-sulfur content in the
models were not successful owing to high correlation with PCTPC (percent coal
firing). With increasing PCTPC (percent ccal firing), there is a moderate
decrease in atmospheric sulfur, as expected from an overall sulfur balance.

It is important to note that the positive effects of increased PCTPC (per-
cent coal firing) on slag and boiler sulfur retention are not due to lack of
complete release of sulfur from the coal. That is, the sulfur measured in the
slag and boiler solids is chemically associated with the presence of sorbent.
and is not associated with the presence of unburned coal. With no combustor
sorbent injection, slag and boiler solids sulfur contente are always below the
level of detectability.

Scrubber sulfur content may be slightly associated with the presence of
unburned coal. With no sorbent injection and TSSCEFF (scrubber carbon combus-
tion efficiency) > 85%, PCTSSCRB (ecrubber sulfur content) averaged 14% of
total sulfur. Of this, the vast majority is due to the washing out of 802
(i.e. 802 + 0.5 02 + H20 = H2504), as indicated by the high dissclved sulfur
content, accounting for 94% of PCTSSCRB (scrubber sulfur content), and the low
PH of 4. Thus, with about 6% of PCTSSCRB (scrubber sulfur content) in the scrub-
ber solids, presumably as unburned coal, less than 1% of the total sulfur can
be associated with unburned coal under these conditions. In the relatively few
cases where TSSCEFF (ecrubber carbon combustion efficiency) < 85%, again with
no sorbent injection. PCTSSCRB (scrubber sulfur content) averaged 26%, of which
77% is dissolved and 23% is in the suspended solids. Thus for these cases of
low TSSCEFF (scrubber carbon combustion efficiency), only about 6% of the total
sulfur can be associated with unburned cocal. This would be the worst case.

With combustor sorbent injection, PCTSSCEB (scrubber sulfur content)
averaged 24% while TSSCEFF (scrubb=r carbon combustion efficiency) averaged
94%. Here, around 58% of PCTSSCRB (scrubber sulfur content) is dissolved while
42% is in the solids. Based on the above analysis with no sorbent injection,
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the bulk of the sulfur solids cannct be coal gince TSSCEFF (scrubber carbon -
combustion efficiency) is relatively high. This is confirmed by chemical ana-
lysis of the scrubber solids. showing high sulfur content only in the presence
of sorbent calcium. In addition, the associated pH averages 9.5, showing the
neutralization effect of hydrolyzed sorbent on the originally acidi¢ scrubber
water. Virtually all of the dissolved sulfur is present as sulfate, with’
measured dissolved calcium and sulfate concentrations corresponding to the
solubility limit of CaS04. In this situation, “excess"” CaS04 would remain as a
solid, since the icnic solubility product cannot be exceeded.

The effects of the calcium/sulfur mole ratio (CASRAT) on ACTSLGS (slag
sulfur content), BOILSULF (sulfur retained in the boiler), PCTSSCRB {scrubber
sulfur content), and ATMSULF (sulfur emission to atmosphere) were alsc evalu-
ated statistically. As anticipated, both slag and boiler sulfur contents in-
creased significantly as the Ca/S ratio increased due to enhancement of the
sulfur/sorbent reaction rate via increased sorbent availability. Since more
sulfur is retained in the slag and boiler at higher CASRAT {(calcium/sulfur mole
ratio), the amounte retained in the scrubber and emitted to atmosphere corres-
pondingly decreased. These effects of CASRAT (calcium/sulfur mole ratioc) are
illustrated in figure 22 for the slag, boiler, and scrubber sulfur variables.

The data show little or no dependence of the sulfur variables on combustor
sorbent type. This result is in agreement with previocus Coal Tech work,
reported in reference 25, where no effect of sorbent type on sulfur capture was
observed for limestone ve. pressure hydrated lime. No reactivity or porosity
measurerents were made for the commercially available sorbents used in the
tests, while their compositions are given in Appendix V. However, date pre-
sented in reference 29 suggest that calcium hydrate may have a higher transito-
ry internal surface area during calcination than limestone, thus potentially
leading to better calcium utilization with the hydrate during sulfur capture.
It is possible that calcium hydrate performed slightly better than limestone
but only marginally so. 1In addition, injection of calcium acetate could not be
fully evaluated due to feeding problems associated with combustion of the orga-
nice at the injection point, resulting in heavy ash buildup. It should also be
noted that no evidence of ash alkali effects on sulfur capture was observed.

Although there was limited data on boiler sorbent injection, it is clear
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that this technique was most efficacious in reducing S02. At a Ca/S ratio > 3.
an 82% reduction in measured stack S02. using hydrate, was obtained. With
limestone injection at Ca/S > 3, the reduction in 502 was less than 20%. How-
ever, this result is based on limited data from work mainly conducfed under the
ash melting projects. 1t should be emphasized thétlthese results were obtained
during preliminary trial rune which made no effort at parametric optimization.
Until further testing can be performed, a full analysis of the results is not
possible. In any case. .improved 502 reduction in the boiler outlet with hy-
drate vs. limestone was probably related to the lower calcination temperature
of hydrate, which, in the present application., gave rise to more internal sur-
face exposure, i.e. a higher porosity, for reaction with the 502 than did the
limestone. Besides sorbent type and Ca/S ratio. analysis of the limited data
indicates that the temperature in the boiler sorbent injection area is also

critical.

In the Clean Coal 1 project, at LS injection rates corresponding to various
Ca/3 ratios, reductions in measured SO2 at the boiler outlet of from 0 to > 50%
have been obtained, depending on thermal and stoichiometric conditions. 1In
addition, test data showed that the scrubber itself can reduce measured SOZ by
> 40%; however, ‘the sorbent and scrubber reductidns are not additive. Even
though the global phenomena are complex and not yet fully understood. several
conclusions are possible. Slag sulfur retention and rejection is clearly a’
delicate process, having very narrow parametric windows in which to be opti-
mized. Every independent variable in the ACTSLGS (slag sulfur content) model
exercised great influence. Aside from the obvious requirements of sufficient
sorbent, a CASRAT (calcium/sulfur mole ratio) effect, and high sulfur concentra-
tion, a PCTPC (percent coal firing) effect, meximum slag sulfur strongly de-
pends on the local thermal/chemical environment as indicated by its sharp depen-
dence on SRl (first stage inverse equivalence ratio)}, which is believed to have
a major impact on sorbent deadburning as well as sorbent/sulfur reaction kine-

" tics and the stability of the sulfated sorbent product. Other variable enhance-
ment factors seem to include minimum sorbent deadburning, minimum slag desulfu-
rization, and good slag rejection, a SWIRLPR (swirl air pressure) effect; gocd
coal-sulfur release and good air/fuel/sorbent mixing, a. HEATIN (total fuel heat
input) effect.

Except for HEATIN (total fuel heat input), boiler sulfur retention
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(BOILSULF) is qualitatively affected by the independent variables in much the
same way as ACTSLGS (slag sulfur content). Since the boiler observables
implicitly include the exit nozzle and the surrounding boiler refractory face,
it is. not unreasonable to consider at least some portion of this zone as an
extension of the combustor. Thus it is expected that parameters affecting - -
combustor slag sulfur rejection alsco affect BOILSULF (sulfur retained in the
boiler). The negative dependence of BOILSULF (sulfur retained in the boiler)
on increasing HEATIN (total fuel heat input) may be attributed to second stage
sorbent deadburning. S

PCTSSCRB (scrubber sulfur content) appears to totally depend on the amount
of bulk solids reporting to the scrubber since its dependence on the four major
independent variables practically mirrore the SCRUBREJ (scrubber solids rejec-
tion) dependence. . The negative dependence of PCTSSCRB (scrubber sulfur con-
tent) on increasing CASEAT (calcium/sulfur mole ratio) simply states that sul-
fur not retained in the combustor/boiler, due to sorbent capture, will end up
in the scrubber or go to atmosphere. ATMSULF (sulfur" emission to atmosphere)
essentially increases when operating conditions tend to deadburn the sorbent,
namely at high SR1 (first stage inverse equivalence ratioc), or tend to reduce
PCTSSCRB (scrubber sulfur content), namely at low HEATIN (total fuel heat in-
put) and/or PCTPC (percent coal firing), which are in turn coupled to reduced
SCRUBREJ (scrubber solids rejection).

Experimental evidence indicates that almost all observed reductions in
boiler outlet 502 were due to carried over sorbent. What is unclear is whether
the actual S0Z capture took place within the combustor, with the sulfated
sorbent being éarried out, or whether the sorbent was first carried out, then
reacted with the sulfur in the second stage. The overall impreesion, however,
is that significant sulfur capture is actually.taking place in the combustor
but that there is insufficient reactive residence time to accomplish fuel
burnout/ash melting at the higher coal firing rates needed to maximize slag.
rejection. Consequently, a large portion of the reactive solide, at high fire,
are not retained and rejected by the combustor.

. .From the above it can be seen that the entire concept of sulfur capture in-
side  the combustor with sulfur retention/rejection with the slag has not been
operationally confirmed in the present combustor under the Clean Coal I pro-
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~ Ject. The main difficulty being insufficient elag rejection in the comwbustor
proper. However,-individual process capture steps and independent slag sulfur
evolution studies performed by others have validated critical aspects'of the
concept. Thus, we believe that our process does work and that it is simply a
matter of implementing relatively minor design and operaticnal changes to -
arrive at conditions where sulfur capture is optimum. Part of our confidence,
as noted, is due to post-test chemical analysis of boiler solide, obtained ‘late
in the Phase 111 testing, which yielded a maximum of 30% total sulfur in the
presence of Cal.

In terms of air quality compliance monitoring. the experimental test pro-
gram was designed sc that stack 502 levels could never, with one exception,
exceed the prescribed limit, i.e. the sulfur contents of most of the coals
used were such so as to be always in compliance even with no environmental
sulfur control, as would occur during baseline parametric operation. For high |
sulfur coals, co-firing with oil & NG vielded an effective fuel sulfur content
that almost always met emission requiremente with no environmental control.

Calculations show that for 100% coal firing and 100% conversion of coal
sulfur to 502 the 4 1o/MMMBtu limit on SOZ emissions would be exceeded only if
the coal sulfur content were higher than 2.5%. The combustor was operated in
1988 with coals having sulfur contente ranging from 1.1 to just under 2.5%. In
1989 the combustor was opérated with coals having sulfur contents ranging from
about 2.1 to 2.3%, while in 1890 the range was around 1.1 to 3.3%. In prac-
tice, however, co-firing with oil & NG yielded an effective fuel sulfur content
that was lower, such that emission requirements were almost always met even
with no environmental control. The only exception was baseline operation with
the 3.3% sulfur coal. In any caese, the bulk of operating time wae with sorbent
injection so that the above "worst case” 502 emission rate was only for a brief
period. Thus, measured boiler outlet and stack 502 levels were virtually
always below the regulatory limit.

