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TURBINECOMBUSTIONPHENOMENA

1.0 INTRODUCTION

Under DOE sponsorshipcoal-waterslurry fuels have been investigatedas
fuels for gas turbineengines for severalyears, but the major technical
problems still inhibitingcommercializationare deposits on the pressure and
suction sides of the turbine blades which reduce the gas flow area and turbine
efficiency;acceptablecoal burnout,given the short residencetime inherent
with gas turbineengines; corrosionof turbine blades by condensed alkali
sulfates;erosionof turbine blades and other components by ash particles
entrained in the products of combustion;and controlof NO_,SO2, and
particulateemissions. The releaseof certain mineralmatter species found in
both raw and beneficiatedcoals can lead to ash deposition on surfaces,
regardlessof the ash content of the fuel. This deposition can lead to
corrosion on and metal loss of critical turbinecomponents and, ultimately,to
derating, unavailability,or catastrophicfailure of the power generation
system. Alkali metals and sulfur,existing as impuritiesin coal, have been
identifiedas key components in the initiationof deposition and the onset of
corrosion.

Until the last six years, low-rank coals (LRCs)were not considered as
potential fuels for gas turbineengines because of their high intrinsic
moisture levels. It is extremelydifficultto prepare a pumpable slurry of
as-mined lignitewith a dry solids loadingover 35 wt% due to the high
moisture levels in LRCs. However,with the advent of the University of North
Dakota's Energy and EnvironmentalResearch Center's (EERC's)hydrothermal
treatmentprocess,micronized lignite slurrieshave been produced with a
solids loading up to 50% and a heating value over 6000 Btu per pound of slurry
(1,2). Subbituminouscoals also respondvery well to hydrothermaltreatment
and produce higher quality slurries. Availabilityof a slurry with a high
enough fuel value to sustaincombustionmakes it possible to take advantage of
the desirablecharacteristicsof low-rankcoals, namely, the higher reactivity
of its nonvolatilecarbonaceouscomponents. Thus a low-rank coal slurry
should requireless residencetime in the gas turbine combustor for complete
combustionor, inversely,the coal would not have to be micronized as finely
to achieve >99% burnout, thereby reducingfuel preparationcosts. Estimates
of the process have indicatedthat a minemouth processplant in the Powder
River Basin can produce a LRCWF at around $I.50/MM Btu, includingcoal costs
(3). Another potentialadvantageof low-rank coal slurries is their
nonagglomeratingtendency relative to bituminous slurries,reducing the
importanceof atomizationto very fine droplet sizes.

During the Turbine CombustionPhenomenaproject, seventeen successful
combustion tests using CWF were completed. These tests included seven tests
with a commerciallyavailableOtisca Industries-produced,Taggart seam
bituminousfuel _,ndfive tests each with physically and chemically cleaned
Beulah-ZapligniLe and a chemicallycleaned Kemmerer subbituminousfuel.
Analyses of the en_issionand fly ash sampleshighlightedthe superior burnout
experiencedby the LRCWFS as compared to the bituminous fuel even under a
longer residencetime profile for the bituminousfuel. While the LRC fuels
are experiencingbetter burnoutthan the bituminous fuels, it is possible that
differencesin slurry rheology (and, therefore, in atomization)might account
for some of the difference in the observed burnout rather than differences in
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fuel reactivity. The LRC fly ash showed a decrease in particle size as
comparedto the starting fuel, while the bituminousfuel showed an increase in
particle size as compared to the startingfuel. These particle-sizeanalyses
provide some evidenceof low-rank coals' nonagglomeratingproperties as
compared to bituminousfuels.

Statisticalanalysisof the carbon burnoutdata generated in a series of
parametriccombustiontests generated simplemodels to predict the carbon
burnout achievableunder a given range of operatingconditions. These models
indicatethat fuel type has a significanteffect on the measured carbon
burnout. The LRC fuels have high carbon burnouts (97.5% to 98.7%) and appear
to be relativelyunaffectedby other operatingparameters;however, the
bituminousfuel was significantlyaffectedby combustionair temperature,
atomizingair-to-fuelratio, and fuel firing rate. In this model, bituminous
fuel carbon burnouts comparableto those of the LRC fuels can be achieved,but
only under the most optimum conditions.

As might be expectedwith the relativelyhigh ash in the LRC fuels and
lower ash fusion temperatures,significantash deposition and slagging
occurred in the turbine simulator. The XRD analysissuggests that the
residualmagnetite left from the physicalcleaning process remains as
magnetite in the reducing atmosphereof the rich zone, but is converted to
hematitewhen it reachesthe highly oxidizingatmosphereencounteredin the
lean combustionzone. The compositionof the constituentsin the ash does not
indicatethe preferentialdepositionof any componentin a single area of the
turbine. Material balances indicatethat the Beulah Zap lignite fuel had a
much higher depositionpotentialas demonstratedby high levels (approximately
70 wt%) of ash recovered in the combustor. The Kemmerer fuel also showed
higher depositionlevels than the Otisca fuel, with approximately12-13 wt% of
the ash being retained in the combustor. With the Otisca fuel combustion
tests approximately8 wt% of the ash was retained in the combustor,while over
40 wt% of the Otisca fly ash was recoveredin the cyclone pot. This is
probably the result of the cyclone ash containinghigh levels of carbon (60%
or greater);thus a large percentageof the fine mineral grains is still tied
up in the char cenospheresand has not been releasedfrom the char particle
where it could contact internal surfacesto form deposits.

2.0 GOALSANDOBJECTIVES

The overall objectiveof this research is to continue to expand the
database on the effectsof low-rank coals' unique propertieson their
combustionbehavior in pressurizedcombustionsystems,such as gas turbine
engines. Researchwill be directed toward understandingthe propertiesof LRC
fuels which affect ignitionand burn times, combustionefficiency,
vaporizationand depositionof inorganics,and the erosion of critical gas
turbine components. Special emphasiswill be placed on an investigationof
LRC high-shearrheology and its effect on atomizationand combustion behavior,
an evaluationof LRCs' nonagglomeratingproperties,an investigationof
particulatehot-gascleanup techniques,and inorganictransformations/alkali
vaporizationusing a pressurizeddrop-tubefurnace.



2.1 Three-Year Project Objectives

Task A Revise Technology and Market Assessment. This literature review will
enable EERCpersonnel to assess the current status of coal-fired gas
turbine research to determine what recent advances have been made by
other researchers. This effort will build upon the technology and
market assessmentmade at the start of this program. This task is to
be performedin Year Four.

Task B Characterizationof LRCs' AtomizationProperties. This task will
examine the pressurizedatomizationcharacteristicsof recently
produced LRC fuels with a Malvern2600 particle-sizeanalyzer and
still photographyin a pressurizedspray chamber constructedat the
EERC. The combustionbehaviorof the previous fuels tested in the
spray chamber and new fuels produced for the turbine project will be
evaluated under similarair-to-fueland pressure ratios in the gas
turbine simulator. This task will also look at different atomizer

types in a effort to minimize spray droplet size distributionsand
increase combustionperformancefor a given rheology and atomizing
air-to-fuelratio.

Task C Evaluationof LRC Fuel Agglomeration. The objectiveof this task is
to evaluatethe agglomeratingor nonagglomeratingtendencies of LRC
fuels by providingoptical access for an Insitecparticle counter,
sizer, and velocimeter(PCSV) at variouspositionsalong the axis of
a pressurizeddrop-tube furnacerecentlyconstructedat the EERC.
Thus products of combustion (POC) particle-sizedistributionsas a
function of residencetime and the starting particle-size
distributionand droplet size can be measured to determine if the
smaller particle-sizedistributionsfound in the LRC fly ash are the
result of a gradual burnout of slurrydroplet agglomeratesor the
result of agglomeratedisintegrationinto its original particle-size
distributiondue to the high thermalfriabilityof LRC fuels.

Task D Investigationof ParticulateHot-GasCleanup Systems. The objective
of this task is to evaluatepotentialhot-gasparticulatecleanup
techniques as to their relativeprobabilityof success and test the
best two or three systems in the turbinesimulator. This task will
includea technologyassessmentthat will build upon a previous
literature search performedon hot-gascleanup techniques. These
techniques could include,but would not be limited to, ceramic cross-
flow filters and filtercandles, nested fiber filters, cyclones, and
HTHP Electrostaticprecipitators(ESPs). The HTHP cyclone work
started in Year Four will be continuedin the Year Five Hot-Gas
Cleanup program. This work involvestests with various CWFs' in an
the effort to reduce the fly ash particle-sizedistributionentering
the depositionsection of the turbine simulatorto 95% less than
5 microns in order to limit the amount of particle impactionon the
turbine blades.

Task E Ash TransformationStudies. The objectiveof this task is to
investigatethe ash transformationsexperiencedby mineral matter in
beneficiatedlow-rank coal fuels. Very little research to date has
ir_vestigatedthe effects of pressure and coal beneficiationon the
reaction pathways taken by the mineralmatter present in LRC fuels.
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These transformationsshould be dependenton the cleaning techniques
used and the level of cleaning achievableon the various coal types.
Mineral matter transformationsof beneficiatedLRC under turbine
operatingconditionswill be investigatedin a pressurizeddrop-tube
furnace recently constructedat the EERC. This drop-tube furnace
will be capable of combustingboth slurry droplets and coal
particles. The effectsof residencetime, temperature,pressure,
atmosphere,and gas/fuel flow rates can be varied to examine their
effects on ash transformationsand carbon burnout. The drop tube
will also provide carbon burnoutas a true functionof residencetime
given the laminargas flow. The effects of deposition probe shape
and temperatureand the approachinggas velocityon the measured
depositionrates can also be investigated. Another advantageof the
pressurizeddrop-tubefurnace is the small quantitiesof fuel (up to
1.0 g/min) needed to conduct extensivedepositionand burnout testing
as compared to the turbine simulator(approximately150 Ib/hr). High
ash fusion temperaturefuels are needed under the assumptionthat low
melting temperatureashes will stick to the cyclonewall or the
ceramicmaterial and will not be easily removedor cleaned from the
hot-gas cleanupdevice. Technicalwork in this task for Year Six
will consistof two tasks involvingcombustiontests using fuels
beneficiatedto various levels and fuels doped with additives
selected for their ability to decreasedepositionpotential. These
tests will measure the effect these additiveshave on the sticking
coefficientand depositionrates measured at conditionssimilar to
those utilized in previousdepositiontests.

Task F Investigationof SlaggingCombustorDesign. Should concurrent
beneficiationof LRC studies at the EERC indicatethat acceptableash
levels and chemistrynot be achievable,a vertically fired combustion
zone would be built to replace the horizontallyfired rich combustion
zone on the currentturbine simulator. This modificationwould
enable the combustorto operate in a slaggingcombustormode versus
the current nonslaggingcombustormode. Work on this task would be
dependenton the resultsof the work in progress and would be subject
to DOE approval.

Task G BaselineCombustionTest with Spring Creek Fuel Utilized in GM
Allison CombustionTests

The productionof severalbarrels of minimallycleaned Spring Creek
coal for the Turbine CombustionPhenomenaprogramwas added to the
large productionruns performedfor GM Allison. A combustion test
will be used to establisha performancebaseline in the I-MM Btu/hr
gas turbine simulatorfor the Powder River Basin coal used by GM
Allison in its direct coal-firedgas turbine system. Thus future
comparisonsof the two combustionrigs can be made, especially the
performanceof hot-gascleanupdevices in these systems.

2.2 Sixth-YearObjectives

Task A Revise Technology and Market Assessment

Performed in the fourthyear.



Task B Characterizationof LRCs' AtomizationProperties

Ongoing with Year Five carryoverfunds.

Task C Evaluationof LRC Fuel Agglomeration

Unable to performdue to inoperabilityof Insitecparticle sizer,
counter, and velocimeter(PSCV).

Task D Investigationof ParticulateHot-Gas CleanupSystems

The performanceof long-termhot-gascleaning tests should be
performedon the PDTF (if availabilitypermits) due to the lower cost
of maintaininglong test durations in this system. Parameters of
interestare alkali levels,operatingtemperaturesand pressures,
particulateloading,and number of cleaning cycles.

