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I. INTRODUCTION

Recentlythe technologyof coal-waterfuel (CWF)combustionhas

advanced from fundamentallaboratoryand small-scalecombustion

studiesto the study of large-scalepracticalcombustors. A number

of organizationshave carriedout many experimentalstudieson CWF

in pilot to industrialscale combustionsystems. These experiments

have includedwork performedby government,industrial,and academic

laboratories. Some of the fundamentalstudieshave broadenedthe

basic data base on CWF technology,while severallargerscale

demonstrationprogramshave begun to advancethe commercialization

of this technology.However, most of the commercializationstudies

have been too limitedin scope to allow the privatesectorto fully

assess the potentialfor widespreadutilizationof CWF as an

alternativeto conventionalfuel oils or naturalgas. On the

p'racticalside, for the successfulcommercializationof CWF

technologyin the boilermarketplace,it is importantthat CWF can

be produced,handled,,hd combustedin a cost effectivemanner in

industrialscale systems.

The U.S. Departmentof Energy,PittsburghEnergyTechnologyCenter,

entered into a CWF researchcontractwith CombustionEngineering,

Inc. in 1982. The program,entitled"Combustionand Fuel

Characterizationof Coal-WaterFuels" (ContractDE-AC22-82PC

50271),was a multiplephase,multi-yeareffortWith the overall

objectiveof establishinga broad, commerciallyuseableengineering

data base for CWF technology. The data generatedas a result of the

contractwould allow the privatesectorto make decisionson the

technical,economic,and environmentalfeasibilityof using CWF as a

prime alternativefuel. The study also intendedto providethe

incentivefor the privatesectorto continueand expand the

. developmentof stable,cost effectiveCWFs which can be transported,

stored, and distributedthe same way as conventionalfuel oils, and

• which will burn reliablywith minimumpollutantemissions.

-1-

I



The programwas structuredinto three major projectsthat addressed

both utility and industrialapplications:

I. CWF CombustionCharacteristics

2. CWF Rheology

3. Plant EquipmentSelectionand Performance

The first two projectswere conductedby a team from Combustion

Engineering(C-E) and Gulf Researchand DevelopmentCompany (GRDC).

The third was carriedout by TRW.

The CWF CombustionCharacteristicsphase embodiedmultipletasks

which focusedon key aspectsof CWF combustionproperties. This

report summarizesstudiesconductedunder Task 4 of the subject

program. The overallobjectiveof Task 4 was to quantifyCWF

atomizationand combustionpropertiesutilizingindustrial/utility

scale equipment.

Task 4 was broken down into two major phases of study. The first

phase involvedthe selectionand detailedperformance

characterizationof severalcommerciallyavailableburnersdesigned

for use with CWF. Burnerswere comparativelyevaluatedwith a

single CWF referenceformulation,using both cold flow atomization

testing and combustionperformancetesting. These comparative

burner tests were conductedat a scale of 25 million Btu/hr heat

input.

The second phase of study under Task 4 focusedon identifying

combustionperformancedifferencesbetweenvariouscommercially

oriented CWF formulations. A suitableburnerdesign from the first

phase of study under Task 4 was selectedand scaled up to a 50xi06

Btu/hr heat input ratingfor use as a referencetest bed for

comparativelyevaluatingthe atomizationand combustionproperties

of five differentCWF formulations.



This report (Volume4) providesa generaloverviewof Task 4 and

it's principalresultsand conclusions. Other informationregarding

technicalapproaches,test equipment,test procedures,test data and

analysesrelatingto the remainingaspectsof the work from each

individualtask are providedin the followingvolumes'

Volume I - All Tasks: Final SummaryReport

Volume 2 - Task I and Selectionand Procurementof

Task 3 CandidateCoal-WaterFuelswith

CommercialPotential

Volume3 - Task 2' Bench-ScaleCharacterizationof

Chemical,Physicaland Combustion

Propertiesof Coal Water Fuels

Volume 5 - Task 5: Pilot-ScaleAsh Depositionand

PerformanceTestingof Coal-Water

Fuels

Volume 6 - Task 6: CommercialApplicationand

Economicsof Coal-WaterFuels

-3-

I



Multiple BurnerDesiqnTest Proqram

II. BURNER SELECTION

Burner designsevaluatedunder the first phase of Task 4 were

selected based on manufacturers'currentmarket share, suppliers'

manufacturingcapabilities,_nd previousexperiencewith slurry

fuels. A burner's impacton projectbudget and test schedulewas

also considered in making the final decisionon burner selection.

Selected burnerdesignswere requiredto comply with the following

guidelinesin order to ensurethat the candidateCWF burnerswere

commerciallyviable and could be installedin C-E's test furnace:

Capacity - 25 x 106 Btu/Hr Heat Input

AtomizingAir Temperature- ambient

AtomizingSteam/AirPressure- less than 250 psig

AtomizingSteam Temperature- no greaterthan 20_F of superheat

(i.e., 425°F @ 250 psig)

AtomizingSteam/AirMass Flowrate- less than 700 Ibs/hr

Burner RegisterPressureDrop - less than 16" water column

(W.C.) @ 600"F

Burner IgnitionEnergy Requirements- less than 5 x 106 Btu/hr

Heat Input

Flame Diameter- less than B ft

Flame Length - less than 12 ft
t



Burner RegisterDiameter- less than 5 ft

Burner RegisterDepth - (i.e.,depth of windbox) - less than

4 ft

, Requestsfor test burnerswere sent to sixteenmanufacturers,and

nine proposalswere received. The nine proposalsrepresenteda wide

range of burner registerand atomizerdesign concepts.
,

Four burner designswere finallyselectedfrom the group of nine

potentialcandidates;the four burnersselectedrepresentedfour

unique design approaches. The burners,describedin the following

section, are referredto by code in order to preservethe anonymity

of the participatingburnermanufacturers.