In 1988, boiler cutlet SO2 levels averaged 2.03 lb/MMBtu. In 1989, boiler
outlet 802 levels averaged 2.30 lB/MMBtu, while in 1980, the figure was 3.58
lJo/MMBtu. It should be emphasized that the vearly increase in SC. =missions
was generally due to the use of higher suliur coals as well as an increase in
the coal firing rate relative to the auxiliary fuels. GSince these data were
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obtained with the combustor operating over a wide range of parametric condi-
tions, some of which were outside the envelope of maximum sulfur capture, the
reported 502 emission levels are not entirely indicative of optimum perfor-
mance. 1t should also be emphasized that these emission rates are upper limits
on actual atmospheric emissions since the wet scrubber itself had some sulfur
capture capacity, partly independent of the level of sorbent injection, result-
ing, on average. in a further 20 to 25% reduction in the S02 actually emitted.
Details of this monitoring are presented in the Annual Environmental Reports.

3.3.4.2.3. Slag Reactivity

The DOE Clean Coal I project aimed at demonstrating the capture of coal
sulfur by fire-side sorbent injection and rejection with the slag to form an
inert material. Similarly, the DOE-SBIR Phase I project aimed at evaluating
the feasibility of using Coal Tech's slagging cyclone combustor technology to
convert fly ash powder into an inert, glassy slag retaining all or most of the
initial fly ash trace metals, and thereby significantly reducing the potential
risk for environmental harm upon disposal or recycle. Thus the properties of
the slag as an inert solid waste are of importance. As noted in Reference 16,
the attractiveness of glass as a long term disposal medium is its low leaching
rate as well as its chemical inertness and mechanical strength. It is general-
1y recognized that glass is the preferred waste form for disposal of nuclear
wastes for geologic periods in underground repositories.

During coal combustion the trace elements undergo a .partitioning among the
slag, .the fly ash captured by the particulate collection device, and the fly
ash and vapors escaping to atmosphere. Laboratory studies of power plant type
coal ash (21, 22) found that the more volatile trace elements are discharged to
atmosphere as gases (most mercury and some selenium) and/or concentrated in the
fly ash (arsenic, cadmium, chromium, copper, lead, and selenium). Some cadmi-
um, chromium, and copper, less volatile elements, were also in the bottom ash/
slag at levels more or less uniform with the fly ash while barium and strontium
showed little preferential partitioning.

Leachate from ash disposal sites is of concern due to the possibility that
heavy metale present in the ash may enter the groundwater system and contami-
nate present or future drinking water (17). This is of importance since metale
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are not subject to biodegradation and have, for practical purposes,. infinite
lifetimes. They cannot undergo "decontamination” by chemical means and can
only be diluted to innocuous levels or permanently confined or impounded in
"secure” landfills (18). Unlike the behavior of most other contaminants, that
of trace metals is determined by the specific forms of the metals rather than
their bulk concentration (18). Thus, the quality of leachate is governed by
physical/chemical characteristics of the ash and the soil/water matrix through
which the leachate flows; hence, it is not possible to predict ash leachate
quality at this time (17).

As part of the RCRA characterization testing of a solid for hazardous or
non-hazardous so0lid waste classification, the material must be subjected to a
leach test known as the Extraction Procedure (UP) Toxicity test wherein the .
resulting extract is not to exceed 100 X the National Drinking Water Standard
for arsenic, barium, cadmium, chromium, lead, mercury, selenium, and silver
(18). These standards are shown in Table 1. A 1875 study of ponded fly ash
and bottom ash leachate (17) reported that heavy metals arsenic, cadmium,
chromium, copper, lead., and selenium exceeded the Drinking Water Standards by
about 10 to 500 X for fly ash, and about 1 to 10 X for bottom ash. These
resulis clearly indicate the need to evaluate alternative methods to landfil-
ling for the treatment, and possible recycling, of coal fly ash. '
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Table 1 US EPA National Drinking Water Standards

Element mg/liter (17) mg/liter (20)
Arsenic 0.05

Barium 1.00

Cadmium 0.01 0.01
Chromium . 0.05

Lead 0.01 0.05
Mercury 0.002 - 0.005
Selenium 0.01

Silver 0.05

Boron 1.00

Copper 1.00 0.5
Iron : 1.0
Zinc 1.0
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As noted in the 1988 Annual Environmental Report, the EMP was developed on
the basis of compliance monitoring requirements specified by the Resource Con-
servation and Recovery Act {RCRA); and administered by the PA DER, Bureau of
Solid Waste Management. The pertinent substances that fall under the RCRA are
the slag nitrogen and sulfur reactivity that form gas phase cyanide and sulfide
compounds, and the leaching potential of heavy metals and cyvanide in the slag.
The evaluation of compliance is determined by preparation of a Module 1 docu-
ment in which the characteristice of the solid waste product are documented,
using laboratory test results, to obtain the necessary landfill permits.

In 1888, the slag chemical analysis and other properties provided by the
testing lab (see Appendix IV) indicated that the material had none of the
characteristics of a hazardous waste and could, therefore. be disposed in a
landfill for non-hazardous solid waste. However, it was determined that the
Blag generated by the combustor qualified under the Pennsylvania Coal Waste
Product Recycling Act and, as such, did not require extensive testing/analysis
to obtain disposal permits. In view of this, it was arranged to dispose of the
slag, in total amount of about 2.5 tons, at the PP&L slag processing center at
the Montour powerplant. :

In 1989/80, virtually all of the solid waste, approximately 10 tons. was
also shipped to the PP&L landfill. A small amount of slag, around 1000 lbs.
generated in the final Clean Coal test, could not be sent to PP&L owing to
procedural difficulties involved in processing such a small shipment. Instead.
this material will be sent to an Alabama landfill ovmed by Chemical Waste Mana-

gement Company .

As part of DOE"s Waste Management Program. which aims at identifying emergs-
ing coal utilization technologies and performs comprehensive characterizations
of the waste streams and products, Coal Tech consented toward the end of the
Clean Coal Technology project. to on-site waste steam sampling by an indepen-
dent envirommental sampling firm sub-contracted by DOE. Slag. scrubber dis-
charge, slag quench water, as well as raw coal and inlet water samplee were
therefore cobtained by this group during one of the multi-day test runs in
February, 1980. The sampling protocols. analytical test results and evalua-

tions have been presented in reference 30.
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Under the Waste Management Program. slag and scrubber solide were subiected
to the new, and more rigorous. TCLP (Toxic Characteristic Leaching Procedure)
and the SGLP (Synthetic Groundwater Leaching Procedure) leach tests. In addi-
tion, cvanide and sulfide evolution rates were obtained. In all cases, none of
the wastes contained concentrations of regulated elemente high enough to be
considered hazardous. )

Supplemental monitoring in the EMP involved slag sample analysis for
carbon, nitrogen, and sulfur. The vearly results were essentially identical.
namely slag carbon < 0.01%, sulfur between < 0.01 to 0.05% with occasional -
values in excess of 1.0%. Slag nitrogen content remained uniformly low.

Also under the Waste Management Program, slag and scrubber solids were
analyzed for 24 target-list organice. Both samples showed no simnificant
concentrations of the target analvtes.

Additional slag leachability data were obtained from the EPA SBIR Phase I
project, which aimed at converting municipal solid waste (MSW) fly ash to an
environmentally safe slag retaining a significant amount of the initial trace
metals. Thie data is of interest here since it illustrates the global applics-
tion of ash~to-slag conversion as a technique for producing environmentally
inert material from potentially hazardous ash., regardless of the ash source.
The main criterion for evaluation of slag environmental safety at that time was
the EP Toxicity (1310 SW-846) or leach test, the results of which are shown in
Table 2 for the parent fly ash (MSW 1) and two slags collected during test
EPAl: EPA1-3 with oil plus NG firing, EPAl1-4 with some PC firing. Key coperat-
ing test conditions are given in the table at the beginning of Appendix 1.
Table 3 presente the corresponding metals contents.
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Table 2. Leac s for Paren Ash & 11t :
------------- Metals in Leachate, mg/L -----—=m—meemomae
100X EPA '
MSW 1 EPA1-3 EPA1-4 Water Standard
Cadmium 2.14 < 0.03 < 0.03 .- 1.0
Corper 1.05 < 0.09 < 0.09 100.0
Lead 22.3 < 0.2 < 0.2 1.0



Table 3.

MSW 1 EPA1-3 EPAl1-4 (a)

Cadmium 325 < 15.7 < 16.2
Copper 827 430 193
Lead 19117 191 < 108

" . T T T T P it T e 4, e . . Y e B e T e g Rl T . e S S B ekl . B B e L S . g e S e Y s e

{a) Use of PC in this test resulted in a slag which was 69 % MSW 1 ash and 31 %
PC ash. The original PC ash contents are: cadmium < 17.4 mg/kg, copper not
measured, and lead < 116 mg/kg.
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The data in Table 2 show that leaching of parent fly ash cadmium and lead
exceeds 100X the EPA Drinking Water limit used as a standard for hazardous
classification in the EP Toxicity Test while copper is below the limit. The
slag metals leaching data, even taking into account the reduced metals content
of the slag vs. fly ash shown in Table 3, is at least an order of magnitude
“below the EPA limit, thereby confirming the environmental safety of the slag
produced from the fly ash with and without coal firing.

3.3.4.2.4. Particulates

-As noted, initial tests on dry PC gave rise to high solids carry-over to
the boiler and the stack. However, even with these early adversities, the
stack venturi wet scrubber performed well, giving a clean white, steam plume at
the designed pressure drop. Upset operation, associated with extremely vari-
able PC flow in the earlier tests, diminished the scrubber performance to the
point where frequent cleaning of the scrubber duct inlets was necessary when
the combustor operated in this mode. However, in general the scrubber has per-
formed very well with far less problems than any of the other new equinneni:. at
the site. '

In late Phase 11 and early Phase 11l testing, opacity meter readings taken
at the 12 ft. location at the base of the stack (boiler outlet) were usually
in the 40 to 60% range upon initial LS and PC injection and gradually climbed
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to 100% as flv ash deposited .on the optical windows. It should be noted that
either direct or indirect particulate level measurements made here are of
little environmental concern since this location ies upstream of the stack gas
scrubber. However v it was possible to correlate these opacity readings with
Bacharach smoke numbers obtained from a portable device which could be used in
the stack, either upstream or downstream of the scrubber. This correlation was
made by obtaining several simultaneous opacity and smoke number readings at the
boiler outlet. The opacity data were then formulated as a linear function of
the smoke numbers (namely opacity = 13.5 X smoke number) yielding the opacity
value to within 20% on average. Thie expression was then used to convert scrub-
ber stack emoke numbers to an effective opacity. This allowed us to indirectly
determine the opacity of the stack gases discharging to atmosphere. The
relevant data were presented in the 1988 Annual Environmental Report.

