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• 1.0 INTRODUCTION

The contractstartdate (forPhase I)wasJune 11, 1987. Contractcompletion

date isNovember30, 1991.

Thisisthe seventhquarterlyreportcoveringworkon Phase II of the project.

TheperiodcoveredisAprilthroughJune1991.

Thepurposeofthisprojectisto developan advancedcoal combustionsystem

forindustrialboilers.Withthenewcombustionsystem,coalcouldbe usedto replace

oilandgasas fuelsformanyindustrialboilers.

The advanced coal combustion system concept includes the following

components:

• a newbumerfor ultrafinecoal fuelswhichcould replaceexistingoil and/or

gas burners

• a coal injectorthat could replacethe oil gun inexistingburners,as an

altemativeto completereplacementof the burnerassembly

• a coal storageand dense phasecoal feed system

• an automaticcontrolsystem,basedoncomputercontrolwithfeedbackfrom

low-costcombustion-qualitytransducers

• ash removaland particulatecleanupequipment.

1.1 PhaseI. Summaryof Results

During Phase I of the project, a coal injector was designed, fabricated, and

tested. It is a direct replacementfor the oil gun in the originalequipment of a 200 hp

Cleaver-Brooksfire-tubeboiler. The systemwas testedat coal-firingrates in the range

of 2 to 6 millionBtu's perhour, firing UpperElkhom No. 3 (easternbituminous,"UE3")
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coal supplied by Energy International, Incorporated. For these tests, propane was

used to preheat the boilerbefore initiationof coal firing. The propaneflow was turned

off after coal combustionwas established. No combustionair preheat was used.

Duringthese tests, boilerefficiencywas typicallyabout 85 to 86 percent,while carbon

conversionefficiencywas approximately94 percent. Concentrationsof CO were less

than 150 ppm. The NOxemissionswere less than0.6 poundsper millionBtu's.

Following a series of laser-illuminated cold-flow-visualization tests, a new

burneralso was designed,fabricated,and testedduringPhase I. It is a two-stage,swirl

burner which fits in the space previously occupied by the original Cleaver-Brooks

burner, and uses the existing section of refractory. Air flow can be regulated

independentlyinto each of the two stages. Additionally,the angle is adjustable for

individualswirlblades.

UpperElkhornNo. 3 ultrafine coal was usedas the standardfuel for mostUTSI-

burner tests. Firing rates were in the range of 2 to 6 millionBtu's per hour. Upper

ElkhornNo. 3 coals were tested with three levelsof ash. These were approximately

1.4%, 2.7%, and 4.8%, on an as-fired basis. The 2.7%-ash UE3 coal was used for

most tests because it exhibiteda good balance between ash contentand ash-fusion

characteristics.The 2.7%-ash UE3 coal also served as a reference and establisheda

baseline for performance. Additionally,a 1.3 float fractionof a western Eagle Butte

subbituminouscoal was used as the fourth ultra-finetest fuel. It contained4.4% ash

on an as-firedbasis.
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. All four test coals were supplied by Energy International, Inc. with a mean

particlesize of about 10 _m anda top size of 44 I_m. The coalswere deliveredto UTSI

in plastic-lined,55-gallonsteel drums.

Followingthe same approachas previoustests, propanewas used to preheat

the boilerbefore initiationof coal firing. The propane flow was turned off after coal

combustionwas established. No combustionair preheat was used with the UTSI

burner. Boilerefficiencywas approximatelythree percenthigherwith UE3 coalthan in

the previoustest series, and typicallywas about88 to 89 percent. Carbon conversion

efficiencywas approximately97 to 99 percentfor UE3 coals. A very highvalue of 99.9

percentcarbon conversionwas attained with the 4.4%-ash Eagle Buttecoal. These

results are about 3 to 6 percent higher than those measured when the UTSI coal

injectorwas used in the Cleaver-Brooksburner.

Forty to sixty percentof the ASTM coal ash remained in the boiler. However,

the depositswere powdery and easy to remove by increasingthe fan speed after the

conclusionof each combustiontest. The increased air velocity quickly re-entrained

and removedmostof the previously-depositedash.