Task E Ash TransformationStudies

Technicalwork in this task for Year Six will consist of two tasks

involvingcombustiontests using fuels beneficiatedto various levels
and fuels doped with additivesselectedfor their ability to increase
ash fusion temperatures. These tests will measure the effect these
additiveshave on the stickingcoefficientand depositionrates
measured at conditionssimilarto those utilized in previous
deposition tests. These tests will determinean additive that
hopefullywill provide a fuel with a nonmoltenfly ash without
significantlyincreasingthe total fly ash concentrationin the flue
gas. These selecteddoped fuels would be suitable for tests in both
the HTHP cyclone and ceramicfilter apparatus.

Task E-I Ash TransformationStudies for BeneficiatedLRC Fuels

The objectiveof this task is to investigatethe ash
transformationsexperiencedby mineral matter in beneficiatedlow-
rank coal fuels. Very little researchto date has investigatedthe
effects of pressure and coal beneficiationon the reaction pathways
taken by the mineralmatter present in LRC fuels. These
transformationsshould be dependenton the cleaning techniques used
and the level of cleaning achievableon the variouscoal types.
Cleaningtechniqueswhich will be investigatedare heavy media
physicalcleaning,an acid-leachingchemical-cleaningtechnique,
hydrothermaltreatment,and oil agglomeration. Mineral matter
transformationsof beneficiatedLRC under turbine operating
conditionswill be investigatedin a pressurizeddrop-tube furnace
recently constructedat the EERC. The effects of residence time,
temperature,pressure,atmosphere,and gas/fuel flow rates can be
varied to examinetheir effectson ash transformationsand carbon
burnout. The drop tube will also provide carbon burnout as a true
functionof residencetime given the laminargas flow. The effects
of depositionprobe shape and temperatureand the approachinggas
velocityon the measured depositionrates can also be investigated.



Task E-2 PDTFAdditive Testing for Improved Ash Characteristics

Alkali gettering or additives which tie up the volatile and molten
species in the mineral matter is needed to protect downstream hot-
gas cleanup devices and the turbine blades themselves. High ash
fusion temperature fuels are needed under the assumption that low
melting temperature ashes will stick to the ceramic material and
will not be easily removed or cleaned from the hot-gas cleanup
device. Other research needs were identified as characterizing the
trace elements in the gas turbine (GT) flue gas.

Task F Investigation of Slagging Combustor Design

No technical work in this task will be performed in Year Six. If
coal ash properties dictate, construction of a first-stage slagging
combustor would begin in subsequent years.

Task G Baseline Combustion Test with Spring Creek Fuel Utilized in GM
Allison Combustion Tests

The production of several barrels of minimally cleaned Spring Creek
coal for the Turbine Combustion Phenomenaprogram was added to the
large production runs performed for GMAllison. A combustion test
will be used to establish a performance baseline in the I-MM Btu/hr
gas turbine simulator for the Powder River Basin coal used by GM
Allison in its direct coal-fired gas turbine system. Thus future
comparisons of the two combustion rigs can be made, especially the
performance of hot-gas cleanup devices in these systems.

3.0 PROJECTDESCRIPTION

3.1 One-MillionBtulHr Gas Turbine Combustor

To meet the objectivesof the initialprogram, a pressurizedcombustion
vessel was built to allow the operatingparametersof a direct-firedgas
turbinecombustorto be simulated. One goal in building this equipmentwas to
design the gas turbine simulatoras small as possibleto reduce both the
quantity of test fuel needed and the test fuel preparationcosts, while not
undersizingthe combustorsuch that wall effectswould have a significant
effect on the measured combustionperformance. Based on computermodeling, a
rich-lean,two-stage nonslaggingcombustorhas been constructedto simulate a
direct-firedgas turbine. This design was selectedto maximize the
informationthat could be obtained on the impact of the unique properties of
low-rank fuels and various hot-gascleanup techniqueson the gas turbine
combustorand its turbomachinery.

A short descriptionof the gas turbine simulatoris given here; a more
detailed descriptionis given elsewhere (4-6). Figure I is a schematicof the
I-MM Btu/hr gas turbine combustorshowing its internaldesign. Figure 2 is a
photograph of the I-MM Btu/hr gas turbine combustor. The head section of the
turbine has an interchangeable,horizontal,flat-bladedair swirler for
controllingthe primary air-fuel spray and developinga recirculationzone in
the rich combustionzone. A Delavan Swirl-Airnozzle with a 50° spray angle
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Figure 2. Photograph of I-MM Btu/hr gas turbine simulator.

is currently used as the atomizer. The pressurized combustion vessel itself
is comprised of several short sections of refractory-lined stainless steel
pipe. These sections are water-jacketed to provide cooling of the external
pressure vessel wall. This modular design allows the length of the combustion
zones to be varied. The removal of some of these modules allows the effect of
residence time to be investigated under similar flow conditions.

The quench zone of the turbine simulator was designed to promote rapid
mixing of the secondary air with the POCexiting the rich combustion zone,
thus minimizing the occurrence of localized "hot spots" and the formation of
thermal NOx. A rotary control valve and a high-temperature-guided seat
control valve are used to control the flow of combustion air entering the air
preheater and the distribution of air between the rich and lean zones,
respectively. The combustor is designed to operate at pressures up to 250
psig and a lean zone exit temperature of 2000°F.

A reduced flow area in the deposition section is used to increase the
gas velocities up to those typically seen in the expander section of a gas
turbine (400 to 800 ft/sec). Four air-cooled probes with various contact
angles were machined from thick-walled high-temperature alloy tubing and were
installed to simulate the leading edge of turbine blades. Additional cooling
air was added after the first two probes to cool the exit gas stream up to
200°F, such that gas temperature as well as metal temperature can be
investigated for their effects on deposition/erosion/corrosion (DEC). A spray
water quench zone is located after the deposition section to spray high-
pressure water into the combustion gases to cool the gases before passing them
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through the rotary control valve used to back pressure the turbine simulator.
A natural gas-fired fluidized-bed preheater is used to preheat the high-
pressure combustion air to temperatures as high as IO00°F. Combustion
efficiencies of the test fuels fired in the turbine simulator are calculated
from gas and isokinetic particulate samples taken from both the rich and lean
zones of the combustor.

3.2 High-Temperature, High-Pressure Cyclone

Figure 3 is a drawing showing the design of the high-temperature, high-
pressure (HTHP) cyclone which has been inserted in the turbine simulator
combustion system located at the EERC. This cyclone is fabricated from 8-inch
schedule 40 pipe welded to form an off-center tee. This pipe is water-
jacketed to keep the metal wall temperatures low. As shown in Figure 3, the
cyclone dimensions are cast in refractory inside the tee. This cyclone
replaced the last section of the lean combustion zone shown in Figure I.
Figure 4 shows the HTHPcyclone inserted in the gas turbine simulator
combustion system. Openings have been included in the vessel walls for
measuring the inlet and outlet combustion gas temperatures and pressures. In
addition, openings have also been included for taking upstream particulate
samples, while an existing port will allow downstream particulate samples to
be collected for measuring the cyclone efficiency. A second opening was added
for a water-jacketed and sealed baroscope viewing system which is currently
being constructed. This baroscope will allow the flame quality and stability
to be monitored during combustion tests.

3.3 Pressurized Drop-Tube Furnace

The emergence of advanced coal combustion technologies such as coal
slurry-fired gas turbines requires fundamental knowledge of the fuel
combustion processes at elevated pressures. Of critical importance is the
basic combustion kinetics and the fate of coal mineral matter in such systems.

To address these issues, a pressurized drop-tube furnace was also
constructed. The pressurized drop-tube furnace (PDTF) is capable of operating
under the following conditions:

Temperature: ambientto 2732°F (1500°C)
Pressure- ambientto 300 psia (20.4 atm)
Oxygen: 0-20 mole%
Gas Flow: 0 to 7.8 scfm (220 L/min)
ResidenceTime: 0 to 5.0 sec

- Optical access at any residencetime
- Provisionfor char and ash collection
- Provisionfor ash depositionstudies

The design of the PDTF incorporatesseveralnovel features which allowed
the design goals to be met. A drawingof the PDTF facility is given in Figure
5. The entire PDTF is constructedof standard24" and 6" flanged pipe
sections. The large pressure vessel contains the furnace sections of the PDTF
as shown in Figure 6. Figure 7 is a photographof the PDTF pressure vessel.
The walls of the vessel are water-cooledto dissipatethe heat from the
furnaces. A preheaterand two furnacesections are located above the



l-I/_" PI'PE

f (RUPTUPE DISC)

OUT /
(1/4" . 4" .

I I 3/_j' COUPL]NG ]x COUP ,

-\

_-\x -,.-,\-\\\\-.-.\'\\

ij""" ,- !_ ,,/, . , CERAMICRcr_Ac_0a,¥

/,

I .. _ If I,'4" COOLING

w ATEI:? (HAf'4NE L
i

1,4" COUPLING /"
INLET) /

, ' l f'

• =_ • / f"

:" 300_ PP SC PLUNGE
-". iL. ; I-

'\ I . : •

Figure 3. Design of HTHPcyclone for testing in I-MM Btu/hr gas turbine
simulator.

optical sight ports, and one furnace is located below the optical sight ports
to reduce the temperature gradient across the optical access section. Optical
access is provided by four 3" diameter ports in the pressure vessel.
Electrical power is supplied to the furnaces by electrical feed through the
terminals in the bottom blind flange of the pressure vessel.
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Figure 4. Photography of HTHPcyclone in exit of lean combustion zone of I-MM
Btu/hr gas turbine simulator.

Above the large pressure vessel shown is the injector section containing
the injector assembly. The injector is a l-inch-diameter water-cooled probe
sheathed in high-temperature insulation. Figure 8 is a photograph showing the
translating mechanism used for raising and lowering the injector into the
ceramic tube inside the furnace assembly. The injector may be retracted
completely out of the furnace when not in use or may be lowered into the
furnace to give the desired residence time between 0 and 5.0 seconds. Small
viewports in the pipe crosses at the bottom and top of the injector section
allow visual inspection of the probe and the sample-feeding behavior.

Below the large pressure vessel is a sampling probe assembly and
translation mechanism. The sampling probe may be raised to the level of the
optical access ports and retracted completely from the furnace for the removal
of sample deposits or when not in use. Two pipe crosses with small sight
ports allow inspection of the collection probe operation, and the removal of a
blind flange provides access for the removal of sample deposits. The sampling
probe tip is interchangeable to allow deposition or fly ash samples to be
collected without removing the entire sample probe. Figure 9 shows the
construction details of the sampling probe.

The sample feeder assembly is a blank flanged 6" pipe cross pressurized
to slightly above the furnace pressure with gas connections to the furnace
assembly. Figure 8 also shows the sample feeder pressure vessel located next
to the sample injector translating mechanism. Figure 10 is a schematic of the
coal feeder used in the PDTF. The design allows the actual sample feeder to
be constructed of lightweight material, since it does not have to withstand
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Figure 5. Pressurized drop-tube furnace process schematic.

more than slight pressure differentials. A small sight port allows inspection
of the feeder operation, and the removal of a blind flange gives access to the
vessel for filling or adjustment of the feeder. The lightweight feeder can
then hang from a load cell in the pressure vessel to provide a continuous
record of the sample feed rates. The gas composition and flow rate of gas
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Figure 8. Photograph of PDTFtranslating mechanism.

into the PDTFis controlled by oxygen and nitrogen mass flow controllers. Gas
composition can be controlled between 0-20 mole % at flow rates up to
220 L/min. The furnace pressure is controlled by a letdown control valve at
the exit of the furnace.