Based on méasured stack gas smoke numbers. and the above corfelation_. the
opacity of the gas being discharged to atmosrhere was < 20% (even including the
20% uncertainty) when the scrubber pressure drop was = or > 15 "WC, the
manufacturer s designed operating value. At a lower pressure drop, briefly
tested as part of the parametrics, the opacity was higher. After these initial
tests, scrubber pressure drop has been held at 15 "WC or more with visual
observation of the scrubber stack discharge indicating good ecrubber operation.
For this reason, opacity measurements have not been continued beyond the
initial tests noted above.

Representatives of the FA DER, Bureau of Air'Quality, have been on-site dur-
ing testing and are satisfied by the scrubber’s operation.’ Successful perfor-
mance of this relatively inexpensive technology in an urban environment is an.
encouraging development for other retrofit applications.

Mo stack particulate mase loading rate (EPA Method 5) or size distribution
(cup filter, 10 micron cutoff) messurements were performed under the Clean Coal
I project owing to limited resource allocation to other project goals. How-
ever, a measurement of particle mass (PMR) rate with coal firing via EPA Method
5 was made by a commercial testing firm under . .other pre ¢t in July, 1880.
In addition. non-isckinetic stack sampling was performed by Coal Tech, alaso
under another project. in January of.1890. | '
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The .EPA Method 5 measurement of the particulate emission rate was conducted
in July 1990 at a total fuel heat input of 9.0 MMBtu/hr with coal and oil co-
firing, along with sorbent injection. The measurement was made in the boiler
outlet stack, upstream of the scrubber. The resulting PMR is therefore an
upper limit on the solids loading to the scrubber since it does not reflect
golids layout in the ducting between the measuring point and the scrubber
inlet. At 107% isokinetic, the boiler outlet solids emission was reported as
17 PPH or 1.89 1b/MMBtu. Analysis of scrubber discharge samples obtained in
the same time interval vielded a scrubber solids rejection of 15 PPH or 1.67
ib/MBtu. Discounting solids depositioﬁ loeees, thie places an upper limit of
0.22 1b/MMBtu on the particulate emissione to atmosphere.

In a separate DOE SBIR project, aimed -at evaluating the feasibility of
converting utility fly ash to an environmentally inert slag, using the Coal
Tech combustor, non-isokinetic particulate sampling of the atmospheric dis-
charge, dowmstream of the scrubber, was performed. These tests were conducted
with coal and cil co~firing at a total fuel heat input of 10.6 MMBtu/hr. plus
combustor sorbent and fly ash injection at various levels. With coal and cil
co-firing, the atmospheric PMR wag 0.20 lb/MMBtu. The addition of flvash
yielded 0.09 1b/MMBtu, and for coal plus flyvash plus sorbent the value was 0.30
1b/MMBtu. It should be emphasized that these figures are probably lower limits
on the actual atmospheric emission rates due to sampling line logses. However.
the values are in line with the one derived from the rigorous Method 5 measure-

ment.

The scrubber flyash size or resistivity were not measured. However, the -
size distribution is expected to be similar to that reported for the 40
MMBtu/hr TRW slagging cyclone combustor in Cleveland, OH, namely, 11.1% < 0.5
microns, 19.5% < 1 micron, and 54.5% < 5 microns on a weight basis,

3.3.4.2.5.. Hasteuater

Water used for combustor cooling only., i.e. not in contact with any waste
stream, was discharged to the storm sewer. With PC firing, the cocling water
was recycled for slag quenching and scrubber operation. This resulted in two
waste water streams, one generated in the scrubber and the other by contact
with slag in the slag quench tank (SQT). These were eventually combined and
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discharged into a sanitary drain going to the Williamsrort Sanitary Authority
Central Treatment Plant. This facility is rated for a maximum flow of 10.5 .
million gallons per day (MGD). The daily average flow is tvpically 6 to 8 MGD
or about 250,000 to 333,000 gallons per hour (GFH).

Compliance requirements are specified by the Williamsport Sanitary Authori-
ty, in concurrence with the PA DER, Bureau of Water Quality Control. As per
the Authority, the following parameters were monitored: total water discharged
into the sanitary system; total suspended solids (TSS) in the .discharged water;
the heavy metals cadmium, copper, and selenium suspended in the water; the
water discharge temperature and pH. The discharge limits are 0.5 1b of Cd/day,
1.0 1b of Cu/day, 0.1 1b of Se/day. maximum water temperature of 135 F, and 5 ¢
pH < 9. '

Testing in 1988 consumed around 750,000 gallons of water for cooling the
combustor, for quenching and solidifying the molten slag, and for operating the
venturl scrubber. In 1989 and 1990 the water consumption was around 1,250,000
and 560,000 galiones respectively. In 1988 about 37% of the water was discharged
to the sanitary sewer, the remaining 63% being discharged into the storm sewer
system. Of the amount discharged into the sanitary drain. about 67% was scrub-
ber discharge while the balance came from the SQT. It should be noted that
roughly one-third of the 1988/80 water usage occurred under projects other than
the Clean Coal. Of these vearly totals about 25% was discharged to the sanita-
rv sewer, the remaining 75% being discharged into the storm sewer system. Of
the volume discharged into the sanitary drain, about 74% was scrubber diecharge
while the balance came from the slag quench tank (SQT).

Sanitary sewer discharge occurred only during FC operation. Thus, much
operating time was not on PC but on natural gas or light oil firing for combus-
tor heat-up and cool-down procedures, for refractory curing, and for overnight
idling of the system during the multi-day tests. In these latter instances the
discharged water was used only for combustor cooling via indirect heat exchange
and therefore contained no waste materials.

Water discharged from the 5QT was filtered and therefore had a low total
suspended solids (TSS), spot checked in 1988 to be 19 mg/l, the solids being
unburned coal. Owing to this low solids loading of the SQT water, as well as
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the relatively low flow of around 10 gallons per minute (GPM), water quality
testing focussed on the scrubber where water samples were usually obtained
several times during each test run for subsequent commercial laboratory

analyeis.

Discharged scrubber water Total Suspended Solids (TSS) averaged 5423 mg/l.
in 1889. This TSS level is higher than the average value of 3344 mg/l reported
in 1988. The primary reason for the increase is the use of relatively higher
coal firing rates in 1889. At the scrubber water use rate of 28 GPM the 1989
TSS discharge rate averaged 76 FFH. Variability in the TSS measurements is
largely due to parametric operation which often resulted in leses than maximum
combustor solide retention. Complete data and operating conditions are given.
in the Annual Environmental Reports.

In 1988, several scrubber water samples were tested for the presence of the
trace metals cadmium, copper, and selenium. The average levele, in mg/l, were
< 0.03, 0.291, and (0.014, respectively. Independent determinations for cadmium
and copper, made by the Williamsport Sanitary Authority, yvielded < 0.001 and
0.046 mg/l respectively. For an eight hour test day our measured 1888 levels
translate into < 0.0036, 0.035, and 0.0017 lb/day of Cd, Cu, and Se. Thus, our
measured 1988 discharge rates for these metals are well below the Authority’s
limits noted above. In 1889/90, scrubber water samples were tested for the
presence of the trace metals cadmium and coprer. Selenium was not included in
the analysis since its 1988 level was extremely low. The average levels of
cadmium and copper, in mg/l, were 0.04Z and 0.513.

Independent determinations of cadmium and selenium in‘filtered‘acrubber
water, made under the Waste Management Program, yielded < 0.02 and 0.138 mg/1
respectively. For an eight hour teest day the highest measured 1989/90 levels
translate into 0.0047, 0.0575, and 0.0155 lb/day of Cd, Cu, and Se. Thus, the
measured discharge rates for these metals were well below the Authority’s
limits in 18838/80 as well.

In 1988, a scrubber discharge water sample was analyzed by the Authority
for other metals in addition to the compliance monitored cadmium and copper
noted above. The following species were‘heasured (mg/1): lead (0.015). nickel
(0.011), zinc (0.588), iron (93.0), and silver (< 0.001). Based on the dilu-
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tion of the scrubber discharge at the treatment facility, these metal concen-
trations would have no, or only incremental. effects on the metal levels al-
ready handled by the plant. e.g. 0.011 mg/l of nickel, 0.138 mg/l of zinc.

Scrubber discharge water temperature has been uniformly between 100 and 120
F. In 1988, water pH was found to vary between a low of 3.2 and a high of
12.6. The average value is 9.2, which is nearly within the Authority’'s maximum
value of 9. However, this figure would be misleading since the measured pH's
exhibit a bimodal distribution depending on whether sorbent injection was on or
off during PC operation. With no sorbent injection the 502 produced from the
coal sulfur acidifies the scrubber water resulting in an average pH of 4.9,
while with sorbent injection the average is 11.35 owing to the basic chemical
nature of the sorbent. The 4.9 pH is close to the acidic limit of §, while the
11.35 value exceeds the basic limit of 9. '

Water pH in 1989 was found to vary between a low of 4.5 and a high of 12.4.
Because of the routine use of sorbent injection, the average value is 10.5,
which somewhat above the Authority’es limit. However, this waste water stream
is diluted by the SQT water (pH normally 6 to 7, temperature < 100 F) in about
a 3 to 1 ratio upon entering the sanitary drain. In addition, based on the
Central Treatment Plant s average daily influent rate noted above, the relative-
1y low f£low of 1800 to 2280 GPH would be diluted at the plant by a factor of
around 150 to 125, which is expected to result in little variation in total
treated water oH.

Analysis of the SQT and filtered scrubber water was performed under DOE’s
Waste Management Program. The samples were checked for 10 reguiated trace
metals and 24 target-list organics. As noted in reference 30, none of the
samples had concentrations of analytes high enough to be considered hazardous.

In addition to the trace heavy metals, supplemental monitoring was ‘o
address the carbon, nitrogen, and sulfur content of the water discharged to the
sanitary system. As noted above, the SQT water, which had low solids content
and flow, had low levels of partially burned PC. As per the Waste Management
Program testing. scrubber water TSS were comprised of around 41% unburned _
carbon, 43% ash, 3% sulfur. and 13% calcium oxide from the injected sorbent. It
should be noted that this carbon content corresponds to >85% overall coal
combustion efficiency.
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3.3.4.3. Impact on Combustor Design and Operation

Results of the Clean Coal I project., in terms of design and operation of a

commercial air cooled cyclone coal combustor, are of great importance. Even
- though most of the technical goals were achieved with the present prototype

combustor, evaluation of test observables ae well as the statistical analyeis
of accumilated data hae provided additional insight and guidance regarding
future development and application. It is important to note that testing of
the present demonstration unit was a necessary step between the initial bench
or .pilot scale studies and the development of a fully commercialized unit since
the present combustor ie at a scale appropriate to commercial units and was
tested in & real process application. In.this section the global effects of
operating parameters on key process variables are discussed in terms of
optimized operation. In addition, the test résulits are evaluated with regard
to new design or operating changes needed to upgrade performance in kev areas.