Concentrationsof CO were below 100 ppm. The NOx emissions ranged from

1.2 to 1.3 poundsper millionBtu'swiththe UE3 coals• With the Eagle Butte coal, a
°

lower levelof 0•86 poundsof NOx per millionBtu'swas measured•

In addition to the burner-development activities, a system was designed,

fabricated, tested, and used routinelyfor data acquisitionand manual boiler/burner

control. The systemis basedupon a dedicatedmicro-computerbased on the Intel
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"286" cpu chip architecture using UTSI-developed software. In Phase II this
i

system will provide automation of system control and data acquisition.

1.2 Initiationof Phase II

Phase II startedon October1, 1989.

The main objective of the current work Is to move ahead from the

primarily R&D oriented approach of Phase I toward commercialization of

a complete coal-retrofit system.

In orderto accomplishthis,our plans includethe followinggoalsand activities.

Goals

• DecreaseNOxemissionsto lessthan 0.7 Ib/MBtu

Althoughthe UTSI commercialfire-tubeboileris firedat 6 MBtu/hourand,

therefore, is much smallerthan steam generators usuallysubjectedto strict

NOx regulations, we have based our goal upon the value specified in

Performance Standards for Commercial/industrial/Institutional Steam

Generation for coal-firedboilersin the 100 MBtu/hto 200 MBtu/h range. A

level of 0.6 Ib NOx/MBtu is specified for coal-fired electric utility steam

generators larger than 250 MBtu/hour by the Performance Standards for

_= Electric Utility Steam Generating Units Commencing After September 18,

1978. As a supplementalgoal, we will attemptto obtain this lower levelof

emissionswith NOxlessthan0.6 Ib/MBtu.
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• Decreaseparticulateemissionsto lessthan0.6 Ib/MBtu
,o

This is based upon the current UTSI site permit issued by the state of

Tennessee; otherwise, Tennessee particulate limit is 0.8 Ib/MBtu for a 6

MBtu/hboilersuchas the UTSI unit•

• Increase carbon burnoutso all test coals exceed 99% efficiencyat a firing

rate of approximately6 MBtu/h

This is based upona stated DOE goal.

• Increasetherturn-downratiofromthe present3:1capability

This is basedupon extension of previous achievement of the statedDOE

goalof 3:1.

Planned Activities

• Investigate the effects on reducing NOx emissions by deep-staging

combustionair or reburning

• Add on-line cleaning capabilities for removal of powdery fireside

deposits

• Add particulate-removalequipmentto reducestackemissions

• Develop higherefficiencythree-stage burner

• Add air pre-heaterand evaluateeffects

• Add low-cost combustion-qualitytransducer for automated control of

boilerefficiency
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• Develop simple, reliable, and inexpensive on-line dense-phase flow-
Q

controlcapabilitywith storagehopperoperatingat atmosphericpressure

and suitablefor reloadingwith coal at any time duringextended periods

of operation

• Automatethe boilercontrolsystem

• Evaluatepotentialof bulk bags for receiving,storing,and unloadingultra

fine coal

• Develop a commerciallyacceptable ultra-fine coal storage and dense-

phase feed system

• Demonstrateperformanceof new three-stageburner

• Make an economicevaluationand developa commercializationplan

• Demonstratecommercialfeasibilityof the integratedsystemwith a 100-

hour test operation

1.3 Phase I1.Summ_ryof PreviousResults

Work in Phase II has concentratedon" a.) adapting a commerciallyavailable

automotive oxygen sensor for use in the boiler control system; b.) developing a

commerciallyorienteddense-phase coal transportsystem;c.) designing,fabricating,

testing,and fine tuning an improvedburner for better combustionefficiency; and d.)

addingdeep-air-stagingcapabilitiesto the new burner to decrease NOx emissionsto

slightlyabove 0.4 Ib-NOx/MBtu with ultra fine coal. Carbon burnout of 99.1 percent

was achievedinthe Cleaver-Brooksfire-tubeboilerwith NOx emissionof 0.44 Ib/MBtu

during testing with micronizedUpper Elkhorn#3 coal with 2.4% ash, as fired. This

performanceis considerablybetterthan the DOE goal for Phase II work.