3.4 High-Pressure Atomization Spray Chamber

An existing pressure vessel has been modified to include observation
ports to perform atomization studies under typical turbine operating pressures
and air flows. The main objective of this work is to determine if
differencesin atomization quality account for the improvements in carbon
burnout experienced with the LRC fuels. The design of the spray chamber
involves an existing 11.25-inch-ID pressure vessel which has been modified to
provide optical access perpendicular to the direction of the atomized spray.
The optical access consists of two diametrically opposite 3" sight ports for
the use of high-speed photography. In addition, a 2" sight port opposite of a
I" NPT port through which a sight pipe can be inserted has also been added.
The use of a sight pipe reduces the length of the spray which the Malvern
2600's laser beam must pass through and eliminates the potential for
vignetting which could occur if the beamwere to pass through the complete
spray cone. A honeycomb catalyst support is used as a flow straightener to
provide a laminar flow of air around the atomizing nozzle. The height of the
atomizer in relationship to the optical ports is adjustable from outside the
pressure vessel, thus allowing the atomizer position to be changed during a
single atomization test.
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Figure 10. Schematicof coal feeder for pressurizeddrop tub furnace.



Figure 11 is a photographof the pressurizedspray chamber. The
atomized slurry is collectedin a funnel at the bottom of the spray chamber
where it is drained off to a pressurizedseparationvessel. Pneumaticcontrol
valves are used to controlthe air flow rate and to back pressure the spray
chamber. High-speed photographyis accomplishedusing a high-speed strobe to
backlightthe slurry dropletsduring atomization. The use of high-speed
photographyallows droplet sizes larger than 564 microns (the top size for a
Malvern particle-sizeanalyzerwith a 300-mm lens) to be detected and also
provides informationabout the spray angle obtainedunder a given set of
operatingconditions.

An atomizer has been constructedwhich allows different types of
atomizersto be utilized by simply changing the tip of the atomizer.
Commerciallyavailableatomizerswhich can be utilized in the spray chamber
are the internal-mixedDelavanSwirl-Airnozzlesrated for 1.0 and 2.5
gallons-per-minute(gpm) liquid flow rates and a Delavan external mix
atomizingair nozzle (Part #47283-I). The Swirl-Airatomizers are carbide-
lined versions to reduce the amount of atomizer tip erosion experiencedfrom
the high-velocityCWF passingthrough the common orifice. The commercially
availableParker HannifanM2 (atmosphericcombustionsystems) and M6 (for
pressurizedcombustionsystems)can also be utilized. The EERC B-II nozzle
made in-house for CWF testing in atmosphericcombustionsystems can also be
utilizedwith large or small diameter orificetips (0.175 and 0.125" ID).

3.5 Advanced InorganicAnalysis Techniques

Extensiveresearchon the transformationsof inorganicand mineral
components in coal has been conductedat the EERC. Research has been
performedto develop methods to determinethe association,size, and
compositionof ash-formingconstituentsin coal. Techniques are now available
to determinethe distributionof phases in fly ashes,deposits, and slags.
Fundamentalstudies of the transformationof inorganiccomponents to form
intermediateash componentsin the form of vapors, liquids, and solids have
been performed using advancedanalyticaltechniques.

Current conventionalanalyticalmethods for coal and coal ash materials
do not provide adequate detail regardingtheir complex chemical and
mineralogicalproperties. Advanced analyticaltechniques are currently being
used to determine the associationand forms of inorganiccomponents in coals
(7,8) and coal ash-derivedmaterials (9,10). In addition,other laboratory-
scale techniques are routinelyused to determineviscosity, surface tension,
sinteringbehavior, and deposit strength development(11,12). Utilizationof
these advanced analyticaltechniques,coupledwith other laboratory methods,
can potentiallyprovide significantadvances in understandingthe behavior of
inorganiccomponents during combustionthat will ultimatelylead to better
methods to predict and mitigate ash-relatedproblems.

3.5.1 SEM Techniques

Automated scanning electronmicroscope/microprobe(SEM/EMPA)techniques
are an effective means to examinecoals, fly ashes,deposits, slags, soils,
cements, and other complex heterogeneousmaterials. For example, these
techniquesprovide the informationneeded to elucidatemechanisms of inorganic
transformationswhich form intermediateash, deposits, and slags during
combustion and gasification.The SEM/EMPA system allows for observationand
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chemical analysisof very fine-grainedphases while simultaneouslypreserving
both the original chemistry of the minerals and their relationshipsto the
organic constituents. Widespreadapplicationsof SEM/EMPAto coal include
localizedobservationof the elementalcontentof macerals,determinationof
the morphologyof organicmaceral structures,identificationof minerals, and
descriptionof the morphology of minerals. AutomatedSEM/EMPA and automated
image analysis (AIA) techniques have been developedto quantifycoal minerals.
The automatedSEM/EMPA techniques rely on the characterizationof
statisticallysignificantnumbers of particlesto produce quantitativedata on
their size and chemistry.

Three SEM/EMPAtechniques,computer-controlledscanning electron
microscopy (CC3EM),scanning electronmicroscopypoint count (SEMPC),and
automatedimage analysis (AIA), are presentlyused in ash behavior in
combustionand gasificationsystemsresearch at the EERC. These techniques
permit the study of transformationsof inorganicconstituentsfrom the initial
stages of coal conversionthrough the transformationsthat occur during ash
depositionand slag formation. Their specificapplicationsinclude
I) determinationof the size, composition,and associationof minerals in
coals, 2) determinationof the size and compositionof intermediateash
componentsand fly ash, 3) determinationof the degree of interaction
(sintering)in ash deposits, and 4) identificationand quantificationof the
componentsof ash deposits and slags--thisincludesliquid phase composition,
reactivity,and crystallinity. By using SEM/EMPA for coals and throughout all
stages of utilization,a continuityof data is achieved. The techniqueswhich
are routinelyused by the InorganicAnalysis Research Lab (IARL) for
examinationof the inorganiccomponentsin coal and coal-derivedmaterials are
briefly describedbelow.

CCSEM (7) is used to characterizeunalteredcoal samplesand inorganic
combustionproducts. A computer program is used to locate, size, and analyze
particles. Becausethe analysis is automated,a large number of particlescan
be analyzedquicklyand consistently. The heart of the CCSEM analysis system
is a recentlyinstalledannular backscatteredelectrondetector (BES). The
BES system is used becausethe coefficientof backscatter(the fraction of the
incomingbeam that is backscattered)is proportionalto the square root of the
atomic number of the scattering atoms. This permits a high degree of
resolutionbetween sample componentsbased on their atomic numbers. This
means that coal minerals can be easily discernedfrom the coal matrix, and fly
ash particlescan be easily discernedfrom epoxy in polished sections.
Brightnessand contrast controls are used to optimizethresholdlevels between
the coal matrix and mineral grains or fly ash particles. When a video signal
falls betweenthese threshold values, a particle is discerned and the particle
center located. A set of eight rotateddiameters about the center of the
particle are measured,and the particle area, perimeter,and shape are
calculated. The beam is then repositionedto the center of the particle,and
an x-ray spectrum is obtained. The informationis then stored to a Lotus
transportablefile for data reductionand manipulation. The CCSEM data
providesquantitativeinformationconcerningnot only the mineral types which
are present, but their size and shape characteristicsas well. Since the same
analysiscan be performedon the initialcoal and resultantfly ash, direct
comparisonscan be made and inorganictransformationsinferred.

The primarymethod used to characterizedeposits is the scanning
electronmicroscope/microprobe.The SEM is capable of imagingdeposits and
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determiningthe chemicalcompositionof areas within deposits down to
I micrometer in size. The use of the SEM is extremelyvaluable in identifying
materials responsiblefor deposit initiation,growth, and strengthdevelopment
as well as the characterizationof significantslag properties such as
reactivityand viscosity. The SEM techniquemost often used to characterize
entrainedashes and deposits is the SEMPC (8,9). This techniquewas developed
to quantitativelydeterminethe relative amount of phases present in ashes and
deposits. The method involvesmicroprobeanalysis (chemicalcompositions)of
a large number of random points in a polishedcross sectionof a sample. In
addition,x-ray diffractionis used to determinethe crystallinephases
present in the deposit as a support for the SEMPC analysis. Bulk chemical
analysis of the deposit is also performedwith x-ray fluorescence. This
techniqueprovides informationon the degree of melting and interactionof the
variousdepositedash particlesand provides quantitativeinformationon the
abundanceof phases present in the ash. By examiningthe phases present, the
material responsiblefor the formationof the deposit can be identified. In
addition,various regionsin deposits and individualentrained ash particles
can be examined to determinethe changesthat occurred with time and,
possibly,with changes in coal composition.

The CCSEM and SEMPC techniquesare supplementedwith morphologicaland
chemical analysisof the microstructuralfeaturesof the deposit. This is
performedeither by manually scanningacross the sample,elementalmapping, or
AIA. Automateddigital imaging allows for the rapid, objective collectionof
digital images. Once the digital imageshave been collectedand saved to
disk, they can be manipulatedin many constructiveways. Numerous
applicationsfor the digital images have been implementedat the EERC. Two
methods using AIA to enhance the utilityof the CCSEM and SEMPC techniques are
describedbelow.

The CCSEM techniquedescribed above is used for the standardanalysis of
coal. However,more detailed analysis of the coal minerals may be necessary.
During pulverizationof the coal, some coal minerals are liberated from the
coal matrix. The mineralgrains liberatedfrom the matrix will experience
differentconditionsand undergo differenttransformationsand reactionsthan
the minerals presentwithin the coal matrix. Therefore,whether a mineral is
containedwithin the coal matrix (included)or is separated from the coal
matrix (excluded)is importantwhen consideringcoal combustion. The term
juxtapositionrefers to mineral-to-mineralrelationshipsand the relationship
of minerals to the organicmatrix of the coal.

The presentmethod (7) used to determinethe included/excludedand
juxtapositionof the coal mineral matter involvesthe standard CCSEM analysis
of the coal. However, prior to the analysisof each frame examined,a digital
backscatteredimage is obtained and saved to the TN8500 image analysissystem.
As the CCSEM analysis proceeds each particle analyzed is identifiedon the
image. The data can then be modified to includejuxtapositional
relationships.

The SEMPC techniquedoes not provide all of the informationneeded to
fully characterizea deposit or other material. It is also importantto
examine the morphologyand physical relationshipsof the microscopic
componentsof the deposit. While the SEMPC techniquequantifiesthe chemistry
and phase distributions,the morphologiccharacterizationof deposits reveals
the size, crystallinity,and juxtapositionof the phases present. The

21



morphologicinvestigationof the deposits provides insight into the sintering
process as evidencedby the growth of necks between particlesand the
formationof a captivesurface.

The major problemwith morphologicinformationfrom the SEM is that it
tends to be subjective,with the operator choosing areas of interest. A new
technique (10) under developmentat the EERC will combine the SEMPC analysis
with the morphologicinvestigation. The new analysiswill collect
quantitativechemicaldata from a grid pattern just as the present SEMPC
programdoes; however, the new analysiswill automaticallycollect digital
images and save them to disk. The location of the points where EDS were
collectedwill be plotted on the digital images. This will allow for detailed
investigationsof the positionsof the phases identifiedby SEMPC. When
combined with automateddigital image analysis,this program will produce data
detailingthe chemistry,morphology,and juxtapositionalnature of coal
minerals and ash. These data will permit the quantificationof parameters such
as neck growth in deposits or thicknessand compositionof glassy phases in
deposits and fly ash grains. The techniqueis currentlybeing used to assess
the characteristicsof deposits produced in laboratory-,pilot-, and full-
scale coal combustionsystems. The SEMPC techniqueis combined with other
methodsof analysis to identifythe compounds in the deposit that are causing
the deposition problem. This informationis used to trace the origin of the
liquid phases back to the minerals and organicallyassociated inorganic
constituentsin the originalcoal.

3.5.2 SinterinqBehavior

Sintering is the processof consolidationof a solid substanceof high
surface area (for example, a powder)to a solid mass. In this process, the
density of a given mass of sample will decrease compared to the initial
sample. The sinteringprocess is very important,because it is responsible,
at least in part, for the formationof agglomerates,clinkers, and slags in
coal combustionsystems.

The sinteringprocess requiresmass transfer to occur. In the case of
ash systems, the predominantmass transfer process is via viscous flow of
liquid phase between adjacentparticles. The relation of viscosity and
surfacetension to the sinteringprocess has been discussed above. However,
it is necessaryto establishthe rate at which the sinteringoccurs and the
effect of viscosityand surfacetension on the rate of sintering.