Overall, four major independent operating parameters were discovered to
produce one or more general effects on the overall process: These effects, for
increasing values of the variables. are as follows:

SR1: - better fuel combustion, burnout, heat release,
- better ash melting.
- a more oxidizing atmosphere.
- higher flame temperature.

SWIRLFR: - cooler liner/slag surface.
- more cyclonic action, better combustor solids retention.

HEATIN: - higher air/fuel/sorbent mixing, combustion intensity, and
~heat release,
~ better ash melting. .
- higher mass throughput. less combustor gas and/or solids

residence time.

PCTPC: - more ash/slag system loading.
' - more coal wall burning, different combustor heat release
pattemn.
- increased sulfur and fuel-nitrogen to the system.
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Based on maximum effect in the statistical models, PCTPC (percent coal
firing) was found to have the greatest impact on operation, followed closely by
SR1 (first stage inverse egquivalence ratic) and HEATIN (total fuel heat input).
SWIRLPR (swirl air pressure) proved to have the least global influence although
its contribution to slag sulfur retention was very high. For models containing
CASRAT (calcium/sulfur mole ratio), ite influence was about midway between SRI
(firet stage inverse equivalence ratio) or HEATIN (total fuel heat input), and
SWIRLFR (swirl air pressure). This relatively modest effect of Ca/S mole ratio
may be due to some type of threshold effect and/or the fact that the scrubber
can remove some sulfur even with no sorbent.

Consideration of the modeling results, as well as other experimental obser-
vations, yielded several conclusions and/or hypotheses applicable to operation
and deeign of a commercial coal fired, air cooled combustor. One clear result
was that best overall combustor performance wae obtained at high fuel heat in-
put. Thie is important from an operational and economic point of view. The
maximum heat input during the tests was around 20 MMBtu/hr, even though the
combustor was designed for 30 MMBtu/hr and the boiler was thermally rated at
around 25 MMBtu/hr. This situation was due to facility limits on water avail-
ability for the boiler and for cooling the combustor. In fact, even 20 MMBtu/
hr was borderline, so that most of the testing was conducted at lower rates.

~ Attempts to optimize process performance observables via independent para-
meter changes showed that there were two difficulties in this approach.  The
first was that changes in operating parameters to enhance one dependent vari-
able often resulted in degradation of other process variables. For example,
both NOx reduction (NORMNOX) and slag sulfur content (ACTSLGS) were optimized
at low SR1 (first stage inverse equivalence ratio) while slag rejection (SLAG-
REJ) was decreased from the excess air valpe. In addition, NOx levels were
significantly decreased at low air swirl pressure, but slag sulfur content was
reduced. Thege results indicate that these performance variables cannot be
simultanecusly optimized in the present system b -anipulation of operating
parameters alone. This situation is largely inherent to the process physics
and chemistry and cannot be disregarded. Here, one must either compromise and
choose operating conditions which involve a trade-off in performance among the
affected variables, or introduce changes in operating technique and/or
combustor design which will offset the negative effects of certain operating
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conditions for one or more process variables.

This latter approach had been successfully implemented for XSCHROM (refrac-
tory chrome in slag) where liner life, at operating conditions associated with
good overall performance but higher liner wear, was extended by wall slag reple-
nishment. In a similar way, the addition of external air preheat is considered
a possibility to upgrade combustion efficiency, if necessary, at low SRl (first
stage inverse equivalence ratio). It is possible that high air preheat at low
SR1 (first stage inverse eguivalence ratio) may alsc be helpful in improving
the combustion efficiency/process temperature needs associated with good slag
rejection, while at the same time retaining the stoichiometry/chemistry needed.
for good NOx and 502 control. Here, the key parameter for slag sulfur reten-
tion and NOx control, 5R1 (first stage inverse equivalence ratio), could be
maintained while the combustion intensity necessary for good fuel utilization,
heat release, and ash melting would be improved. Implementation of this
external air preheat modification would require an auxiliary air preheater,
electrical or gas fired. plus new piping including insulation.

Of perhaps more importance is the second difficulty, namely that the perfor-
mance level of certain process variables could not be brought to acceptable
levels for any practical combination of operating parameters. Even under opti-
mum conditions, the best values for ACTSLGS (slag sulfur content), ATMSULF (sul-
fur emission to atmosphere), and SLAGREJ (combustor tap slag rejection) are con-
siderably less than desired. It is observed in Table 4 that predicted SLAGREJ
(combustor tap slag rejection) does not exceed 50% even under optimized condi-
tions. Part of this result is due to the narrow operational definition of
SLAGREJ (combustor tap slag rejection) as discussed previously. It should be
noted that the values in Table 4 are from the statistical model and that during
actual combustor operation the measured values sometimes surpassed these in per-
formance. However, these "high water” marks were not typical and were probably
due to a combination of operating conditions, likely including unobeerved tran-
sitory or non-steady-state phenomena, which were not routinely accessible, and
therefore were not easily repeatable.
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Table 4. Statistical Model Simulation for Individually Optimized Process
Obgervables ' ' '

e T ke P o AR M S i T o " T 1t T R o T S e 1 S W P o W s e ey WO e e e e il g S e WA e s e U e g e B e, e . e e A4 e .

ACTSIGS 6.5 5.6 4.2 4.2 4.0 4.2 3.1 1.7
BOILSULF 22 24 - 21 21 21 21 23 20
PCTSSCRE 47 19 48 48 40 48 12 41
ATMSULF 48 74 43 43 9 43 75 a4
SLAGREJ 27 21 24 24 50 24 44 a7
NORMNOX 258 408 168 168 467 168 620 379
XSCHROM 1.5 0.8 1.7 1.7 1.2 1.7 0.6 1.5
TSSCEEF 107 49 116 116 133 116 75 142
e otie Conditione e
1 06 06 06 06 13 06 18 13
SWIRLPR 40 0 10 10 40 10 0 10
HEATIN 20 6 20 20 20 20 & 20

et e e e iy e e e e T 5 S iy e S e e e S P i T T = Y i T - T A = = = T s = S S

-{a) Optimized variables are in the horizontal row. Optimized values for each
variable are found along the diagonal. The columns contain the values of the -
other variables when the row variable is optimized. - The optimum conditions
for the row variables are at the bottom. PCTPC (percent coal firing) = 100
and CASRAT (calcium/sulfur mole ratio} = 3 in all cases.
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Regarding overall system sulfur retention, the upshot seems to be that
sulfur capture and rejection in the combustor have not been optimized due to
underutilization of the combustor volume, i.e. the air/fuel/sorbent mixing
zone is too extensive, or the combustor is in fact too short to allow complete
reaction to occur, including fuel burnout, sorbent sulfur capture, and ash
nelting, within the combustor proper. With the first stage reactions
continuing in the exit nozzle and/or near the boiler front wall, especially
with staged operation, it is not surprising that relatively little sulfur is
captured and rejected with the slag, and that the amount of rejected elag is
reduced. It is also not surprising that carried over sorbent/sulfur reactions
in the boiler do not approach the efficiency of direct boiler sorbent injection
since the sulfur capture reactions are elther thermodynamically reversed, or
the sorbent deadburned, as the first stage gases encounter the hot second stage
flame front.

This second difficulty then suggests that optimization of the affected
process variables is limited by some sort of barrier inherent to the present
combustor operating technique and/or design. This in turn suggests that im-
provement can only be obtained by radically altering operating conditions. As
already mentioned, experimental evidence strongly suggests that the combustor
volume is underutilized, i.e. the air/fuel/sorbent mixing zone is too exten-
sive, or the combustor is in fact too short, to allow complete reaction to
occur, including fuel burnout, sorbent sulfur capture., and ash melting. Thus
corrective operation or design medifications would include changes in the air/
fuel/sorbent mixing via injection modification, or by making the combustor
longer, i.e. increasing the length to diameter (L/D) ratio. With the present
injection geometry, an estimated length increase of one to two feet would
probably result in substantial improvement. Alternatively., modified air/fuel/
sorbent injection geometry could have a positive effect if it reduces the size
of the mixing zone. In fact, injection modifications have recently been imple-
mented under the DOE ash project and have vielded significant improvement in
SLAGREJ (combustor tap slag rejection). Additional testing of this new injec-
tion geometry for improving slag rejection and slag sulfur retention with cocal
firing would be extremely useful since up till now both parameters could not be
simultanecusly optimized.

One of the chief goals of the Clean Coal project was to capture the coal
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sulfur in the combustor snd reject it with the slag. Although this concept was
clearly validated, the quantitative levels of slag sulfur content were
generally too low. Part of the problem was that two key process requirements,
low SRl (firet stage inverse equivalence ratio) operation for maximum combustor
sulfur capture, and high slag rejection, could not be simultaneously optimized
in the present unit. The latter result is important since it basically savs
that atmoespheric S0Z emissions camnot be reduced below about 43% of totall
sulfur with combustor sorbent injection, using the present combustor operation-
al and design configuration. ‘The fact that boiler sorbent injection resulted
in atmospheric 802 of less than 18% of total sulfur clearly shows that thermal/
chemical regimes of high sulfur capture potential do exist in the current BY8-
tem configuration, but were not achieved by combugtor sorbent injection. This
is seen on Table 4 where even the optimized value of ACTSLGS (slag sulfur -
content) is disappointingly low,

Regarding atmospheric S02 emissions, iflcombustor sulfur capture and
rejection with the slag cannot be raised to acceptable levels by combustor
operation or design changes, then direct boiler sorbent injection would be the
preferred sulfur control technique. In this situation, combustor sorbent
injection would mainly be for slag viscosity control, and only secondarily for
sulfur capture. Another possibility is multi-point sorbent injection. However,
these measures should be regarded as fall-back positions only, and not as
recommendations since we believe that the fire-side capture procese can be made
to work.

3.3.5. Summary of Accomplishments

The Cooperative Agreement between DOE and Coal Tech work statement for
this Clean Coal project listed a group of five objectives. They were:

A. Demonstrate that 70-80% of the potential sulfur oxide emissions from the
combustion of a 2-4% sulfur cpal can be picked-up in the combustor by a sorbent

B. Demonstrate that 90-95% o> the ash contained in the feed coal plus the
sorbent used for the 802 pick-up can be discharged from the combustor as a low

viscoeity slag before it enters the boiler.
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C. Demcnstrate, on a commercial scale, that nitrogen oxide emissions can be
reduced to 100 ppm, or less through fuel and air staging.

D. Prove that this combustor has a durability of approximately 900 hours of
steady state operations, with frequent start-ups and shutdowns.

E. Developed the knowledge that this combustor is compatible with existing
boilers, has a 3 to 1 turndown ratio, and will have the potential of bringine
existing boilers to meeting New Source Performance Standards.