• Reburning tests were conducted using ultra fine coal and propane in the

external, water-cooled 15-foot long test duct. When propane supplied approximately

14% of the heat input,NOx levelswere as low as 0.295 Ib-NOx/MBtu.Initialtestingof

the UTSI boilercontroland automationsystemwas successful.

Normally-pulverized coal (PC) with approximately 70% passing through a

number200 sievewas burnedwith promisingresultsfor thiseconomicalfuel.

With the newly-completedUTSI on-line refillablecoal feed systemoperatingin

air at atmosphericpressure,long-durationoperationis feasible with coal being loaded

periodicallyinto the hopper from bulk bags. This technique will be used during the

upcoming100-hourdemonstrationtest.

2.0 TECHNICAL PROGRESS IN PHASE II DURING APRIL-JUNE 1991

2.1 Te,sk 3: IntegratedCombustionSystemDevelopment

Quarterly activity details follow.

2.1.1 CombustionTesting

During this quarter, several coal combustion tests were carried out in the boiler

using the eductor coal feed system and the two-stage combustor. The coal feed

system and combustor are shown in Figures 2.1 and 2.2. The main goal for these tests

was to determine the optimum combustor setup for low NOx emissions while

maintaining good carbon conversion efficiency. It was found during the tests that the

amount of air introduced into the combustor along with the coal through the eductor

tailpipe was a critical parameter for both NOx formation and carbon conversion. Using

the new fluidized coal hopper discharge arrangement, the air required for eductor

7
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.. operationvaries from about 12 percent of the total combustionair at a 2 MBtu/h firing

rate to about8 percentat 4 and 6 MBtu/h. (Duringprevioustestingusingthe old coal

tank, the eductorair requirementwas about 12 percent at 4 MBtu/h.) In initial tests,

only the amount of air needed for eductor operation was introduced through the

tailpipe.Combustoroperationunderthisconditionwas satisfactoryat 2 MBtu/h but not

at 4 or 6 MBtu/h. At 4 and 6 MBtu/hfiringrates, carbon conversionwas typicallyless

than 98 percent (based on ash exitingthe stack), and CO was relativelyhigh. It was

necessaryto operatethe combustorat a primarystoichiometryof 0.40 or less in order

to meetthe goalof 0.6 Ib/MBtufor NOx emission.

A second test was carried out in which the inside diameter of the eductor

tailpipewas reducedfrom 1.61 inchesto 1.05 inches,while all other parameterswere

maintainedthe same. The velocityof the coal-air mixtureenteringthe combustorwas

thus increased by a factor of about 2.35 compared to the previous arrangement.

However, the increased coal-air velocity resulted in only a minor improvement in

combustorperformance.A thirdtest was carried out in whichthe 1.61 inch ID eductor

tailpipewas modifiedto allowadditionof air independentof the eductorair. Duringthis

test, it was found that satisfactorycombustorperformance could be achieved at all

-- firing rates by introducingabout 12 percent of the total combustionair through the

tailpipe (equivalent to a tailpipe exit stoichiometryof about 0.15). Apparently the

amount of air premixed with the coal is critical in achieving the very intense

combustionneeded in the reducingzone of the combustor.With the increasedtailpipe

air, the minimumprimary zone stoichiometryneeded to maintainNOx emissionbelow

0.6 Ib/MBtu increased from about 0.40 to about 0.55. Apparentlyin the low tailpipe

10



A

. stoichiometry case, the effective residence time in the reducing zone is less, thus
,t

allowing more fuel-bound nitrogento enter the oxidizingzone before reactingto the

N2. Resultsof the testsare summarizedinTable 2.1.