In sinteringexperiments,ash from a coal is produced under appropriate
conditionsto simulatevarious utilizationenvironments. The density of the
sinteredmasses will be determinedusing a pycnometer. Furthermore,the
sampleswill be analyzedusing x-ray diffraction,scanning electron
microscopy,electronmicroprobe,and SEMPC. The detailed analysiswill
establishthe various phases present and their relationto the sintering
process. In particular,the SEMPC analysiswill be used to establish the
chemical compositionof the componentliquid phases responsiblefor sintering.
The chemical compositionwill be used to predict the viscosity and surface
tension of the componentliquid phases.

22



3.5.3 XRF/XRD

The elemental content of bulk coal combustion products is determined by
energy dispersive x-ray fluorescence spectrometry. Homogeneous finely ground
sample powders are pressed into pellets and analyzed in a vacuum using a Kevex
x-ray spectrometer equipped with a rhodium x-ray tube and six secondary
targets. Interelement matrix effects are corrected for by using the EXACT
(energy dispersive x-ray analysis computation technique) fundamental parameter
routine. Calibration constants are derived from the analysis of certified
standard reference materials and synthetic standards prepared from certified
compounds. Analytical precision and accuracy are evaluated and optimized by
analyzing at least one well-characterized coal ash standard during each
analysis run. A new Kevex XRF system has been installed and will be in
operation soon. The new system will increase our bulk chemical analysis
abilities.

Qualitative x-ray powder diffraction is used to identify the crystalline
phases present in coal combustion products. A representative aliquot of each
sample powder is ground with ethyl alcohol and smeared onto a single-crystal,
"zero"-background, quartz plate for subsequent analysis. Diffraction data are
collected in 0.02 ° steps for a l-second dwell time using a Phillips automated
diffractometer equipped with a copper tube, theta-compensating slit, graphite-
diffracted-beam monochromator, and scintillation detector. Software programs
supplied by Materials Data Incorporated are used for data collection, data
reduction, and phase identification.

3.5.4 The Chemical Fractionation Technique

The chemical fractionation procedure (11) is used to determine the modes
of occurrence of inorganics present in coals. Chemical fractionation is
especially valuable when the inorganics present in low-rank coals, which
contain significant quantities of inorganics present as the salts of organic
acid groups in the coal, are examined. CCSEMcan determine the quantity of
discrete minerals present in coals so, when combined with chemical
fractionation, all of the inorganics present in coals can be determined.

The chemical fractionation procedure involves successive extractions
with H20, I molar NH4OAc,and I molar HCI. The elements that are extracted by
H20 are present in the coal as water-soluble compounds. Those that are
extracted by NH4OAcare present in an ion-exchangeable association
(principally as the salts of carboxylic acids) that can be ion-exchanged for
an ammonium ion from the solution, although gypsum (CaS04" 2H20) also
dissolves during this extraction. HCl-extractable elements are present in the
coal as acid-soluble minerals such as carbonates or sulfates, or in organic
complexes with high coordination numbers.

3.5.5 Surface Science

Scanning Auger microscopy (SAM) is used for comprehen._ive surface
analysis of a wide range of coal and coal-related materials. Capable of
determining surface composition, chemical states, and depth profiling, the PHI
595 multiprobe instrument consists of three analytical systems: an Auger
electron spectroscopy (AES) system capable of a 50 x 109-meter-diameter
electron beam, a cylindrical mirror electron analyzer, and a scanning system
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and secondaryelectrondetector to permit surfaceelementalmapping and high-
resolutionphotographs. A 5-kV differentiallypumped argon ion beam gun
provides sputter-etchingcapabilityto acquiredepth profile information. The
x-ray photoelectronspectroscopy(XPS) system has a 10-kV Mg x-ray source and
a beam diameter of about 2 mm. A double-pass,cylindricalmirror electron
analyzer provides surfacecompositionand chemical states. A secondary ion
mass spectroscopy(SIMS) system utilizesthe ion gun to ablate the sample
surface to obtain trace element, isotopic,and molecular information. The
positive and negative ions producedfrom the surfaceare analyzed by an
energy-filteredquadrupolemass spectrometer.

3.6 Determinationof DepositStrengths

Deposits formed in the drop-tubefurnaceare removedfrom the coupon and
measured for strength. The apparatusused to determinethe crushing strength
of ash deposits formed in the drop-tubefurnace is shown in Figure 12. It
consists of a miniaturehorizontaltranslatorand a miniature pressure
transducer. The translator (EalingElectroOptics Model 37-0254) has a range
of travel of 25 mm, a resolutionof 0.1 /jm.,and a maximum translationalspeed
of 15 mm/min. The pressure transducer(PrecisionMeasurementCompany Model
156) is a diaphragm strain gauge design with one active sensing face. The
pressurerange is 0-1000 psi. The transduceroutput is attached to a strain
transducerindicator(PrecisionMeasurementCompanyModel X). The transducer
is mounted in a slot on top of an aluminumblock and attached to the
horizontaltranslator. A rod insertedin the side of the block meets the
sensing face of the transducerand transmitsthe force exerted on the deposit
as the translatormoves.

4.0 RESULTSAND ACCOMPLISHMENTS

4.1 Fuel Preparationand Analyses

In order to learn about the potentialfor ash depositionon turbine
blades, advanced analyticaltechniqueswere used to characterizeraw Spring
Creek coal and its beneficiatedproductto determinethe abundance, size, and
associationof the inorganicconstituents. The primarymethods of analysis,
in additionto conventionalASTM ashing followedby determinationof the ash
components,includechemical fractionationand computer-controlledscanning
electronmicroscopy (CCSEM),used to determinethe abundanceof inorganic
componentsassociatedboth organicallyand inorganicallyin the coal.
Chemical fractionationprovides a means to determinethe abundanceof
inorganicelements associatedwith the organic structureof the coal, while
CCSEM is used to determine the size and compositionof discrete mineral grains
within the coal.

Tables I and 2 show the proximate,ultimate,and ash analyses of the
three coals tested in the PDTF. The coals consistedof a raw Spring Creek
coal; a Spring Creek coal which had been physicallycleaned in a heavy media
separator,acid-cleanedin a weak nitric acid leaching column and hot-water
dried (HWD) and micronized;and a Spring Creek coal which had only been HWD
and micronized (this fuel was suppliedto Allison Gas Turbine Division for
testing in their proof-of-conceptcoal-firedgas turbine). It can be seen
from these analyses that the more deeply cleanedthe coal, the lower the ash
and sodium levels in the ash.
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Figure 12. Deposit-strengthmeasuringapparatus.

Chemical fractionationresults for the Spring Creek coal are listed in
Tables 3 and 4. These tables show the chemical fractionationresults for the
raw coal and the hydrothermallytreatedcoal. Chemical fractionationwas not
performed on the acid-cleanedcoal since little change in the amount of
solublecationswas expected. For the raw coal, the solubilityof the
elements is very low, with the exceptionof phosphorus,calcium, sodium,
potassium, and magnesium;this indicatesthat these elements are present
primarily as the salts of organic acid groups,or as solubleminerals such as
carbonates. The calcium was leachedout with both ammonium acetate and HCI.
The calcium removed by HCI may have been present as acid-solublecarbonate
material, although CCSEM analysis indicatesotherwise. The amount removed by
ammonium acetatemay reflect the presenceof gypsum and organicallybound
calcium. A significantportionof the iron (16%)was also removedwith
ammonium acetate, indicatingthat some of the iron may be present in an ionic
form. The remainderof the inorganicelements are present as discrete mineral
grains, as indicatedby their relative insolubility. The major differences
betweenthe raw coal and the CWF chemicalfractionationresults are consistent

with the changes one would expect in inorganiccontent resultingfrom the
treatmentprocess. It appearsthat most of the salts of organic acid groups
and solubleminerals are removedby the HWD process.

Tables 5 through 7 show the resultsof the CCSEM analysis on the
PC/AC/HWD/micronized,the HWD/micronized,and the raw coals. The CCSEM
analysisof the PC/AC/HWD/micronizedSpring Creek fuel indicatesthat the fuel
is concentratedin quartz,aluminosilicates,pyrite, and iron oxide, although
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TABLE I

Proximate and Ultimate Analyses of Fuels Tested

Raw Spring HWDSpring PC/AC/HWD
Sample: Creek Coal Creek Spring Creek

PDUTest No. NA 55 45

Prox. Anal. (mf)
Volatile Matter 43.48 42.82 39.62
Fixed Carbon 51.70 52.58 56.21
Ash 4.82 4.60 2.07

Ult. Anal. (mf)
Hydrogen 4.75 4.66 4.51
Carbon 72.52 73.22 75.00
Nitrogen 0.86 0.97 1.37
Sulfur 0.41 0.40 0.35
Oxygen (diff.) 16.94 16.12 16.70
Ash 4.82 4.60 2.07

Heating Value
(mf, Btu/l b) 12,260 12,693 12,820

Ash Fusion Temp.
Deg F-Reducing

Init. Deform. ND ND 2,148
Softening ND ND 2,278
Hemispheri ca I ND ND 2,3 I0
Fluid ND ND 2,313

Part. Size-Mean
(microns) 54 13 15
Top Size (99%<)
(microns) 348 100 81

TABLE 2

X-Ray FluorescenceAnalysis of LRC Fuels Tested in Turbine Program:
High-TemperatureAsh Results (% of ash, SO_-free)

Raw Spring HWDSpring PC/AC/HWD
Sample: Creek Coal Creek Spring Creek

PDUTest No. NA 55 45

SiO2 29.2 31.0 33.5
AI203 18.7 21.3 31.9
Fe203 8. I 9.6 14.7
TiO2 2.3 2.0 3.3
P205 1.2 0.6 0.9
CaO 23.0 22.0 10.1
MgO 7.6 7.8 4.3
Na20 9.0 5.5 1.0
K20 0.8 0.2 0.2
Total 99.9 100.0 99.9
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TABLE3

Chemical Fractionation Results of Raw Spring Creek Coal (wt%)

Initial Removed Removed Removed
(ppm) by H20 by NH_OAc by HCI Remaining

Silicon 4273 0 0 0 I00

Aluminum 3997 3 6 49 42

Iron 2442 0 16 72 12

Titanium 604 0 45 0 55

Phosphorus 315 2 73 22 3
Calcium 6688 0 59 40 0

Magnesium 2024 I 79 17 2

Sodium 3058 34 65 I I

Potassium 790 65 25 2 8

* Results are expressed with silicon loss normalized to zero.

TABLE 4

Chemical Fractionation Results of Hydrothermally Treated
Spring Creek Coal (wt%)

Initial Removed Removed Removed
(ppm) by H20 by NH_OAc by HCI Remaining

Silicon 7702 0 0 0 I00

Aluminum 4634 0 0 0 100

Iron 2712 6 4 45 44
Titanium 427 0 3 0 97

Phosphorus 108 0 12 64 24
Calcium 6902 0 30 55 15

Magnesium 2725 0 42 51 7
Sodium 489 6 82 3 9

Potassium 161 0 20 0 80

* Results are expressed with silicon loss normalized to zero.

the high iron oxide levels could also be due to contamination from the
magnetite heavy media used in the physical cleaning process. CCSEManalysis
of the Allison fuel and the raw coal shows that the dominant minerals present
are quartz and kaolinite, with significant amounts of other aluminosilicates,
including montmorillonite, and potassium aluminosilicate. The presence of a
significant amount of pyrite was also noted. The results indicate that the
hot-water-drying process slightly reduced the total amounts of inorganic
constituents present; however, the relative amounts of discrete minerals
remained constant. The CCSEMsize analysis indicates that the micronized
coals were dominated by minerals in the 2.2- to 10.O-micrometer size range
while the size distribution of minerals in the raw coal was much more
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TABLE5

Summary of CCSEMResults for PC/AC/HWDSpring Creek Fuel

Particle-Size <2.2 2.2- 4.6- 10.0- 22.0- >46.0 Total
Distribution, pm: 4.6 10.0 22.0 46.0
Wt%Mineral Basis

Quartz 15.7 14.9 0.6 0.0 0.0 0.0 31.1
Iron Oxide 3.6 5.5 0.0 0.0 0.0 0.0 9.1
Aluminosil icate 26.9 11.5 1.1 0.0 0.0 0.0 39.5
Ca AI-Sil icate 0.0 0.2 0.0 0.0 0.0 0.0 0.2
Fe AI-Silicate 0.2 0.0 0.0 0.0 0.0 0.0 0.2
K AI-Sil icate 1.0 0.2 0.0 0.0 0.0 0.0 1.2
Pyrite 7.7 1.4 0.0 0.0 0.0 0.0 9.1
Barite 0.0 0.2 0.0 0.0 0.0 0.0 0.2
Gyp/AI-Sil icate 0.I 0.0 0.0 0.0 0.0 0.0 0.1
Ca A1uminate 0.2 0.1 0.0 0.0 0.0 0.0 0.3
Spinel 0.I 0.0 0.0 0.0 0.0 0.0 0.1
Rutile 0.4 1.1 0.0 0.0 0.0 0.0 1.5
Pyrrhotite/Sul fate 0.4 0.0 0.0 0.0 0.0 0.0 0.4
Si-rich 0.5 2.4 0.0 0.0 0.0 0.0 2.9
Unknown 1.7 2.0 0.6 0.0 0.0 0.0 4.3

Total 58.3 39.5 2.2 0.0 0.0 0.0 100.0

dispersed. Obviously, the processing preferentially removes some of the
larger minerals and reduces the size of the remaining minerals. This is an
important factor when considering ash behavior because it affects both ash
particle chemistry and aerodynamic behavior in the utilization system.