To implement the above five objeotivés. a set of 10 sub-objectives were
formulated by Coal Tech. The following describes the progress that was made in
meeting these 10 sub-objectives: (Each of these will be referenced to the
letter corresponding to the 5 overall objectives, i1.e. "Objective A-1" refers
to overall objective A, sub-objective 1.)

Objective #A-1. Comhustor operation with coals having a wide range of
sulfur contents.

Tests were performed with about eight different Pennsylvania bituminous
coals with sulfur contents ranging from 1% to 3.3%, and volatile matter (VM)
content ranging from 19% to 37%. Early in the program, before proper
pProcedures for air cooled operation-had been deﬁeloPed, it was not possible to
efficiently burn and slag very low VM coals. However, this problem was solved
and all the coals were efficiently burned and slagged.

The use of an off-site source to provide the puiverized coal (PC) in a
tanker truck, as opposed to on-site pulverization, was a high risk decision
that was dictated by resource limitations. This procedure proved to be
generally satiefactory. In the course of three years of testing, only two
loads of coal were contaminated with foreign or tramp material, and the cause
in each case was rapidly identified.

Objective #A~2. 70 to 90% reduction in sulfur oxides in the stack, with
A maximum of over 80% S02 reduction was measured at the boiler outlet
stack, ueing sorbent injection in the furnace at Ca/5 ratios » 3. However, this
result is based on limited data from work mainly conducted under the ash
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melting projects. It should also be emphasized that these results were
obtained during preliminary trial runs which made no effort at parametric
optimization. Until further testing can be performed, a full analysis of the
furnace injection results is not possible.

Good progress was being made toward the end of the test effort in meeting
the second part of this objective. This involves a two-step process of sulfur
capture, namely, sorbent injection in the combustor and retention of the sulfur
bearing sorbent in the-slég that is removed from the combustor. This process
requires efficient combustion under very fuel rich conditions for the sulfur
capture to occur, and rapid slag removal from the combustor of the sulfur laden
slag. Efficient fuel rich combustion and repid slag removal were only simulta-
necuely achieved in the later etages of the three year test effort, following
many incremental improvements in the combustor’'s operation. By the end of the
project, a maximum 58% S0Z2 reduction had been measured at the boiler cutlet
stack with sorbent injection at Ca/S = 2 in the combustor. About one~-third of
the coal sulfur was retained in the dry fly ash removed from the floor of the
combustor at the end of one of the tests. Very recently, with much improved
slag removal from the combustor, 11% of the coal sulfur was retained in the
slag, which was asbout a factor of 10 greater than that measured earlier in the
project.

In tests subsequent to the completion of the Clean Coal proiject, high
frequency (about 1 second frequency and several feet in amplitude) coal flame
fluctuations were detected in the combustor at part load conditions and at near
stoichiometric air/fuel ratio in the combustor. These fluctuations have been
traced to the feed system. It is, therefore, quite probable that similar fluc-
tuations exist in the sorbent injection system. This means that the temporal
air/fuel ratio changes significantly in time periods of the order of the gas
transit time in the combustor. At the higher firing rates used in most of the
Clean Coal tests these fluctuations were not as pronounced, most probably they
were masked by the intense luminosity of the combustor flame. Such a situation
will have an even greater impact at very fuel rich combustor conditions. It
is, therefore, posgible that these fluctuations were in part the cause for the
poorer and varying sulfur capture experienced in the present combustor compared
to the results cbtained in the smaller (5-7 MMBtu/hr} cyclone combustor used by
Coal Tech at the Argonne National Laboratory (Ref.5).
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A second factor that is of major importance in combustor sulfur capture is
efficient sorbent, coal, and air mixing. Thies point has been noted previously
in thie report. Post Clean Coal project tests have been performed with an
improved solids injection system and significant improvemente in slag reten-
tion have been observed. This new injection system could be used to achieve
better mixing during sorbent injection. It would be of great interest to
repeat the sulfur capture tests in the combustor with the improved sorbent
injection method as well as with the smoother coal feed system. In addition,
other experiments have been defined which should conclusively validate the
process of high sulfur capture and retention in the slag. We are very
confident that this non-equilibrium process of sulfur capture and retention of
the sulfur in the slag, for which Coal Tech has a patent, can produce. the
levels of sulfur reduction stated in this objective.

Recently, workers at AVCO Research Laboratory (R.Diehl, et.al.."Emissions
Control in a Coal Fueled Gas Turbine Slagging Combustor for Utlllty ,
Applications” in 7th Heat Engines Contractors Meeting, NTIS #-DES0000480, p.113-
122) reported measuring about 90% sulfur capture by this process in a slagging
coal combustor in a 6 atm. pressure combustor using a similar non-equilibrium

sorbent injection process.

Objective #C-3. NOx reductions t¢ 100 pom or less,

With fuel rich operation of the combustor, a three-fourths reductlon in
measured boiler outlet stack NOx was obtained, corresponding to 184 prpmv. An
additional 5 to 10% reduction was obtained by the action of the wet particulate
scrubber, resulting in atmospheric NOx emissions as low as 160 ppmv. This |
range of reduction is readily achieved in numerous staged combustion furnaces.
The novel aspect of the present results is that they were achieved with final
combustion air injection near the fuel rich exhéust from the combustor. In
this kind of arrangement, it is known that reductions in overall NOx have not
been optimized owing to the effects of second stage flame temperatures, which
were probably higher than necessary to achieve good fuel utilization. Modifica-
tion of tertiary air injection gecmetry to evaluate the effects on NOx control
vs. combustion efficiency were not undertaken since project goals, as well as
limited resources, dictated that most of the effort be directed toward improv-
ing sulfur capture.
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Objective #B-4.
fux;;xmnxnnxiaL_are_enx1rQnmeniallx_1ner1,Qrﬂcan_kﬁLxﬁadllzﬁcgnxeried_ig_am
inert form,

All slag removed from the combustor has yielded trace metal leachates well
below the EPA Drinking Water Standard, when subjected to the Extraction Proce-
dure (EP) Toxicity test. In the future, it is planned to test slag leachabili-
ty with the newer TCPL test. In addition, combustor slags were tested non-
hazardous with regard to cvanide and sulfide reactivity.- Also. it remains to
be determined whether high sulfur retention in the slag will maintain the slag
leachability and/or reactivity of sulfides within acceptable limits.

The scrubber solids were disposed of in the Williamsport sanitary sewer sys-
tem. This solution is unacceptable for long duration operation in large indus-
trial and utility boilers. Coal Tech has a project currently in progress 1o
determine the feasibility of converting fly ash collected in stack particulate
equipment to inert slag by reinjecting the ash into the combustor. In any case,
our scrubber fly ash represents only about one—quarter of the total ash, com-
pared to 85 to 90% in a PC fired boiler. Fly ash is mostly landfilled while
bottom ash and slag can be used beneficially.

The local particulate emission standard of 0.4 1b/MMBtu has been met with
the use of a single stage, wet venturi, particulate scrubber. The resultant
sludge is disposed of in the sanitary sewer system.

Slag retention is critically dependent on proper solids injection, effici-
ent combustion, good slag flow and drainage from the combustor, and the dura-
tion of the run. The lagt item is of importance in that in single day runs, as
in the bulk of the present pﬁoject, a significant quantity of slag is inven-
toried in the combustor and/or collects in the exit nozzle. The degree of
collection in the exit nozzle also depends on the operating conditions in the
combustor. In any case, total slag retention under efficient combustion operat-
ing conditions has averaged about 72%, with a range of 55% to 90%. These fi-
gures include the slag inventoried in the combustor exit nozzle and on the
boiler front wall. Under more fuel lean conditions, the slag retention
averaged 80%.
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In post Clean Coal project tests on fly ash vitrification in the combustor.
modifications to the solids injection method and increases in the slag flow
rate produced substantial increases in the slag retention rate.

An equally important aspect of slag retention is slagging of the boiler
tubes in the boiler furnmace and convective sections. In three years of
operation with 100°e of hours of coal fired operation, no slag deposits were
formed on the boiler tubes, only dry ash deposits were formed. The latter were
easily brushed off. This is a very significant result for future oil fired
boiler retrofits.

Objective #A-6. Achieve efficient combuetion under fuel rich conditions.

Efficient coal combustion requires good slag coverage and, as noted above,
this required development of proper air cooled combustor operation. After
proper operating procedures were achieved in 1988, 99+% combustion efficiencies
were measured in the boiler ocutlet stack with first stage inverse equivalence
ratios (SR's) in the range of 0.85 to > 1. Achieving the same combustion
efficiency at SR in the range of 0.65 to 0.85 required considerable development
in the areas of air cooling, coal type and firing rate, slag flow, sorbent type
and throughput, and process temperature. It was only in the latter part of the
test effort that efficient combustion was achieved at SR = 0.7 or less. One
should note that inefficient fuel rich combustion is characterized by extensive
unburned char rejection in the slag tap.

Objective #E-7. Determine combustor turndown, with a 3 to 1 objective,

This is one area where the air cooled combustor has a clear advantage over
water cooled units since with aii' cooling wall temperatures can be adjusted
over a wide range. Nevertheless, it required considerable effort to a;:hieve
this goal. Efficient turndown reguires a proper integration of thermal input
with wall cooling procedures. The initial approach selected to attain this was
found to be incorrect and a number of alternate procedures were tried before
the correct one was identified. One component of the correct procedure was to
preheat and cooldown the combustor on coil since coal combustion was poorer at
very low fire. This resulted in less coal consumption than had been originally
planned. The resulting turndown was from 19 to 6 MMBtu/hr with coal. a 3.2
turndown. At this time we believe that a 4 to 1 turndown from 20 MMBtu/hr can
be achieved with coal.
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One other plus with air:.cocling ies that the bulk of the combustor wall -
enthalpy was recovered as regenerative combustion air preheat while the small
amount of cooling water to some of the combustor components accounted for only
2 to 3% of total heat input as permanent heat loss.

Another related result is that even with staging. coal fired flame lensths
fit into the boiler firebox. Thus no boiler derating was required for this -
reason. This is in contrast to conventional PC burners wherein the entire
combustion process must take place within the boiler., Several visual
inspections of the boiler tubes in the radiant section showed no evidence of
corrosion/erosion due to coal firing., In addition, the small dry ash buildup
in the firebox was quickly removed between test runs by vacuuning. Periodic
soot blowing at the end of a test series kept the convective section clean.