Table 2.1. Resultsof TailpipeArrangementVariationTests

TAILPIPE FIRINGRATE TAILPIPE STAGE1 TOTAL %CARBON NOxEMISSIONCOEMISSION
ARRANGEMENT (MBtu/h) EXITSTOIGH. STOICH. STOICH. BURNOUT {Ib/MBtu) (pixndry)

1.61inchdia., 1.61 0.16 0.65 1.42 98.7 0.45 21
_iuctoraironly

4.17 0.08 0.39 122 97.8 0.59 81

5.86 0.09 0.36 1.10 98.3 0.58 156
1.05inchdia., 1.93 0.13 0.61 1.29 98.6 0.42 32
eductoraironly

3.86 0.09 0.41 1.23 97.8 0.51 114

5.67 0.08 0.41 1.15 98.4 0.55 132
1.61inchdial, 3.93 0.15 0.54 1.21 99.4 0.55 23
extraaidadded

5.63 0.14 0.55 1.20 98.9 0.56 30

Stoichiometryinthe reducingzone was also foundto be a criticalparameterfor

NOx formationand carbonburnout.A test was carriedout in whichthe firing rate was

maintainedconstantat about 6 MBtu/h, tailpipe exit stoichiometrywas maintainedat

about 0.15, and total stoichiometrywas maintainedat about 1.20, while the primary

zone stoichiometrywas varied from 0.66 to 0.46. Resultsare plottedin Figure 2.3. It

was found that NOx emissiondecreased with decreasingprimary stoichiometryover

the entire rangetested,while CO concentrationremainedessentiallyconstantat 20-30

pprndownto a primarystoichiometryof 0.53. As primarystoichiometrywas decreased

below 0.53, CO concentration increased and the boiler stack became noticeably

dirtier. A probable explanationfor this behavioris that the stoichiometryrequired for

conversionof all carboninthe fuel to CO is about0.58 (assumingall carbonas CO

11
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and all hydrogenas H20). When the stoichiometryis reducedmuchbelow this value, a

significantamount of char enters the secondaryzone, where it israpidly chilled and

does notburnoutcompletely.

As a resultof the tests, it was determinedthat optimumcombustoroperationis

achieved with a tailpipe exit stoichiometry of about 0.15 and a primary zone

stoic;hiomnetryof about 0.55. Duringthe next quarter, longterm combustiontestingwill

be carriedout to determine if satisfactorycombustorperformancecan be maintained

for longperiodsof continuousoperation.

Installation of Baghouse end Soot Blowers

During this quarter a baghouse was installedon the 200 hp boiler. The bag

baghousewas manufacturedby AeropulseCo. and was originallypurchasedin 1976

for use in MHD studies.The baghouse contains36 4-5/8 inch diameter x 10 ft long

bags, providingapproximately436 sq ft of clotharea. A pulse jet cleaning systemis

employedto removedust fromthe bags.The flue gas flowat a firingrate of 6 MBtu/his

approximately1850 acfrn, providinga maximumfiltrationvelocityof about 4.2 ft/min.

Filtrationvelocities of around 4 ft/min are typical for pulse-jet baghouse operations

collectingfly ash. Based on discussionswith bag vendors, a standard 16 oz woven

fiberglassfabric with acid resistantfinishwas chosen for testing in the boiler system.

Over 90 percentof coalfired boilerbaghousesuse this type of fabric, and the vendors

did not feel that the unusuallysmallparticlesize of the fly ash producedby combustion

of rnicronizedcoal wouldpresenta problemfor the standardfabric. Whether or notthe

standard fabric is adequate for the micronized coal combustion system will be

determinedduringthe 100 hourcombustiontest to be carriedout nextquarter.

13



• The layoutof the baghouseinstallationis shown in Figure 2.4. The baghouse

inlet duct is connectedto the side of the existingboiler stack. Dampers are used to

direct the flue gas through the baghouse or bypass it to the stack. Rather than

returningthe cleaned flue gas to the existingstack, a new exit ductwas constructed.

This was necessary to avoid the possibilityof dust leakage through the damper

influencingthe particulatemeasurementsat the baghouse exit. (For example, if the

baghouse collection efficiency is 99.9 percent, and the leakage rate through the

damper is 1 percent,the amountof dust inthe effluentdue to leakage is ten times the

amount escaping from the baghouse. For a commercial boiler system, it would be

necessary to use a multipledamper systemif very low emissionswere required.)The

baghouse will be bypassed during startups until the stack reaches operating

temperature.Particulatesamples representativeof the materialenteringthe baghouse

will be obtained while the baghouse is bypassed, and baghouse outlet samples will

be obtained at a new sample port in the exit duct. Ash from the baghouse will be

collectedin 55 gallondrums, weighed,and sampled for chemicalanalysis.