Tables 8 and 9 show the CCSEManalysis with image analysis for
determining juxtaposition of the mineral particles for both the Allison
HWD/micronized and raw Spring Creek fuels. These tables indicate that the
cleaned coals tend to contain more inherent coal particles presumably because
the physical cleaning and centrifugation processes would separate the finer
mineral particles.

4.2 Coal-Water Fuel Atomization

Due to manpower and equipment constraints, very limited CWFatomization
testing was completed during the reporting period.

Spray testing of Spring Creek CWFwas conducted during the reporting
period using a new Delavan external mix atomizer. These atomization tests
were conducted to obtain high speed photographs using this new atomizer.
Results from these atomization tests indicate that the atomizer had a lower
pressure ratio at comparable atomizing air-to-fuel ratios than the Delavan
external mix atomizer. These photographs indicated that at the lower
atomizing air-to-fuel ratios (< 1.25) the spray pattern was becoming much less
dispersed. It was apparent that this atomizer was significantly oversized for
the flowrates utilized in these tests and did not provide very meaningful
information.
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TABLE 6

Summary of CCSEM Results for HWD/MicronizedSpring Creek Fuel
Producedfor AllisonGas Turbines

Particle-Size <2.2 2.2- 4.6- 10.0- 22.0- >46.0 Total
Distribution,/jm: 4.6 10.0 22.0 46.0
Wt% Mineral Basis

Quartz 15.0 7.9 1.3 0.8 0.5 0.0 25.5
Iron Oxide 2.1 2.2 0.0 0.0 0.0 0.0 4.4
Rutile 0.9 0.7 0.0 0.0 0.0 0.0 1.7
Alumina 0.3 0.0 0.0 0.0 0.0 0.0 0.3
Calcite 0.3 0.3 0.0 0.0 0.0 0.0 0.6
Dolomite 0.0 0.0 0.7 0.0 0.0 0.0 0.7
Kaolinite 11.2 8.2 2.8 0.2 0.0 0.0 22.4
Montmorillonite 5.5 2.2 0.0 0.0 0.0 0.0 7.7
K AI-Silicate 1.0 0.6 0.0 0.0 0.0 0.0 1.6
Fe AI-Silicate 0.3 0.2 0.0 0.0 0.0 0.0 0.5
Ca AI-Silicate 1.1 0.7 0.0 0.1 0.0 0.0 1.7
Aluminosilicate 0.1 0.0 0.0 0.0 0.0 0.0 0.1
Mixed AI-Silicate 0.6 0.0 0.0 0.0 0.0 0.0 0.6
Fe Silicate 0.0 0.8 0.0 0.0 0.0 0.0 0.8
Ca Silicate 0.1 0.2 0.0 0.0 0.0 0.0 0.4
Pyrite 4.7 0.6 0.0 0.0 0.0 0.0 5.3
Pyrrhotite 0.I 0.0 0.0 0.0 0.0 0.0 0.I
Oxidized Pyrrhotite 0.9 0.9 0.0 0.3 0.0 0.0 2.0
Gypsum 0.2 0.0 0.0 0.0 0.0 0.0 0.2
Barite 1.8 1.1 0.0 0.0 0.0 0.0 3.0

Apatite 0.0 0.2 0.0 0.0 0.0 0.0 0.2
Ca AI-P 0.5 1.2 0.0 0.0 0.0 0.0 1.7
Gypsum/Barite 0.8 0.0 0.0 0.0 0.0 0.0 0.8
Gyp/AI-Silicate 0.5 0.2 0.0 0.3 0.0 0.0 0.9
Si-Rich 0.5 0.8 0.0 0.4 0.7 0.0 2.3
Ca-Rich 0.2 0.0 0.0 0.0 0.0 0.0 0.2
Ca-Si Rich 0.1 0.0 0.0 0.0 0.0 4.5 4.6
Unknown 5.4 0.6 0.9 1.8 1.1 0.0 9.8

Total 54.0 29.8 5.6 3.8 2.3 4.5 100.0

Atomizationtests utilizinga Spring Creek CWF and the Delavan Swirl-Air
nozzle employed in previous combustiontestingwere also attemptedduring the
reportingperiod. Observationof the spray cone indicatedthat at the lower
atomizingair-to-fuelratios the spray would become flat. The atomizing air-
to-fuel ratio at which the spray would become flat increasedwith increasing
spray chamber pressure. The reason for this nozzle behavior is not understood
at this time, but it is felt that this phenomenondid not occur during the
combustiontests performed in I-MM Btu/hr gas turbine simulatorusing this
same atomizer.

4.3 PDTF CombustionTesting With BeneficiatedFuels

Pressurizeddrop-tube furnace (PDTF)testingwas conductedusing the
fuels described above. A series of shakedowntests was conducted to measure
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TABLE7

Summaryof CCSEMResults for Raw Spring Creek Fuel (-325 mesh)

Particle-Size <2.2 2.2- 4.6- 10.0- 22.0- >46.0 Total
Distribution, Mm: 4.6 10.0 22.0 46.0
Wt%Mineral Basis

Quartz 4.0 5.3 4.5 4.6 4.1 0.0 22.4
Iron Oxide 0.2 0.1 1.0 0.7 0.4 2.5 4.9
Rutile 0.2 0.0 0.3 0.1 0.0 0.0 0.7
Calcite 0.3 0.3 0.0 0.0 0.0 0.0 0.6
Kaolinite 1.9 2.8 4.7 4.9 5.6 2.4 22.3
Montmorillonite 0.5 1.1 0.9 0.5 1.2 0.0 4.1
K AI-Sil icate 1.0 2.0 1.8 1.0 1.1 0.0 6.9
Fe AI-Sil icate 0.2 0.0 0.0 0.1 0.0 0.0 0.2
Ca AI-Sil icate 0.I 0.0 0.0 0.0 0.0 0.0 0.1
Aluminosil icate 0.2 0.6 1.1 0.1 0.0 0.0 2.0
Mixed AI-Sil icate 0.I 0.2 0.0 0.0 0.2 0.0 0.4
Pyrite 1.1 0.4 0.9 1.1 2.5 1.1 7.2
Pyrrhotite 0.2 0.0 0.0 0.1 0.6 0.0 0.8
Oxidized Pyrrhotite 0.0 0.3 0.0 0.0 0.0 0.0 0.4
Gypsum 0.3 1.2 0.0 0.1 0.2 0.0 1.8
Barite 0.7 0.5 0.9 0.3 0.7 0.0 3.1
Ca AI-P 0.1 0.4 0.0 0.2 0.0 0.0 0.7
Gypsum/Barite 0.I 0.0 0.0 0.0 0.0 0.0 0.I
Gyp/Al-Sil icate 0.2 0.0 0.0 0.4 0.0 1.0 1.6
Si-Rich 0.5 0.9 1.0 0.8 1.6 2.4 7.1
Ca-Rich 0.I 0.2 0.0 0.0 0.0 0.0 0.3
Unknown 1.6 1.4 0.9 3.3 4.8 0.0 12.0

Total 13.7 17.6 18.0 18.4 22.8 9.4 100.0

the carbon burnout achieved using the Allison fuel (HWD/micronized) Spring
Creek (AFSPC). After optimization of the burnout tests, other fly ash
collection tests were conducted using the physically cleaned, acid-cleaned,
HWD/micronized Spring Creek (APSPC) and the raw Spring Creek (SPCRK) fuels.
Tables 10 through 14 show the operating conditions, weights of fly ash
collected, and the measured burnouts for these combustion tests. Percent ash
in the fly ash was measured using a modified TGA technique since sample sizes
were too small to perform ASTMloss-on-ignition (LOI) tests. Carbon burnout
was calculated using the equation given below by Wenglarz and others (13):

Carbon burnout fraction = (I-Wa/W_)/(I-Wa)

where Wx is the weight fraction of ash in the particulate sample and W, is the
weight fraction of ash in the coal from which the slurry was made.

Initial combustion tests were performed using a bulk filter to capture
all of the fly ash. Starting with Test Number 37, the number 2 and 5 cyclones
of a multicyclone set along with a final filter were used to collected size-
fractioned fly ash samples. The three fractions were then submitted for
analysis by SEMpoint count, particle size using the small sample cell on a
Malvern 2600, and LOI tests using the modified TGA technique if enough sample
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TABLE8

CCSEMAnalysis with Image Analysis for Allison HWD/Micronized
Spring Creek Fuel

Mineral Types Number Frequency % Extraneous % Inherent

Quartz 22 20.56 23 77
Montmori I 1oni te 5 4.67 20 80
K-Aluminosil icate 2 1.87 0 100
Kaolinite 15 14.02 27 73
Ca-A1uminos i I i cate I O.93 0 I00
Ca-Silicate I 0.93 0 100
Oxidized Pyrrhotite 2 1.87 50 50
Pyrite 6 5.61 17 83
Gypsum i 0.93 0 100
Mixed Silicates I 0.93 0 100
Gypsum/Aluminosilicate 3 2.80 33 67
Si-Rich 5 4.67 40 60
Ca-Si-Rich I 0.93 0 100
Fe-Al-SiIicate I O.93 0 I00
Unknown 41 38.32 7 93

Total 107 100.0

remained. Entrainedalkali getteringtests (SPCRK42 and 43) were performed
by adding kaolin to the raw Spring Creek at a level that would increase the
ash content by approximately50 percent.

Tables 15 through 20 show the scanningelectronmicroprobepoint count
(SEMPC)and particle-sizeanalysesof the fly ash samples from samples
analyzedto this point. Other analyseswill be performedat a later date as
analyticaltime on the SEM becomes available. Analyses of the raw Spring
Creek fly ash indicatethat the final filter is high in sodium sulfates and
sodium calcium sulfates,which would be expectedto cause severe alkali
depositionand corrosionproblems in a coal-firedgas turbine. Addition of
the kaolin to the raw Spring Creek appearedto affect the distributionof the
sodium speciesreducing the amount of sodium species found in the smallest
size range (i.e., final filter). Figures13 and 14 show the weight percent of
the total elements as collected in each size fraction. As can be seen the

additionof the kaolin reducedthe percentof Na20collected in the final
filter by a factor of two. Operatingpressuredid not seem to affect this
shift in where the sodium species are collected. The cut points of the
multicycloneswere significantlydifferentunder atmosphericpressure such
that a direct comparisoncannot be made.