It is appropriate to note some of the constraints which prevented the .
combustor from being operated at its design maximum of 30 MMBtu/hr. In the
first place, the 30 MMBtu/hr rating is based on fuel-rich, staged operation at
70 % or less of theoretical combustion air. In practice, it was discovered -
that the combustor could not be brought up to operating temperature under fuel-
~rich conditions. Thus. a stoichiometric or excess air heatup was required. At
the 30 MMBtu/hr level there was insufficient combustion air to achieve a near-
stoichiometric heatup. Secondly, the test boiler had a thermal limit of 23
MMBtu/hr. This fact put a ceiling on the thermal heat input regardless of
combustor operation. Finally, the availability of water to the boiler was
largely limited by supply pressure, which tended to fluctuate and drop,
especially in summer afternoons, and/or by the flow capacity of the boiler
water de-aerator. This set the practical operating limit at 19 to 20 MMBtu/hr.

Objective #D-8. HEvaluate materials compatibility and durability.

Different sections of the combustor, i.e. the consumables injection sec-
tion, air cooled liner, slag tap, and exit nozzle, have different materials
requirements. ©Suitable materials for each section have been identified from
test resulis. Also, the test effort has shown that operational procedures are
closely coupled with materials durability. This applies especially to the
refractory components including the air cooled combustor liner, slag tap. and
exit nozzle. The procedure used in the tests of daily cycling the combustor
between pilot heating and fuli thermal load imposed much more -severe thermome-
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chanical stressing on the system than steady state operation over extended
periods. In any case, a combination of materials and operating procedures has
been identified which will result in acceptable materials durability. For
example, by wall temperature contreol it is possible to replenish the combustor
wall thickness with slag, and this procedure has been recently successfully
tested. Due to continuing changes in environmental laws concerning solid waste
disposal, this area requires further work. For example, changes in leachine
standards for sclid waste produced in coal combustion may require changes in
refractory selection or in operating procedures to maintain environmentally
inert. solid wastes.

. Ubjective #D-9. Operate the combustor-on coal for approximatelv 900 hours
of steadv state operations with frequent startup and shutdowns.

The combustor's total operating time during the life of the Clean Coal
project was about 900 hours. This included about 100 hours operation in the
ash-to-slag conversion tests. Of the total time about one-third was with coal.
As noted above, the major cause for this lower coal firing period was the inabi-
lity to uese coal for preheat and cooldown, as had been originally planned.
About 180 tons of coal were used in the course of the project, of which about
125 tons were consumed. Another factor in limiting the total operating time on
‘coal was the considerable work that was expended. especially in the first half
of Phase 3, in correcting operational problems in commercial auxiliary compo-
nents, (e.g. fans, coal feed.etc.) (5ee comments in Objective D-10). It should
be noted that in the latter part of the project. and after the completion of
the Clean Coal project when the combustor commuter control system was
implemented, the actual coal firing tests times were verv close to the
scheduled coal fired tests times.

Objective #D-10. DeyelQn_safe_and_reliable_combustér_Qperating_nrocedu:eSA
In our opinion this was one of the major obiectives of this proiject, and it
was fully met. COperating procedures are necessary to achieve coal type flexibi-
lity, efficient air cocled liner operation. uniform coal and sorbent feed. con-
tinucus slag removal, acceptable combustor/boiler interface thermal perfor-
mance, and acceptable particulate emission control. In planning the project,
it was assumed that the auxiliary svstems, e.g. solids feed. air fans, etc..
- were commercial "off-the-shelf” items. As such they would require essentially
no additional development, and the bulk of the project effort would focus on
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the combustor. In practice, it was found that problems were encountered with
all auxiliary systems. Fans had to be replaced, the coal and sorbent feed
systems required extensive development. the scrubber walls eroded and had to be
replaced. To each of these problems. unique solutions were developed. They
now form a valuable and proprietary data base for operating this combustor.

The entire test effort was performed with manual control of the combustor
during preheat, cooldown, and coal fired operation. This was done for two
reasons: budget limitations. and lack of an operational data base for commerci-
ai scale air cooled combustors. A commercial conventional computer control
system suitable for an R&D facility would have cost a significant fraction of
the entire project budget. In the course of the final vear of Clean Coal test-
ing, sufficient data had been accumulated to allow conversion of the combustor
to computer control. Coincidentally, Coal Tech had developed a computer con-
trol system for ocne of its other projects that was based on a perscnal compu-
ter. . This system was combined with a commercially available generic process
-control software package, which was customized by Coal Tech for the air cooled
combustor'é'operation. This system was installed for use in the final Clean
Coal test in May, 1990. Due to “bugs” in the software, as well as some defects
in purchased hardware, only limited computer control was implemented in this

© test. However, the computer was able to operate all the control components

with manual input to the computer. It is anticipated that complete computer
control will be implemented shortly under the ash project.

In conclusion, the procedures needed for long duration air cooled combustor
operation have been developed during the Clean Coal Technology Phase III test
effort. Additional round-the-clock continuous operation verification tests
should validate this conclusion. Since there was some doubt among combustor
experts whether air cbéling would work, this is a major accomplishment, Air
cooling was shown to provide more operational- flexibility than water cooling.
As an example, a three to one combustor turndown, which was a project
objective, was achieved with a thermal input range of 6 to 18 MMBtu/hr.
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3.4. Becommendations for Future Work
3.4.1. Near-Term Testing

The two most importaht tests that remain are optimization of sulfur cap-
ture in the combustor and sulfur retention slag removed from the combustor. and
round-the-clock coal fired operation. With the new compater controlled combus-
tor cperating system and the improved feed and solid injection systems both
steps can now be taken and Coal Tech has submitted a proposal to DOE for this
purpose. The following briefly describes the nature of these tests:

3.4.1.1. Sulfur Capture Teets in Comtustor

As has been noted in several places in this report, sulfur capture inside
the combustor requires efficient very fuel rich combustion as well as rapid
slag removal to prevent desulfurization of the slag. In addition, the data to-
date suggests that the maximum sulfur concentration in the slag formed from the
reacted sorbent and coal ash may be limited to a small fraction of the total
coal sulfur. This problem can be solved by increasing the total slag mass flow
rate by injecting additional ash into the combustor. Coal Tech is developing
procedures for injecting fly ash into the present air cooled combustor as part
of another DOE sponsored project on fly ash vitrification. To-date, the ash
level injected has reached the equivalent of a 45% ash coal under conditions
where good slsg flow and slag removal from the combustor was sustained. This
is considerably greater than the slag mass flow rates needed to capture sulfur
in the combustor in very high sulfur coals and still maintain good slag flow.
At these high ash level the degree of sulfur retention in the slag can be very
low. For example, in a 4% sulfur, -10% ash, bituminous coal, with sorbent injec-
tion at a Ca/S ratio of 3, ash injection at the rate of 22% of the coal flow
rate (total equivalent ash level is 32%), will produce acceptable slag flow
properties in the combustor and result in less than an 8% sulfur concentration
in the slag. The latter is within the sulfur concentrations measured in Clean
~ Coal project tests.

The second part of the sulfur cptimizations tests is to optimize the
combustion efficiency. As noted, recent tests have uncovered strong malti-
second flame fluctuations under part load, fuel lean conditions. These were
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most probably present in the higher thermal input fuel rich tests performed
during the Clean Coal project. Very recently, a procedure has been found that
has considerably smoothed out these fluctuations. and this points the direction
for further improvements. This result is of some significance to the sulfur
capture tests as temporally uniform coal and sorbent injection are essential to
achieve rapid sulfur-sorbent reaction in the combustor.

Another part of the sulfur capture optimization process is to be able to
inject sufficient sorbent to achieve a high Ca/S ratic and to assure rapid and
uniform mixing of the sulfur and sorbent. The sorbent injection capability of
the combustor during the Clean Coal tests was limited to a2 very low Ca/5 ratio
even in medium sulfur coals. Very recently a new injection system has been
installed which allows a fivefold increase in the injection rate, as well as
better mixing with the fuel.

Even with the above improvements it is still eesential to separate the
sulfur capture process from the sulfur retention process in the slag. To accom-
plish this a test was planned at the end of the Clean Coal project to inject
calcium sulfate, instead of limestone, into the combustor, and to measure the:
fate on the sulfur in the combustion gas phase and in the slag. Unfortunately,
this test was the one test when the mechanical slag breaker was damaged due to
an oversight and the gypsum injection did not continue for a sufficiently long
time to evaluate the fate of the sulfur. This test, as well as a test in which
a surrogate material having an extremely rapid sulfur gas release, e.g. high
sulfur oil or HZS gas, should be implemented. These tests and the new proce-
dures should finally resolve the sulfur capture potential of the combustor.

3.4.1.2. Round-the-Clock Coal Fired Operation

Due to manpower and budgetary constraints, there were no plans to perform
round-the-clock coal fired tests in the Clean Coal project. In addition, only
several teste were performed with round the clock manned operations in which
substantial ©il and gae heat inputs were used. Thie experience showed that
overnight manned coal fired operations would be very costly since a full test
crew including senior test engineers would have to be in attendance.

The automation of the combustor for overnight unattended operation with a
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gas fired pilot heat input in early 1989 was an important first step in the
direction of continuous coal fired operation. However, it was only with the
addition of the current computer control of the combustor that round-the-clock
coal fired operation is feaeible at a reasonable cost. The current computer
control system has most of the components needed for automatic unattended coal
firing. The only additiones necessary would be automation of the slag removal
and elag tap clearing. which can be easily implemented. In addition. the
present coal and limestone gtorage systems are capable of one 8 hour shift
operation at half load without refilling, and this step could also be partially
automated by controlling the coal bin refilling from a tanker truck placed
alongside the boilerhouse. In additicn, the use of computer control and data
acquisition has considerably reduced the manpower required to monitor and
record the combustor performance.

Therefore, it has been proposed that a series of increasingly longer con-
tinuous coal fired tests at part and full (20 MMBtu/hr) boiler load be implemen-
ted with continuous coal firing for periode of 24 to 48 hours duration. The
only modifications to the combustor needed to implement these tests would be to
refurbish the boiler front wall to add a modest amount of additional cooling of
the front wall of the boiler, and to refurbish one water cooled circuit at the
upstream end of the combustor.

Some. of the test data suggest that either additional air pre-heat or a
somewhat longer combustor might result in improved combustion and sulfur cap-
ture inside the combustor. BSeveral design approaches have been considered to
implement these changes. One would involve a very modest change to the combus-
tor, while the other would require the addition of another section. Whether
thie is in fact necessary, and which of these two approachee should be selected
should become clearer as the above tests are implemented.