Soot blowers were also installed on the boiler during this quarter. The soot

blowers consist of 1/4 inch o.d. x 0.035 inch wall stainless steel tubes which are

inserted into the upstream end of each boiler tube in the second, third, and fourth

passes.The soot-blowertubes inthe secondpass are type 310 stainlesssteel, as 310

ss has previouslydemonstratedgood corrosionresistance in the fire tube exit area.

The tubes on the other passesare type 316 ss, which is a more standardmaterial. In

orderto installthe sootblowerson the secondand fourth passes, it was necessaryto

drillan individualholefor each tube throughthe boilerend bell and the refractory

14
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inside,as there was no roomfor headers inside the boiler.The third pass installation

was much simpler,as there was room for an internalheader there. The sootblowers

installationis shownin Figure2.5. Fora commercialretrofit,it wouldprobablybe more

practical to fabricate a new, deeper end bell which would have internalsoot blower

headers installed in the shop. A deeper end bell would have an additionalbenefit if it
+

turns out that removal of ash from the fire tube is required,as there would be more

roomfor an ash dischargepoint.The secondpass has 46 tubes; the third and fourth

passes each have 30 tubes. The sootblower tubes are connectedto three separate

headerson the secondpass, in groupsof 16, 15, and 15. The third and fourth passes

each have two separateheaders,with 15 tubes per header.The sootblowing-medium

is 120 psi nitrogen. (Although120 psi nitrogenwas available and used at the UTSI

test site,a commercial-systemapplicationwoulduse air.) Duringpreliminarytests, the

soot blowersappeared to do a good job removingdust from the tubes. The abilityof

the soot blowers to control ash buildup in the boiler will be evaluated during the

upcoming100 hourtest.

2.1.2 ControlsDevelooment

Duringthis quarter, testing of a photodiode-basedflame detector system was

conducted.A method of flame detectionseparate from the "Fire-eye"systemoriginally+. _=.

supplied with the boiler is needed because the radiation emission from the pilot, "

propane, and coal flames vary widely, and the addition of a long refractory-lined

burner section makes it difficultto separate emissionfrom the flame from emission

from hot refractory. A photodiode-baseddetectorprovidesa voltage or currentoutput

signalthat is easyto interfacewiththe PC-based controlsystem.The photodiodeused

16
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in the system was Hamamatsu No• $1133. This photodiode is equipped with an

' IR-absorbingfilterwhichmakes itsensitiveonlyto visible lightin the range from 320 to

730 rim. The peak responseis at 550 nm. Duringinitialtesting, it was foundthat the

responsedue to emissionfrom the hotrefractoryafter an interruptionin coal flowwas

comparable to response from the coal flame. An attempt was made to exclude the

refractory from the field of view of the photodiodeusing a series of apertures. The

apertureswere successfulin eliminatingthe responsefrom the hot refractory, but the

field of view was so narrowthat the normalflicker in the flame causedthe signalto be

very erratic. A satisfactorysolutionwas achievedby usingan opticalfilter to filterout

the emissionfrom the refractory.The opticalfilter has a centralwavelengthof 506 nm

and a half-peak bandwidth of 73 nm• The unfiltered and filtered response of the

photodiodeare plottedin Figure 2.6. Using the filtered arrangement,the photodiode

signalconsistentlydecreasedby 75 percentwithin2 secondsafter a lossof flame. The

signal level varied depending on the type of fuel being fired and the firing rate, so it

wouldprobablybe desirableto programin differentthresholdsfor shutdownfor each

situation.The thresholdfor shutdownmightbe chosenby the system-controlcomputer

as a percentageof the light-offsignal level.