A comparisonof the fly ash compositionand particle-sizedistribution
is also given in these tables. Both the PC/AC/HWD/micronizedand the Allison
HWD/micronizedSpring Creek fuels had lower sodium levels in the final filter
fractionthan the raw Spring Creek fuel. This is expected since acid-cleaning
and hot-water-dryingprocesseshave been shown to reduce the sodium levels of
the coal ash. However, it also appearsthat the HWD/micronizedSpring Creek
fuel has lower sodium levels than the more deeply cleaned Spring Creek fuel,
which is not expected. One possible explanationis that the CCSEM analyses
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TABLE 9

CCSEM Analysis with Image Analysis for Raw Spring Creek Fuel

Mineral Types Number Frequency % Extraneous % Inherent

Quartz 102 24.46 39 61
MontmoriIIonite I0 2.40 60 40
K-AIuminosiIicate 23 5.52 61 39
Kaolinite 90 21.58 58 42
Iron Oxide 5 1.20 60 40
Ca-AluminosiIicate 2 O.48 50 50
Na-Aluminosilicate I 0.24 0 100
Rutile 3 0.72 0 100
Pyrrhotite 3 0.72 33 67
Oxidized Pyrrhotite I 0.24 100 0
Pyrite 13 3.12 54 46
Gypsum 9 2.16 67 33
Barite 12 2.88 58 42
Calcite 5 1.20 80 20
Ca-AI-Phosphate 3 O.72 33 67
Mixed Silicates i 0.24 0 100
AluminosiIicate 3 O.72 33 67
Gypsum/Barite I O.24 0 I00
Gypsum/AluminosiIicate 7 I.68 29 71
Si-Rich 22 5.28 59 41
Ca-Rich 4 0.96 0 100
Fe-AI-SiIicate 2 O.48 50 50
Unknown 95 22.78 26 74

Total 417 100.00

indicate that a significantquantityof kaoliniteappears in the small size
ranges of the Allison fuel, while there appearsto be no kaolinitein the
deeply cleaned fuel. The deep cleaning appearsto remove some inorganic
componentswhich might be acting as effectivealkali getters, thus accounting
for the sodium concentrationincreasein the more deeply cleaned fuel.

Particle-sizeanalyses of these fractionsas determinedby the small
sample cell on the Malvern 2600 indicatethat the final filter tended to have
the largestparticle-sizedistributionamong the three collectiondevices
(i.e., the #2 and #5 cyclones and the final filter)which is physically
impossiblegiven the operatingprinciplesof a multicyclonesampling system.
Furtherexaminationof the final filter sampleswas conductedby SEM. Figures
15 and 16 are high-magnificationphotographsof filter cake from a final
filter sample. These photographsindicatethat the filter cake consists of
very fine (< I llm)particleswhich have agglomeratedinto larger flakes. It
is believedthat the Malvern particle-sizedistributionactually is measuring
the size of the agglomeratedflakes.

The PDTF testing has also been directed to perform tests for a separate
multiclientcontract concerningcoal ash behaviorunder reducing environments.
No PDTF testing under this projectwas completedduring the last two months of
the reportingperiod.
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TABLE 10

OperatingConditions and Results from ShakedownCombustion Tests Using Allison Fuel Spring Creek Coal
AFSPC01 AFSPC02 AFSPC03 AFSPC04 AFSPC05 AFSPC07 AFSPC08 AFSPC09 AFSPCIO AFSPC11 AFSPC14

Coal Feed Rate (g/min) 0.1530 0.1209 0.0679 0.3376 0.1405 0.3955 0.1134 0.4213 0.2454 0.4485 0.3913

Total Weight Coal Fed (g) 2.3 4.3 1.7 6.6 6.2 11.7 3.7 9.5 6.4 9.0 10.2

Weight Ash Collected (g) 0.0917 0.6923 0.2000 0.3247 0.1726 0.4123 0.1837 0.2869 0.2602 0.2188 .1545

Weight Ash Feed (g) 0.1058 0.1978 0.0782 0.3036 0.2852 0.5382 0.1702 0.4370 0.2944 0.4140 0.4504

Percent Ash in Fly Ash (mf) 47.4 5.44 10.97 12.86 13.05 19.64 8.19 12.73 15.33 26.41 69.88

Fly Ash Carbon Burnout (%) 94.65 16.19 60.87 67.33 67.87 80.27 45.95 66.94 73.37 86.56 97.92

Feeder Air Flow Rate (slpm) 20.0 20.0 8.0 10.0 11.2 10.0 10.0 10.0 10.0 10.0 8.0

Avg. Air Flow Rate (slpm) 99.9 99.9 15.0 39.9 39.9 39.9 39.9 39.9 89.9 39.7 5.0

Avg. N, Flow Rate (slpm) 99.9 99.9 15.0 50.0 50.0 49.9 49.9 49.9 89.7 49.9 13.0

Initial Oxygen Conc. (mol%) 11.5 II.5 12.7 10.5 10.6 10.5 10.5 10.5 11.0 10.5 10.5

cn % Excess Air 10,746 13,624 4,592 1,945 4,937 1,646 5,988 1,540 5,535 1,433 195

Exit Gas Equivalence Ratio 0.0092 0.0073 0.0213 0.0489 0.0199 0.0573 0.0164 0.0610 0.0177 0.0652 0.3393

PDIF Pressure (psig) 133.3 133.3 3.1 5.6 5.4 5.4 5.1 4.9 19.2 7.2 1.1

Zone I Tube Temp. (°C) 1,197 1,128 1,248 1,198 1,398 1,398 1,398 1,398 1,251 1,395 1,267

Zone 2 Tube Temp. (°C) 1,248 1,247 1,248 1,198 1,398 1,398 1,398 1,398 1,370 1,398 1,298

Zone 3 Tube Temp. (°C) 1,245 1,245 1,245 1,195 1,218 1,229 1,396 1,229 1,226 1,225 1,296

Optical Zone Temp. (°C) 798 773 952 872 907 899 972 792 882 910 1,055

Zone 4 Tube Temp. (°C) 815 800 1,247 1,197 1,197 1,197 1,342 998 1197 1197 1,283

Substrate Metal Temp. (°C) 199 188 67 148 154 169 188 169 160 176 40

Prim. Gas Vel. (m/s) 2.03 2.03 6.75 7.37 8.39 7.48 7.56 7.69 4.45 6.91 7.71

Total Gas Vel. (m/s) 0.41 0.41 0.59 1.32 1.37 1.36 1.54 1.40 1.53 1.25 0.47

AcceIerato; Gas Vel. (m/s) 14.8 59.3 21.4 47.5 49.4 49.1 55.4 50.3 55.2 45.0 17.0

Avg. Residence Time (s) 0.97 0.97 0.93 0.47 0.45 0.46 0.40 0.45 0.41 0.50 0.85



TABLE 11

Operating Conditions and Results from ShakedownCombustionTests Using Allison Fuel Spring Creek Coal

AFSPC15 AFSPC16 AFSPCI/ AFSPC18 AFSPCI9 AFSPC20 AFSPC21 AFSPC22 AFSPC23 AFSPC24 AFSPC25

Coal Feed Rate (g/min) 0.3875 0.6028 0.3737 0.4163 0.2052 0.2145 0.3984 0.2657 0.4136 0.1833 0.4915

Total Weight Coal Fed (g) 10.1 13.0 9.0 12.8 6.1 4.0 7.0 6.4 8.5 9.5 10.6

Weight Ash Collected (g) 0.0926 0.3228 0.1244 0.6184 0.7023 0.3912 0.0330 1.7668 0.1056 0.2478 3.3245

Weight Ash Feed (g) 0.446 0.574 0.39/ 0.565 0.269 0.177 0.309 0.283 0.375 0.420 0.468

Percent Ash in Fly Ash (mf) 48.99 75.42 ND 31.56 18.25 17.77 4.6 10.9 56.15 89.39 6.52

Fly Ash Carbon Burnout (X) 95.0 98.4 ND 89.5 78.4 77.7 0 60.6 96.2 99.4 30.9

Avg. Feeder Air Flow Rate (slpm) I0.0 10.0 20.0 20.0 20.0 20.0 20.0 20.0 8.0 10.0 10.0

Avg. Sec. Air Flow Rate (slpm) 30.0 90.0 99.9 99.9 99.9 99.9 20.0 20.0 5.0 30.0 89.7

Avg. N2 Flow Rate (slpm) 39.9 99.9 99.9 99.9 99.9 99.9 40.2 40.2 13.1 39.9 99.9

Exit Gas Equivalence Ratio 0.269 0.418 0.022 0.024 0.012 0.012 0.069 0.046 0.220 0.032 0.034

% Excess Air 272 139 4524 4052 8325 7958 1348 2070 355 3041 2826

PDTF Pressure (psig) 5.2 25.6 126 132 130 128 99 92 11.6 23.0 35.7

Zone I Tube Temp. (°C) 1164 1259 1263 1282 1097 1382 1468 1497 1098 1098 1098

Zone 2 Tube Temp. (°C) 1253 1298 1280 1297 1098 1406 1463 1499 1098 1097 1098

Zone 3 Tube Temp. (°C) 1296 1295 955 964 840 1082 1127 1209 1096 1096 1092

Optical Zone Temp. (°C) 1035 1053 880 893 724 1029 892 905 87! 909 906

Zone 4 Tube Temp. (°C) 1262 1296 921 916 866 951 898 973 1098 1097 1097

Substrate Metal Temp. (°C) 176 343 250 211 157 223 98 106 37 142 176

Prim. Gas Vel. (m/s) 7.62 3.73 2.12 2.04 2.07 2.13 2.66 2.84 4.63 4.07 3.02

Total Gas Vel. (m/s) 1.15 1.42 0.35 0.34 0.31 0.38 0.18 0.20 0.25 0.53 0.99

Accelerator Gas Vel. (m/s) 41.5 51.1 12.6 12.2 11.1 13.8 6.5 7.3 9.0 19.2 35.6

Avg. Residence Time (s) 0.35 0.28 1.1 1.2 1.3 1.0 2.2 2.0 1.6 0.75 0.40



TABLE 12

Operating Conditions and Results from Fly Ash CombustionTests Using Allison Fuel Spring Creek Coal

AFSPC26 AFSPC27 AFSPC28 AFSPC33 AFSPC34 AFSPC35 APSPC44 APSPC45 APSPC46

Coal Feed Rate (g/min) 0.5264 0.4016 0.4728 0.5350 0.3490 0.3794 0.3195 0.3173 0.3483

Total Weight Coal Fed (g) 10.3 8.3 16.2 20.4 14.7 11.8 17.3 16.4 18.0

Weight Ash Collected (g) 0.3037 0.1706 0.5063 0.468 3.1863 3.1104 0.3336 2.8343 4.0964

Weight Ash Feed (g) 0.454 0.367 0.715 0.901 0.649 0.521 0.764 0.724 0.795

Percent Ash in Fly Ash (mr) ND ll.8 70.5 79.9 12.2 10.1 44.5 8.35 8.64

Fly Ash Carbon Burnout (X) ND 98.6 98.0 98.8 65.1 57.0 94.0 47.1 49.0

Avg. Feeder Air Flow Rate (slpm) 8.0 I0.0 10.0 10.0 10.0 10.0 20.0 20.0 20.0

Avg. Sec. Air Flow Rate (slpm) 5.0 30.1 30.0 30.0 30.2 30.2 20.1 20.1 20.1

Avg. N, Flow Rate (slpm) 13.1 40.1 40.3 40.0 40.2 40.1 40.3 40.3 40.3

Exit Gas Equivalence Ratio 0.280 0.070 0.082 0.093 0.060 0.065 0.055 0.055 0.060

% Excess Air 257 1338 1121 979 1560 1427 1710 1723 1560

,,4 PDTF Pressure (psig) 4.3 11.2 3.2 3.9 102.9 105.8 107.8 109.6 107.8

Zone I Tube Temp. (°C) 1497 1484 1298 1482 1474 1298 1298 1493 1419

Zone 2 Tube Temp. (°C) 1498 1496 1298 1498 1498 1298 1298 1485 1343

Zone 3 Tube Temp. (oc) 1495 1495 1295 1496 1216 1057 1035 1156 895

Optical Zone Temp. (Oc) 1182 1186 1049 1139 979 866 921 937 762

Zone 4 Tube Temp. (°C) 1320 1326 1274 1281 922 881 929 918 802

Substrate Metal Temp. (OC) 65 I11 128 135 140 123 103 111 100

Prim. Gas Vel. (m/s) 6.38 5.86 8.43 8.24 1.30 1.27 2.49 2.46 2.50

Total Gas Vel. (m/s) 0.45 1.00 1.29 1.40 0.19 0.16 0.16 0.17 0.14

Accelerator Gas Ve1. (m/s) 16.0 36.1 46.3 50.3 6.7 5.8 5.6 6.1 5.0

Avg. Residence Time (s) 0.90 0.40 0.31 0.29 2.15 2.47 2.55 2.37 2.86



TABLE 13

OperatingConditionsfrom Fly Ash CombustionTests Using
PC/AC/HWD/MicronizedSpring Creek Coal