The total test time required to implement the above tests is estimated at
an additional 500 hours. At their completion the sulfur capture capability,
durability, and degree of automatic operation of. the combustor would be
established.
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- 3.4.2. Long-Term Air Cooled Combustor RD&D

Coal Tech is currently testing the use of this combustor for the vitrifi-
cation of coal fly ash and two one day tests on"bhe vitrification of municipal
incinerator ash were performed. The objective of these tests is to determine
the degree of trace heavy metal retention in the chemically inert slag and the
maximun throughput of fly ash through the combustor. Experiments to date are
approaching 1/2 ton/hour ash throughput rates, and theoretical analvysis sug-
gests that this rate could be doubled in the present 30 MMBtu/hr combustor.
The second application is the combustion of municipal refuse derived fuels
{FDF) under conditions where no undesirable micropollutants are emitted with
the stack gases, and where the resultant slag ie also chemically inert. Four
one day tests on co-firing of refuse derived municipal waste with coal were
very successful. The ratio of RDF/coal was varied from 15%/85% to 55%/45% by
weight. The slag properties of the solid waste were similar to those with coal
only firing.. o '

The next logical step in the commercial development of the combustor is a
scale-up to the 100 MMBtu/hr eize. . Coal Tech has performed preliminary engi-
neering design studies of a 10 MWe electric power plant using the Coal Tech air
cooled combustor on an oil design boiler for this purpose. .Several sites in
the Scutheast Pennsylvania area have been identified. The objective of this -
compercial scale project is to produce electric power for sale to a local
utility over a 10 to 20 year period. -The plant would alsoc serve as a commer-
cial demonstration site of this technolegy for future use in industrial and
utility boiler applications because the 100 MMBtu/hr size range is the modular
size that would be retrofitted on larger boilers in multiple units.

Another application is to use the combustor in & combined gas turbine-
steam turbine cycle. Coal Tech has performed preliminary several analyses of
two novel combined ‘cycle configurations in which the air cooled combustor is
fully integrated with the gas turbine gas stream. Both cycles result in
substantial increases in overall cycle efficiency. In addition, in one of the
cycles, the combustor's integration in the combined cycle could result, nc.
only in higher cycle efficiency, but also mach higher 802 and NOx reductions,
specifically above 85% and 90% respectively. The combined cycles would apply
to power plants in the 5 MWe range and higher. The fuel could be coal, or coal

90



co-fired with refuse derived fuel. ' The minimum economical thermal rating for
the combustor would be about 50 MMBtu/hr, which is only about a factor of two
scale up from the present combustor rating. By using combustors rated at 100
MMBtu/hr., - these cycles could be scaled up to small utility sizes in the 100 MwWe
range. The 5 MWe commercial project could be implemented at the conclusion of
the durability tests outlines in the previous sub-section. '

3.5. Combustor Applications
3.5.1. Boiler Retrofit Applications

During the past decade, Coal Tech has explored several applications of the
combustor. The primary focus in the first half of the 1980°s were detailed stu-
dies on the retrofit of the combustor to varicus utility size boilers. The
most extensive of these was to a 125 MWe oil fired power plant located in the
Southern California Edison Company system (Ref.28). This study resulted 'in a
detailed design of a 100 MMBtu/hr air cooled cyclone combustor that served as
the prototype desian for the present 30 MMBtu/hr unit. In addition, a consi-
derable effort was expended on obtaining a compact design for the attachment of
multiple 100 MMBtu/hr combustors to the 125 MWe power plant. Other unpublished
studies considered the retrofit of this combustor to power plants up to 800 MWe
rating, and as eémall as 100 MMBtu/hr industrial boilers.

One major combustor application is for sulfur control in utility boilers.
The following sub-section will provide a summary of recent analysis of the eco-
nomics of the retrofit of this combustor to a nominal 250 MWe power plant. - -

The second important application for this combustor is the retrofit of
industrial boilers in the 100 MMBtu/hr size range and up. from oil/gas to coal.
The 10 MWe power plant project menticned in the previous section is an example
of éuch an application. The design selected is economical for in-plant steam
generation for a wide range of coals. It is also economical for over the fence
power generation sales, if the coal fuel is mixed with a waste type fuel. such
as RDF. As the economics of these smaller plants is very sitve epecific no dis-
cussion will be presented at this time. However, note that the delivered fuel
cost is a major factor in the plants economics. For economic application the
plant must be generally within about 200 miles of the fuel source.
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The third application is to boilers in the size range of the present com-
bustor project, i.e. boilers less than 100 MYBtu/hr rating. Here the preferred
fuel would be a slurry or an off-site central coal pulverization plant, or a
waste fuel, such as RDF. In the first two cases fuel delivery would be by tan-
ker truck, i.e. the method used in the prior coal-water slurry project and the.
present Clean Coal project. With oil/gas in the $20-30/barrel price range this
application could become very important, provided the boiler operator costs are
drastically reduced. . This goal can be achieved if the present computer-contrpl
system .is fully demonstrated. Ite use woﬁld ailow the combustor to operate
with little or no supervision. This application is the nearest to commercial

readiness.
3.5.2. Solid Waste Control Applications

Another combustor application is to the economic use of solid wastes, such
as ash vitrification, organic waste inqineratién, or solid waste combustion,
such as RDF. The key elements in the technical and economic feésibility of
this application are the maximum attainable feed rate, and the degree of reten-
tion or destruction of organic and inorganic micropollutants in the slag or in
the combustor. The sclution to these problems is the focus of current tests on
the 30 MMBtu/hr combustor. The solide feed problem is very challenging.'especi—
ally in materials such as RDF and fly ash. The novel feature of Coal Tech’s
approach to trace metal retention in the slag is to assure rapid ash melting
and slag removal in a time that is less than the diffusion and vaporization
time of the volatile trace metals, such as Fb, As, etc. To be economical these
materials must represent a significant fraction of the total sclids mass flow
rate in the combustor.

3.5.3. Economics of Retrofit of a 250 Mée Coal Fired Utilitv Power Plant.

_ Plant Performance: The following discussion summarizes the results of an

-analysis performed during the past yvear that is based on the sulfur control

results obtained in the Clean Coal project. Onlv experimentally demonstrated

results were used. Therefore, better economice are attainable as the combustor

sulfur capture .mproves. Full details and references are given in reference 27.

The analysis was based on the conversion cost of the 250 MWe coal plant speci-
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fied in the DOE Innovative Clean Coal Technology III Solicitation, and it
considers only the cost of a retrofit with 16 Coal Tech's combustors, each
rated at 150 MMBtu/hr. The economic assumptions used in the following cost
data were obtained either from the guidelines that were specified by DOE Clean
Coal III Solicitation (Ref.32) or by the groundrules specified for the "Compara-
‘tive Economics of Clean Coal Technologies” Conference (Ref.27). Coal Tech
makes no claims as to the validity of the economic assumptions in the three
referenced documents. The following resulte are meant to be used for compari-
tive purposes. Also, Coal Tech’'s cost estimates on the combustor and immediate
auxiliary equipment are based on proprietary data of the Company.

Table 5 shows the performance for the 250 MWe plant. The first column
shous the original coal fired plant specified by DOE Clean Coal III. It does
not control either SOZ or NOx. The 2nd and 3rd columns show respectively, the
performance with a 2.4% and a 4.3% sulfur coal. The 502 reductions shown in
Table 5 are achieved in two steps. With limestone injection into the combus-
tor, 40% and 30% S0, reductions are achieved in the 2.4% and 4.3% coal respec-
tively. The different reductions in the two coals are dictated by the need to
maintain proper slag flow conditions in the combustor. The second step of 80%
80, reduction is achieved by lime injection downstream of the combustor into
the beiler. With this 2 step process, overall SO2 reductions of 88% and 86%

are achieved for the two coals, with Ca/S ratios of 2.5 & 2.35, respectively.-

The next item of interest in Table & is the parasitic power. This con-
sists primarily of the added fan power dissipation required for the air cooling
.of the combustors and the limestone pulverization power. The second major
source of parasitic losees are heat losses from calcination, water cooling of
several parts of the combustor which cannot be air cooled, and heat losses due
to quenching of the elag removed from the combustor. These losses are estima-
ted at 112 MMBtu/hr [equal to 4.7% of the thermal input of 2370 MMBtu/hrl, and
140 MMBtu/hr [5.9% of the thermal input for the 2.4%S and 4.3%S coals, respec-
tively.

A 75% NOx reduction is assumed ueing staged combustion. It is assumed
that the combustor will retain at least 80% of the mineral matter as slag., and
that the injected sorbent in the boiler will partition in a manner similar to
bottom ash and fly ash. Therefore, the existing stack particulate cleanup
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equipment will satisfy the 0.1 1b/MMBtu emission standard.

The net reeult of the above calculations reduce the net power output of
the plant from 250 MWe to 232.5 & 2295.1 MWe for the 2.4%S and 4.3%5 coals, and
the heat rates from 9480 Btu/kW-hr to 10,144 & 10,345, respectively.

Capital and O8M Cost: The capital cost of the retrofit is shown in Table
8. It consists of the following sub-systems: Limestone storage, pulveriza-
tion, and feed system; coal feed {0 the combustors; 16 combustors, including
fans and ducting; boiler sorbent injection; slag removal. -

The total cost for the process equipment cost for the retrofit was derived
from the DOE Clean Coal III guidelines (Ref.32). It is estimated at $39 mil-
lion. This cost includes a Retrofit Difficulty Factor of 1.55 for the combus-
tor sub-system., and 1.1 for the other retrofit sub-systems. Of the basic cost
of $25.6 million, about 50% represents the combustor sub-system. To this cost
are added Process Contingency Factors, as specified in ref.32. The total plant
cost factor of 142% of the process cost, which accounte for general facilities,
engineering, and other contingencies, results in a plant cost for the retrofit
of $55 million.

The next item is the allowance for interest and price escalation during
construction which is estimated to require 2 vears, and equal to 3% of the
total plant cost, or $ 1.66 MM. The 2 year period for actual construction is
based on the fact that the air cooled combustors are attached to the boiler
without any modifications to the heat distribution in the boiler. Therefore,
the only changes to-the boiler are breaching of the water wall, if a corner
fired boiler is used. No added wall breaching is needed if a face fired boiler
is used. The combustors are supported separately from the boiler.

The next item is pre-production costs which relate 4o startup costs, and
consist mainly of one month’'s total operating costs. It is estimated at $1.81
MM & $2.04 MM. for the 2.4%5 and 4.3%5 coals, respectively. The next item ie
inventory capital, which equale a 60 day supply of incremental coal and lime-
stone supplies for the retrofit. It is 30.86 MM & $ 1.21 MM for the two coals.

- The total capital cost for the retrofit is $59.75 MM. ($257/kw) and $60.35
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MM. ($263/kw) for the medium and high sulfur coal cases.

The next group of items in Table 6 are the operation & maintenance costs.
(Again note that these costs were derived with the DOE-CC III guidelines, ref.
32). The first item, the variable operating cost/hour, consists of the follow-
ing items: The cost of the parasitic power, which 4s charged at a rate of 5
cents/ kw-hr; the parasitic heat, which is charged at the coal rate of $20/ton;
the limestone, charged at a rate of $20/%; water loss, which is negligible: the
slag [consisting of a melt of coal ash and Ca compounds] and calcium sulfates/
Ca0, for which a credit of $ 4/ton is taken; and the maximum 20% of these
materials that are captured as fly ash for which a $6/t charge is made. The
justification for the slag sale is that it is chemically inert and could justi-
fy a price of at least $10/%t as a construction material. Similarly, the parti-
ally reacted sorbent injected in the boiler is relatively ash free, and it
could be used in gypsum manufacture.