Work also continued during this quarter on development of a system for

regulating combustion air flow using an automotive oxygen sensor. The oxygen

sensor is a zirconiumoxide modelwhich was purchasedat a localautomotive parts

store. The sensor has an built-in heater element which is powered by a 15 volt dc

powersupply•The oxygen sensoris mountedin the boilerstack,and is protectedfrom

contaminationby coal ash by a filterconstructedfrom Gore-tex laminated fiberglass
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cloth. The signal fromthe sensor is used in a control loopwhich varies the speed of
J

the combustionair fan motor,thus regulatingthe combustionair supplyto maintaina

set oxygenconcentrationinthe flue gas. The filterextends intothe flowinggas stream,

so the velocitypressureof the gas promotesflow acrossthe filter. However, there is

no provisionfor forcinggas flow acrossthe filter,or for removingash buildupfrom it.

Plans called for additionof a systemfor periodicallypurgingthe filter to remove ash

buildupif it fouledto the pointthat the sensor responsewas notadequate for control.

Fortunately,there has been no problemwith sensor response in tests conductedto

date. One sensor was poisoned by condensation on the zirconium oxide element

between tests, but this problemwas eliminatedby leaving the heater in the sensor

turned on betweentests. The responseof the fan speed controlloopwas intentionally

made fairly slow in order to avoid having the control loop respond to momentary

disturbancesin coal flow, but the system has performed well in maintaininga set

oxygen concentrationduring gradual load changes. The system promisesto be an

effective replacement for the mechanical damper adjustment system typically

employed for regulating combustion air flow in fire tube boilers, and is very cost

effectivesincethe pressuredropacrossthe damper is eliminated.

2.1.3 PreParationsfor 100 Hour CombustionTest

During this quarter, coal for the upcoming 100 hour combustion test was

transferredfrom 55 gallondrums into bulkbags.A totalof approximately29,600 Ibsof

Upper ElkhornNo. 3 coal with nominal2.6 percentash content (UE3-195) was loaded

into 17 bags.This is all of the low ash UE3 coal we have left.Two of these bagswillbe

dumped into the coal hopperat approximately12 hour intervalsduring the test. Coal
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, will be loaded without interruptingcoal flow to the burner. The test plan for the 100

hourtest was also developedduringthisquarter.The availablecoal supplyallows for

an average coalflow rate of 296 Ib/hour,for an average firingrate of 4.35 MBtu/h.The

boilerwill be operated at firing rates rangingfrom 4 to 6 MBtu/h during the test, with

gradualchangesin firingrate to simulateoperationof a typicalboiler installationunder

loaddemand.The goal for the test isto operatecontinuouslyfor 100 hoursfiringcoal.

Reliabilityof the varioussystemcomponentswill be evaluated,and the long-termash

deposition behavior will be determined. Carbon conversion efficiency will be

determined from the ash collected by the baghouse, and gas analyzers will be

operatedcontinuouslyduringthe test to evaluateNOx and CO emissions.

2.1.4 CommercializationEffort

Commercializationefforts continued duringthisquarter, with a visitto UTSI on

May 1, 1991 by Mr. Charles W. Ebbert, Product Manager for Rotary Kiln Thermal

Processingof Cleaver-BrooksBoiler Co., and Mr. James C. Oakley, Executive Vice

Presidentof BoilerSupplyCompany,the localdistributorfor Cleaver-Brooksboilers.A

presentation giving an overview of the project and a performance

demonstration of the boiler system were provided for these visitors. It

was very well received. Discussionswere held concerning possiblecommercial

application of the retrofit system by Cleaver-Brooks. Mr. Ebbert will present the

informationgained during his visitto Cleaver-Brooks'upper management, and said

that a decision on whether or not to pursue commercializationof the systemwould

depend on a determinationof whetheror nota reasonablechance existsthat there will

be a marketfor smallscalecoal-firedboilerswithinthe next 10 years.
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. 2.2 Task 4- Pro!ectManagementand Reo0rting

The March, April, and May 1991 monthlyreportsand the October-December

1990 quarterly report were issued.Materialwas preparedfor presentationat the July

ContractorsReview Conference.

3.0 WORK PLANNED FOR JULY-SEPTEMBER 1991

During the next quarter, the 100-hour long-duration combustiontest will be

conducted.Data from the test will be reducedand analyzed, and work will begin on

the Phase II final report.
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