APSPC29 APSPC32 APSPC39 APSPC40

Coal Feed Rate (g/min) 0.3742 0.1440 0.1330 0.2267

Total Weight Coal Fed (g) 18.1 13.5 13.4 11.6

Weight Ash Collected(g) 1.0076 0.5667 0.5122 0.2424

Weight Ash Feed (g) 0.799 0.596 0.592 0.512

Percent Ash in Fly Ash (mf) 13.8 20.0 46.5 58.6

Fly Ash Carbon Burnout (%) 86.7 91.5 97.6 98.5

Avg. Feeder Air Flow Rate (slpm) 10.0 9.8 20.0 20.0

Avg. Sec. Air Flow Rate (slpm) 30.0 30.0 20.2 20.2

Avg. N2 Flow Rate (slpm) 40.0 40.3 40.3 40.3

Exit Gas EquivalenceRatio 0.065 0.025 0.023 0.039

% Excess Air 1442 3886 4258 2456

PDTF Pressure (psig) 3.4 3.5 105.0 107.2

Zone I Tube Temp. (°C) 1298 1485 1298 1492

Zone 2 Tube Temp. (°C) 1298 1498 1298 1487

Zone 3 Tube Temp. (°C) 1295 1496 1027 1170

Optical Zone Temp. (°C) 1055 1167 850 903

Zone 4 Tube Temp. (%) 1276 1307 856 862

SubstrateMetal Temp. (°C) 125 140 111 124

Prim. Gas Vel. (m/s) 8.36 8.21 2.55 2.50

Total Gas Vel. (m/s) 1.27 1.42 0.16 0.17

AcceleratorGas Vel. (m/s) 45.6 51.3 5.8 6.3

Avg. ResidenceTime (s) 0.32 0.28 2.50 2.30

5.0 CONCLUSIONSAND FUTURE PLANS

I. Detailed chemical and mineralogicanalysisfor the raw and hydrothermal]y
treatedcoal revealedthat most of the salts of organic acid groups and
solubleminerals are removed by the beneficiationprocess.

2. The CCSEM results indicatedthat althoughthe processing into CWF reduced
the total amountsof inorganicconstituentspresent,the relative amounts
of discrete minerals remained constant. That is, no significantreduction
occurred in any one mineralcategory over another.
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3. The size analysis of the CCSEM data indicatesthat the CWF coal was
dominatedby minerals in the 2.2- to 4.6-micrometersize range, while the
size distributionof minerals in the raw coal was much more dispursed.

4. The changes in particle size and amountsof organicallyassociated
inorganicsbrought about by the beneficiationprocessmay be important
factorswhen consideringash behaviorbecausethey affect both the ash
particlechemistry and aerodynamicbehavior in the utilizationsystem.

5. The addition of kaolin reduced the amount of sodium species present in the
small size fractions (< I llm)by a factor of two. This indicatesthat
the kaolin was acting as an alkali getter for the vapor-phasesodium
species.

6. Beneficiationof the Spring Creek fuel by physical/acidcleaning, hot-
water drying, and micronizingand just hot-waterdrying and micronizing
both decreasedthe concentrationof sodiumspecies in the small size
fractions. This decrease is due to the removalof significantquantities
of sodium cations in the beneficiationprocess.

7. There is some evidence to indicatethat deep cleaningthe fuel might
actually increasethe concentrationof sodium species in the small size
fractionsby removing inorganicspecieswhich act as effective alkali
getters. Further investigationof this premise is required before solid
conclusionscan be made.

Further PDTF testing with other beneficiatedSpring Creek fuels is planned
to determinethe effect of the individualcleaning steps on the removal of
selected inorganicspecies.
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TABLE 14

OperatingConditionsand Results from Fly Ash Combustion Tests
Using Raw Spring Creek Coal and Spring Creek Coal Mixed with

Kaolin for Alkali Gettering

SPCRK30 SPCRK31 SPCRK37 SPCRK38 SPRCK41 SPRCK42 SPCRK43
w/Kaol, w/Kaol.

Coal Feed Rate (g/min) 1.1835 1.0299 0.7932 0.9048 1.0122 0.5169 0.5677

Total Weight Coal Fed (g) 27.3 21.8 19.5 26.3 20.8 18.4 26.2

Weight Ash Collected (g) 1.6491 1.1468 0.3106 0.3387 0.8145 0.6004 0.1972

Weight Ash Feed (g) 1.341 1.070 0.958 1.291 1.021 1.290 1.836

PercentAsh in Fly Ash (mf) 35.2 37.2 86.8 90.4 37.0 69.5 89.2

Fly Ash Carbon Burnout (X) 90.1 90.9 99.2 99.4 90.8 96.8 99.1

Avg. Feeder Air Flow Rate (slpm) 10.0 10.0 20.0 19.3 5.0 5.0 20.0

Avg. Sec. Air Flow Rate (slpm) 30.0 30.0 20.1 20.2 0.0 0.0 20.1

Avg. N,Flow Rate (slpm) 40.0 40.2 40.1 40.3 5.1 5.1 40.0

Exit Gas EquivalenceRatio 0.197 0.171 0.132 0.152 1.374 0.685 0.092

ExcessAir 408 484 660 556 0 46 987

PDTF Pressure (psig) 4.9 5.5 109.3 107.6 1.9 1.9 109.2

Zone I Tube Temp. (°C) 1298 1484 1498 1298 1497 1497 1498

Zone 2 Tube Temp. (°C) 1298 1498 1494 1298 1498 1498 1498

Zone 3 Tube Temp. (°C) 1295 1496 1176 1034 1495 1496 1211

OpticalZone Temp. (°C) 1039 1192 921 831 1041 1061 1053

Zone 4 Tube Temp. (°C) 1267 1321 903 938 1097 1098 981

SubstrateMetal Temp. (°C) 123 132 122 96 31 30 121

Prim. Gas Vel. (m/s) 7.79 7.55 2.47 2.40 4.61 4.61 2.48

Total Gas Vel. (m/s) 1.18 1.29 0.17 0.16 0.19 0.19 0.18

AcceleratorGas Vel. (m/s) 42.4 46.5 6.2 5.6 7.0 7.0 6.3

Avg. ResidenceTime (s) 0.34 0.31 2.34 2.57 2.06 2.05 2.28

7. Jones, M.L.; Kalmanovitch,D.P.; Steadman,E.N.; Benson, S.A.
"Applicationof SEM Techniquesto the Characterizationof Coal and Coal
Ash Products,"H.L.C. Meuzelaar, Ed., Advances in Coal Spectroscopy,
1992, p 1-27.

8. Kalmanovitch,D.P.; Montgomery,G.G.; Steadman,E.N. ASME Paper Number
87-JPGC-FACT-4,1987.

9. Steadman, E.N.; Benson, S.A.; Zygarlicke,C.J.; Brekke, D.W.
"Characterizationof Liquid Phase Components in Coal Ashes and Deposits,"
In Proceedingsof the SeventhAnnual InternationalPittsburghCoal
Conference;September14-18, 1990.
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TABLE15

SEMPCand XRD Analyses--MulticycloneFly Ash Samples

Run #: SPCRK037 SPCRK037 SPCRK037
CollectionDevice: Cyclone#Z Cyclone#5 Final Filter

Fuel Type: SpringCreek SpringCreek Spring Creek

SampleWeights (g) 0.2558 0.0225 0.0323
Particle Size by Malvern2600

SampleMean Size (/_) 15.4 19.5 60.3
SampleTop Size (gg%<,/_) 72.2 119.B 420.0

Total Number of Points 293 249 249

Particle Types,% of Total Counts

CrystallinePhases

Akermanite O.7 O.0 O.0
Gehlenite 2 0 1 6 0.0
Anorthite 1 4 0 0 O.O
Albite I 0 0 0 0.0
Nepheline 0 3 0 0 O.O
Pyroxene 0 3 0 0 0.0
Spurrlte 0 0 0 4 0.0
CalciumAluminate 4 4 1 2 0.0
Quartz 33.8 0 4 0.0
Iron Oxide 0.7 0 0 0.0
Ankerite (Ca, Mg, Fe)CO, 0.3 0 0 0.0
AluminumOxide 0.3 O 0 0.0
Dolomite 1.4 0 0 0.0
Barite 0.3 O 4 0.0
Sodium Sulfate 0.0 0 0 7.6

Unclassifiedand Amorphous Phases

Unclassified 32.8 95.6 92.4
Pure Kaolinite (Amorp.) 13.0 0.0 0.0
Kaolinite-Derived 4.i 0.4 0.0
lllite(Amorp.) 0.7 0.0 0.0
Montmorillonite(Amorp.) 2.0 0.0 0.0
Calcium-Derived O.3 O.0 O.0

AverageComposition(wtX) Bul____k Amorphous Bul____kkAmorphous Bul____k Amorphous

SiO2 56 8 42.1 12.5 12.6 1.0 5.6
Al_O_ 17 6 27.5 22.6 23.6 0.6 2.9
Fe20, 3 9 4.7 11.8 12.3 2.9 4.1
TiO, 1 1 1.6 2.1 2.1 0.1 O.O
P,O, 0 i 0.I 0.4 0.4 0.2 0.6
CaO 12 7 15.3 34.9 36.2 3.5 5.0
MgO 3 5 3.8 8.9 9.4 2.0 3.3
Na,O 3 2 4.5 3.1 3.3 43.5 73.1
K,O 0 3 0.4 0.1 0.1 2.9 5.4
SOs 0.7 0.0 3.5 0.0 43.4 0.0

X-Ray DiffractionResults

Quartz,SiO_ Major NA ND
Mullite,#._6Si20,, Minor NA ND
Cristob_/lire, SiO, Minor NA ND
Lime, CaO Minor NA ND
Peric'_ase,MgO Minor NA ND
SodiL,mSul,"ate,NazSO, ND NA Major
Iron S_llcide,Fe2Si ND NA Major
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TABLE 16

SEMPC and XRD Analyses--MulticycloneFly Ash Samples Run APSPC040

Run #: APSPC040 APSPC040 APSPC040

CollectionDevice: Cyclone#2 Cyclone#5 Final Filter
Cleaning: Acid/Physical Acid/Physical Acid/Physical
Fuel Type: SpringCreek SpringCreek SpringCreek

SampleWeights (g) 0.1934 0.0235 0.0255
ParticleSize by Malvern2600

SampleMean Size (/_) 15.1 10.4 30 /
Sample Top Size (99%<,/_) ll.5 46.3 130.5

Total Numberof Points 24B 248 102

ParticleTypes,% of Total Counts

CrystallinePhases

Gehlenite 2.0 O.0 O.0
Anorthite 6.5 O.8 O.0
Albite 3.6 0.8 O.O

Nepheline O.4 O.8 O.0
Pyroxene O.4 O.4 O.0
Mullite 0.4 0.0 0.0

Spurrite 0.4 0.0 0.0
HaLiyne O.4 O.8 O.0

Spinel 0.4 0.0 0.0
Quartz 13.3 2.0 0.0
Iron Oxide 1.2 0.0 0.0
CalciumOxide 0.8 0.0 0.0
Sodium Sulfate 0.4 0.0 1.0
Sodium CalciumSulfate 0.4 0.4 0.0

Unclassifiedand Amorphous Phases

Unclassified 48.O 90.3 99.0
Pure Kaolinite (Amorp.) 10.5 0.0 0.0
Kaolinite-Derired 5.6 3.2 O.0
Montmorillonite(Amorp.) 5.2 0.4 0.0

AverageComposition(wt%) Bul___kk Amorphous Bul._.__kAmorphous Bulk Amorphous

SiO, 45.2 41.3 24.2 23.6 5.3 8.8
AlsO, 25.4 31.8 32.5 35.9 6.5 11.5
Fe,O, 5.1 5.2 14.4 14.8 15.2 21.4
TiO, 1.3 1.3 2.0 2.3 0.3 0.6
P,O, 0.I 0.I 0.4 0.5 1.9 2.6
CaO 9.6 10.2 9.2 10.1 1.9 3.2

MgO 3.2 4.0 4.4 4.8 6.5 9.2
Na,O 5.0 5.6 7.2 7.6 39.3 40.6
K,O 0.3 0.4 0.2 0.4 1.3 2.0
SO, 4.8 0.0 5.4 0.0 21.B 0.0

X-Ray DiffractionResults Not Available

10. Steadman,E.N.; EricksonT.A. "Coal and Ash Characterization--Digital
Image Analysis Applications,"EngineeringFoundationConference,
InorganicTransformationsand Ash DepositionDuring Combustion,Palm
Coast, FL, March 10-15, 1991.