The annual maintenance cost is taken as 5% of the process area capital.
The annual incremental operating labor is based on 4 operators/shift. The
annual fixed O&M costs are taken as 112% of the annual maintenance cost plus
130% of the annual labor costs. This results in a total annual 084 cost of
$5.06 MM. & $10.85MM. for the 2.4%S and 4.3%S coals, assuming 7000 hour opera-
tion. This converts to 4.95 mills/kw-hr & 6.77 mills/kw-hr. It is to be
emphasized that these are incremental costs only associated with the conversion
of the 250 MWe plant with the Coal Tech combustors. |

EQQaniQﬁ_Qf_ﬁQ2_&_NQX_BﬁduQLiQn: Since the analysis of the 250 MWe power
plant is for a retrofit whose primary purpose is to reduce S02 and NOx emis-
sions to NSPS requirements, the conversion cost analysis has been structured to
allow a determination of the incremental cost of meeting NSPS requirements.

The results are shown in Table 6, and they were arrived at in the following

manner:

The economic assumptions were (Ref.27 guidelines): 10% cost of funds. 25%
equity-75% debt financing, a 50% tax rate, and straight line depreciation. A
15 year life, including depreciation and amortization over 15 years was used.
The reason for this was to allow comparison with an EPA/EPRI economic study of
the LIMB process (Ref.31), which is similar to the present technical approach
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in that sorbent injection occurs in the boiler.

The O&M coets shown in Table 6 were escalated over a 15 vear period using
the GNP deflator, and added to the 15 year amortized debt service. After de-
ducting taxes, an arithmetic average of the total 15 year cost was computed.
To this was added, using an arithmetic average over the 15 year pericd, of the
25% equity investment. For the latter a 10% opportunity cost was assigned.
The resultant levelized average annual cost over the 15 year period is shown in
table 6. This capital and 08 cost of about 10 mills/kw-hr is essentially
identical to the values quoted in the EPA/EPRI study for 10 different LIMB
cases applied to a 300 MWe wall fired unit at 62.8% capacity factor and using
1985 dollars and 1.92%S & 3.36%5 coals. These costs are about 1/2 of the
equivalent wet flue gas scrubber costs cited in reference 31. However. the
economic assumption used in the EPA/EPRI study were not fully specified and
they may not be identical to the present ones.

The incremental capital costs for the present case of about $250/kw are in
the range of the FGD costs, and about double those for the LIMB costs as given
in the EPA/EPRI study. Again, the economic assumptions may not be identical.

The best means of comparison is the cost per ton of 50,/NO, removed. Here,
the present analysis shows levelized values of $304/ton for the 4.3%5 and
$476/ton for the 2.4%S coal for removal of both pollutants. This compares with
$752/ton for the 3.36%5 coal, and $324/ton for the 1.92%3 coal for 80, removal
only in the EPA/EPRI study. The comparable FGD costs are $13539/ton and $829/
ton for the two coals respectively. This much lower cost of the present
approach is much too great to be due to different economic assumptions.

It should be noted that it has been assumed that the retrofitted plant has
a higher availability than the conventional coal plant, 80% versus 75%. This
assumption applies to a mature plant. It is also based on the use of modular
air cooling combustor designs that would allow removal of individual combustor
and their replacement with spares in a pericd that is much shorter than in-
boiler maintenance of water cooled slagging combustors. The reason is that
there is no connection of the combustor to the boiler water-steam loop. Also,
the low ash carryover reduces the fouling and ash deposits in the boiler, there-
by reducing downtime for boiler maintenance from a conventional coal plant.
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TABLE 5 250 MWe POWER PLANT PERFORMANCE-

Reference Plant CombustorReftrofit CombustorReffrofit

o 2.4%5 / 4.3%5 . 2.5% S coal 4.3% S coal
1. Coal Feed Rate,t/hr 108 / 105 . 1056 : 105
2. Limestone,t/hr - -- ST 19.6- : 1 23.2
3. Slag-(Coal & Sorbent),t/h -- = 13 " 13.9
4. Spent Sorbent & Fly Ash.t/hr -- 12.8 : .. 22.4
5. Emissions @ Stack, lb/MMBtu - :
—302: 3.8 /7.6 0.46 1.07
-NOT: 1.2 /1.2 0.3 0.3
~Pafticulate 0.1 /0.1 0.1 0.1
6. % Emissions Reduction
-802 in Combustor ‘ - 40 a0
vSO‘.2 in Boiler : - 80 80
*802 Total , - 88 ‘ 86
-NOx Total - 75 75
7. Total Thermal Input, MMBtu/hr 2370 2370 2370
8. Parasitic Thermal Losses, M'Btu/hr - 112 © 140
9. Parasitic Power, Mie - 5,05 5.3
10, Power Production, MWe o
~-Groes 264 - 2581.6 248.4
-Net ‘ . 250 - ‘ 232.5 229.1
11. Net Heat Rate, Btu/kW-hr 9,493 10,144 10,345
12, Plant Efficiency, % 36 33.5 - 33
13. Plant Availability, % 75 80 80

Note: The performance data for the reference plant are given in reference 8.
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TABLE 6 CAPITAL COST & OPERATING COSTS OF THE

CAPITAL ITEM-(MMZ)

A-Process Capital
B-Total Plant Cost
C-2 yr. Coﬁstmction Financing & Escalation
D-Total Plant Investment
E-Preproduction Costs
F-Inventory Capital
G-Total Capital Cost
H-Unit Cost- $/kw

OPERATION & MAINTENANCE ITEMS
I-Variable Operating Cost-$/hr
K-Annual Maintenance Cost-IMM$
L-Annual QOperating Labor-MM% (4 (Cperators/shift)
M-Annual Fixed (&4 Cost-MM3
N-Annual Variable (8M Cost-(7000 hrs/yr)-MM$
O-Total Annual Q&M Cost-bﬂ‘ﬁ
P-Unit O&M Cost-mills/kw-hr

15 YEAR LEVELIZED RETROFIT COST, mills/kw~hr
[Includes capital and (&M costs; See text]

15 YEAR LEVELIZED :502 REMOVAL COST, $/TON

15 YEAR LEVELIZED 502 & NOx REMOVAL COST, $/TON

2.4%

38.

55

1.

57.

1

0.

59.

257

694

0.

4

10.

280 MWe RETROFIT

S. Coal

05

.42

66

08

.81

86
75

.95

78

.86
.06
.95

28

$603

$476

4.3% S5.Coal
39.05
55.42

1.66
57.08
2.04
1.21
60.33
263

1,083

0.78
3.2
7.65
10.85
6.77
11.58

$346
$304

NOTE: Above levelized costs are based on using GNP deflator & 1992 start of

operations.[See text]
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Figure 3: Photograph of the 30 MMBtu/hr Combustor in Reeler Boilerhouse
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Figgre Drawxng{of the 30 ﬂHBtu/hr Combustor & the 17,500 1b/hr Boiler
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" Figure 4. Plot Plan of the Installation inside the .Boilerhouaél‘.
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Figure 6 yjey of the Wet Particle Scrubber on the Roof of the Boiler Building
at the Williamsport, PA Test Site.
The ID fan is in the foreground, and the scrubber vessel is in the rear
center. The original stack is on the right side. :
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Figure 7A: Steam Mass Flow Rete tn Test with High (530%) Cos) Feed Fluctuations

Test No.PC 11 on 6/29/BB, early in Phase 3. Uscillations in steam flow of
the order of 5 minute frequency are due to coal feed fluctuations. ‘4 hour

period on coal is showm near

center of chart.
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90, late in Phase 3. Oscillations in steam flow early

Test No.PC 25 on 2/14/8

in coal fired period & @ 3:30 PM are due to change in operating conditions.
High frequency multi-second feed pulsations are not detectable from chart.
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Wall Heat Transfer in 1st & 2nd Liner
versus Total Thermal Input to Combustor
First Llner 2nd Llner-—Hew an Liner-After & mo

'/.E!ﬂﬂax]'
0.375
0.75
0.625
0.5
0.375
0.25
0.125
0 : w
g 2u3 3 3 10 125 15 185 20
Heat Input-tHBtu/hr

T
N

The average air cooled wall heat transfer, shown as a ¥ of the peak
wall heat transfer measured in the combustor, versus the thermal

" input to the combustor,
Note that the first liner had a high thermal conductivity which
resulted in a weak dependence of wall heat transfer on thermal input.
This feature was a factor in the liner failure. The second liner’s
thermal conductivity was well matched to the thermal input. Its
higher rate of change of heat transfer after 6 monthe operation was
due to liner material loss from slag attack. This was subsequently
corrected by modifying the cperation procedure.

"Additional data is contained in the Proprietary Document”.
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Figure 15: Combustion Efficiency versus the Ratio of (Coal Input)/(Total Heat
Input), as Predicted by Statistical Modeling of the Test Data
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Figure 16: Average Wall Heat Flux versus as a Function of Total Heat Input, for
0il or Coal, as Predicted by Statistical Modeling of the Test Data.

SLAGEFF= Combustion Efficiency Computed from Carbon Content in Slag
GASEFF = Combustion Efficiency Computed from Measured Fuel & Air Input &
- Measured Stack Oxygen '

= Combustion Efficiency Computed from Carbon in Scrubber Solids
PCTFC = Percent Contribution ¢f Coal To Total Heat Input
HEATIN = Total Heat Input to Combustor
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Figure 20: Relative Sulfur Partitioning in the Combustor-Boiler System versus

First Stage Stoichiometry, as Predicted by Statistical Modeling of
the Tegt Data.

BOILSULF- Sulfur retained in the boiler as percent of total sulfur.
PCTSSCRB~ Sulfur retained in the scrubber as percent of total sulfur.
ATMSULF - Sulfur emitted to atmosphere as SO2, penxmt:ﬁ'kﬁalsuhhr
SR - Firset Stage (i.e. Combustor) Stoichiometric Ratio

"Additional data is contained in the Proprietary Document”. .-
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qure 21 Sulfur Partit:.onug versus the Ratio of (Coal Input)/(Total Heat
Input), as Predicted by Statistical Modeling of the Test Data
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Figure 22 Sulfur Partitioning versus the Calcium/Sulfur Mole Ratio.
as Predicted by Statistical Modeling of the Test Data

ACTSLGS ~ Slag sulfur content as percent of total sulfur.

BOILSULF~ Sulfur retained in the boiler as percent of total sulfur.
PCTSSCRB~ Sulfur retained in the scrubber as percent of total sulfur.
PCTEC ~ Percent Contribution of Coal To Total Heat Input

HEATIN - Total Heat Input to Combustor

CASRAT - Calclum/Sulfur Mole Ratio
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