11. Benson, S.A.; Holm, P.L. "Comparisonof the InorganicConstituentsin
Low-Rank Coals," Ind. Eng. Chem. Prod. Res. Dev. Ig85, 24, 145.
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TABLE 17

SEMPC and XRD Analyses--MulticylconeFly Ash Samples Run SPCRK041

Run #: SPCRK041 SPCRK041 SPCRK041
CollectionDevice: Cyclone#2 Cyclone#5 Final Filter
Fuel Type: SpringCreek Spring Creek SpringCreek

Sample Weights (g) 0.7201 0.0584 0.0360
Particle Slze by Malvern2600

Sample Mean Size (/_) 30.4 9.6 54.6
Sample Top Size (99X<,/_n) 509.0 77.5 161.1

Total Number of Points 85 249 252

ParticleTypes, % of Total Counts

CrystallinePhases

Gehlenite I.2 4.0 O.0
Anorthite 4.7 1.2 0.0
CalciumAluminate 3.5 2.0 0.0
Quartz 27.1 0.0 0 0
Iron Oxide 0.0 0.4 0 0
CalciumOxide 2.4 2.4 0 0

Ankerite (Ca, Mg, Fe)C03 1.2 0.4 0 0
Dolomite 0.0 0.4 0 0
Barite 1.2 0.0 0 0
SodiumSulfate 0.0 0.0 5.2
SodiumCalcium Sulfate 1.2 0.4 1.6

Unclassifiedand AmorphousPhases

Unclassifled 42.4 88,4 93.3

Pure Kaolinite (Amorp.) 5.9 0.0 0.0
Kaolinite-Derived 8.2 O.4 O.0

MontmoriIlonite (Amorp.) I.2 O.0 O.0

Average Composition(wt%) Bul____k Amorphous Bul___.kkAmorphous Bul_.__kkAmorphous

SiO, 49.7 37.8 20.7 22.2 2.4 6.1
Al=O, 19.7 27.5 23.1 24.0 1.9 4.6
Fe,O, 4.5 5.7 8.9 9.2 2.I 4.8
TiO2 1.3 2.1 1.3 1.3 0.2 0.4
P,05 0.1 0.1 0.2 0.2 O.Z 0.6
CaO 16.2 17.1 32.3 31.5 5.2 11.7
MgO 3.8 5.2 8.2 8.2 1.1 2.4
Na=O 3.2 4.1 3.2 3.3 31.9 66.4
K,O 0.2 0.3 0.1 0.1 1.6 2.9
SO, 1.3 0.0 2.1 0.0 53.3 0.0

X-Ray DiffractionResults

Quartz, SiO, Minor Minor Minor
Lime, CaO ND Minor ND
Periclase,MgO ND Minor ND
SodiumSulfate, Na_SO, ND ND Hinor
Bredigite,Ca,,Mg2(Si0,), ND ND Minor
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TABLE 18

SEMPC and XRD Analyses--MulticycloneFly Ash Samples Run SPCRK042

Run #: SPCRK042 SPCRK042 SPCRK042
CollectionDevice: Cyclone#2 Cyclone#5 Final Filter
Fuel Type: SpringCreek w/ Kaolin SpringCreek w/ Kaolin Spring Creek w/ Kaolin

Sa1_;pleWeights (g) 0.4716 0.1125 0.0163
Particle Size by Malvern 2600
SampleMean Size (_In) 32.8 20.9 83.2
Sample Top Size (99%<,pm) 461.8 108.3 370.3

Total Numberof Points 249 249 249

Particle Types,% of Total Counts

CrystallinePhases

Gehlenite 12.4 9.6 O,0
Anorthite 5.2 22.5 0.0
Albite 0.4 O.O 0.0

Nepheline 0.0 0,0 0.4
Mullite 0.0 0,4 0.0

HaC_yne O.4 O.0 O.4
CalciumAluminate 1.6 0.0 0.0

Quartz 9.2 0.0 0.0
Iron Oxide 0.4 0.0 0.0
CalciumOxide 1.2 0.4 0.0
Aluminum Oxide 0.4 0.0 0.0
Rutile 0.4 0.0 0.0
Dolomite 0.4 0.0 0.0
Barite 0.3 0.0 0.0
Anhydrite i.2 O.0 O.0
SodiumCalcium Sulfate 0.8 0.0 0.4
Ferric Sulfate 0.4 0.0 0.0

Unclassifiedand Amorphou_Phases

Unclassified 31.3 55.8 9B.8

Pure Kaolinite (Amorp.) 18.I 0.0 0.0
Kaolinite-Derived 12.9 10.8 0.0

lllite (Amorp.) 0.4 0.0 0.0
Montmorillonite(Amorp.) 2.4 0.4 0.0

0.0

AverageComposition(wt%) Bul__.._kAmorphous Bulk, _Amorphous Bul_.._.kkAmorphous

SiO, 42.2 42.2 34.6 33.5 11.6 18.6
A1203 27.9 32.9 32.8 32.4 9.9 15.9
Fe20, 3.7 3.2 4.3 4.7 2.7 4.5
TiO, 1.6 1.4 1.7 1.9 1.0 1.6
P20s 0.3 0.5 0.2 0.4 0.7 i.!
CaO 14.5 12.1 15.B 17.0 5.9 9.6

MgO 3.3 3.0 4.0 4.4 1.7 2.8
Na_O 3.8 4.4 5.7 5.5 25.7 42.5
K20 0.3 0.3 0.2 0.2 2.1 3.4
SO3 2.5 0.0 0.6 0.0 38.7 0.0

X-Ray DiffractionResults

Quartz,SiO_ Minor Major Minor
Anhydrire, CaSO, ND ND Minor
Pyrrhotire, Fe,.,S ND ND Minor
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TABLE 19

SEMPC and XRD Analyses--MulticycloneFly Ash Samples Run SPCRK043

Run #: SPCRK043 SPCRK043 SPCRK043

CollectionDevice: Cyclone#2 Cyclone#5 Final Filter
Fuel Type: Spring Creekw/ Kaolin SpringCreek w/ Kaolin Spring Creek w/ Kaolin

SampleWeights (g) 0.1572 0.0322 0.0078
Particle Size by Malvern 2600

SampleMean Size (_) 15,5 8.6 36.4
Sample Top Size (99%<,_m) 64.4 101.4 148.0

Total Number of Points 249 249 249

ParticleTypes,% of Total Counts

CrystallinePhases

Gehlenite 10 B 5.6 0.0
Anorthite 4 8 7.2 0.0
Albite 0 4 0.0 0.0
Nepheline 0 8 0.4 0,0
Ha(_yne 0 4 O.4 O.0
Quartz 8 0 0.0 0.0
Iron Oxide 0 4 0.0 O,O
CalciumOxide 0.4 0.0 0.0
Barite 1.2 0.0 0.0
Sodium Sulfate 0.0 0.0 8.8

Unclassifiedand Amorphous Phases

Unclassified 43.8 83.5 91.2
Pure Kaolinite (Amorp.) 19,3 0.0 0.0
Kaolinite-Derived 8.0 2.8 O.0
Montmorillonite(Amorp.) 1.6 0.0 0.0

AverageComposition (wtX) Bul___k _ Bul..___kAmorphous Bul____kkAmorphous

SiO_ 41.8 39.1 2B.5 27.8 2.9 6.2
A1203 29.7 33.2 30.5 30.5 1.7 4.0
Fe203 3.7 3.6 6.3 6.8 2.0 3.5
TiO2 1.2 1.4 2.1 2.2 0.2 0.4
P20s 0 1 0.1 0.5 0.6 0.7 1.3
CaO 14 1 14.1 19.2 20.2 4.0 7.4
MgO 3 2 3.1 5.4 5.6 1.B 3.3
Na20 4 7 5.1 6.2 6.1 42.5 68.8
K20 0 3 0.3 0.1 0.1 2.8 4.9
S03 1 3 0.0 1.2 0.0 41.4 0.0

X-Ray DiffractionResults

Quartz,Si02 Minor Minor ND
Mullite,Al_Si20,) Minor ND ND
Periclase,MgO Minor Minor ND
Pyrrhotite-6C, Fej.,S Minor ND ND
Iron Silicide,Fe2Si ND ND Minor
SodiumSulfate, Na2SO, ND ND Major
FerriteSpinel, ND Minor ND
(Mg, Fe)(Fe, AI)20,
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TABLE 20

SEMPCand XRDAnalyses--Multicyclone Fly Ash Samples Run AFSPC045

P m #: AFSPC045 AFSPC045 AFSPC045

CollectionDevice: Cyclone#2 Cyclone#5 Final Filter
Fuel Type: All_son Fuel AllisonFuel AllisonFuel

SpringCreek Spring Creek SpringCreek

SampleWeights (g) 2.1765 0.0768 0.5810
ParticleSize by Malvern 2GOO

SampleMean Size (/jm) 19.9 18.6 10.6
SampleTop Size (99%<,/jm) 131.9 48.1 68.2

Total Numberof Points 51 40 169

ParticleTypes,% of Total Counts

CrystallinePhases

Gehlenite 9.8 7,5 O.6
Anorthite 0.0 0.0 I.8
Albite 0.0 2.5 0.0
CalciumAlumihate 0.0 2.5 0.0
Quartz 17.6 40.0 0.6
Iron Oxide 2.0 2.5 0.0
P)rite 2.0 0.0 0,0

Unclassifiedand Amorphous Phases

Unclassified 52.9 25.0 92.3
Pure Kaolinite (AJ_orp.) 5.9 17.5 2.4
Kaolinite-Derived 5.9 0.0 2.4
lllite (A_morp) 2.0 0.0 0.0
Montmorillonite(Amorp.) 2.0 2.5 0.0

AverageComposition(wt%) Bull< Amorphous Bul.__.kkAmorphous Bulk Amorphous

SiO: 38.6 29.9 70.0 46 3 9.1 27.7
AI20, 20.9 27.7 15.1 33 I 7 8 27.1
Fe:O3 4.8 3.6 0.5 0 0 4 0 4.4
TiO, 1.3 1.9 0.4 0 9 0 2 0.5
P20_ 0.1 0.I 0.i 0 2 0 B 0.5
CaO 17.1 20.8 8.3 14 5 6 6 14.6
MgO 5.7 7.1 1.8 2 8 8 7 7.6
Na/) 5.8 8.4 1.8 2 2 37 3 17.1
K_O 0.4 0.5 0.0 0.0 1.2 0.5
SOs 5.2 0.0 2.I 0.0 24.3 0.0

I

X-Ray DiffractionResults Not Available

12. Nowok, J.W.; Benson, S.A.; Jones, M.L.; Kalmanovitch,D.P. "Sintering
Behavior and Strength Developmentin Various Coal Ashes," Fuel 1990, 69,
1020-1029.

13. Wenglarz, A.; Ames, F.; Fox, R.; Wilkes C.; Williams,J. "Gas Turbine
Screening Program,"final report for DOE ContractDOE/MC/21394-2)99
(DE87001057),December 1986, 85 p.
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