HIGH SWIRL WALL-FIREDBURNER

The design of this burner featuresa centralprimaryair register,

which houses a primaryair swirlerthroughwhich a portionof the

combustionair is passed (FigureI). This swirlingair exits the

burner registerthrougha refractorylined divergentexit nozzle.

The primary air registeris centrallylocatedwithin an annular

secondaryair registerthroughwhich the remainderof the combustion

air is passed. This air registeris equippedwith co-rotational

swirl vanes, which 'impartadditionalswirlto the total combustion

air flow.

The atomizer for this burneris of the air-assisted,"Y - jet" type,

specificallydevelopedfor CWF firing (Figure2). The fuel stream

is directed into a pressurizedair stream. The shear forceswhich

develop at the fuel/airinterfaceinitiatefuel streamatomization.

, The atomizer featurestungstencarbideinsertsin criticalwear

areas to extend atomizerlife and maintain_.pecifiedperformance.

J

-5-
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REFRACTORYCHAMBERBURNER

The refractory chamber burner's design (Figure 3) features swirled

primary combustion air in the refractory lined combustion chamber.

A portion of the primary air passes through a centrally located vane

swirler into the combustion chamber. The remainder of the primary

air passes through a series of "tunnels" between the primary air

register and the combustion chamber. These "tunnels" are angled

such that they impart additional swirl to what can be referred to as

secondary combustion air. Additional combustion air is added

downstream to help complete combustion.

The atomizerfor this burner is of the externalmix, air assisted

variety. Pressurizedair is directedradiallyinwardtowardsa

central fuel stream. Shear forces at the fuel/airinterface

initiateatomizationof the fuel stream. A generalschematicof

this atomizeris shown in Figure4.

TANGENTIAL FIRINGBURNER

This burner is a swirl stabilizedunit configuredfor tangential

corner firing (Figure5). The principalelementsof the burner are:

a refractory-lineddivergentnozzle,a fixed vane tangentialswirler

through which the primarycombustionair stream is passed _nd

secondarycombustionair nozzlesabove and belowthe burnerthrough

which the balanceof the combustionair is ducted (unswirled). The

atomizer for this burner is of the air-assisted"Y-jet"type and was

identicalto the atomizerused in the HSWF burner (Figure2).
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REFRACTORY/REGISTERBURNER

The refractory/registerburner (Figure6) utilizesa singleair

plenum for its source of combustionair. Primary air passes through

an adjustableangle vane swirler,into the registertunneland out

througha refractoryquarl. Secondaryair is added throughan

annulus aroundthe burnerquarl. A slottedmetal cone locatedon

the end of the CWF gun acts as a bluff body to help stabilizethe

flame. The atomizerfor this burner is of the air-assisted"Y-jet"

variety (Figure7).
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III. REFERENCECVSFANALYSIS

In order to obtain performancedata that could be directlycompared,

each burner was testedwith a referenceCWF that was producedwith

the same coal by an establishedfuel manufacturer. The coals

consideredfor this baselinefuel were all high-volatile,low sulfur

bituminouscoals from the EasternUnited States. SplashDam coal

mined in BuchananCounty,Virginiaand beneficiatedto 5.5% by

weight ash was selectedand used to produceall 90,000 gallonsof

the referenceCWF used in the program.

The analysis of the SplashDam coal is typicalof high volatile

eastern bituminoascoals. Volatilemattercontentof the fuel was

approximately29% on a dry basis. The CWF had a solids loadingof

approximately70% and a higherheatingvalue of 10,145Btu/lb.

Additionalpropertiesof the referenceCWF are summarizedbelow'

TABLE I

REFERENCECWF DATA

As-Received Dry Basis

Proximate,Wt %

Moisture (Total) 29.5 --

VolatileMatter 20.7 29.4

Fixed Carbon (Diff.) 45.9 65.1

Ash 3.9 5.5

Total 100.0 100.0

HHV, Btu/Ib 10,145 14,390

I -!2-
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TABLE I (CONTINUED)

As-Received Dry Basis

Ultimate,Wt %

• Moisture (Total) 29.5 --
L

Hydrogen 3.5 5.0

Carbon 57.4 81.4

Sulfur .8 1.1

Nitrogen 1.1 1.6

Oxygen (Diff.) 3.8 5.4

Ash 3.9 5.5

100.0 100.0

CWF ScreenAnalysis

+60 mesh (250 l) 0.1%

60xi00mesh (250x1501m) 0.9%

I00x200mesh (150x751m) 3.8%

200x325mesh (75x451m) 8.9%

Coal ParticleMass Median

Diameter (lm) 15

(I) Viscosity@ 100 sec-I 640 centipoise

(I) Power Law Exp. 1.4

(2) Viscosity@ 1100 sec"I 983 centipoise

(2) Viscosity@ 2000 sec"I 1700 centipoise

(2) Viscosity@ 4000 sec-I 2850 centipoise

(3) Viscosity@ 1100 sec-I 1250 centipoise

(3) Viscosity@ 1500 sec"I 2137 centipoise

Density 1.21 grams/cubiccentimeter

Note"

, (I) RotationalViscometer@ 20"C

(2) ExtrusionRheometer@ Room Temp.

(3) VariableHigh Shear Viscometer@ 68-75"F
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IV. PRELIMINARYPERFORMANCEOBJECTIVES(PPOs)

C-E defined PreliminaryPeYLformanceObjectives(PPOs)in order for

the burner manufacturersto have consistentperformancetargets.

The goal throughoutthe burnertest programwas to objectively

comparedesignableperformancecharacteristicsto actualburner

performance. The PPOs were as follows:

Combustionair preheattemperature: less than 500°F

Excess combustionair requirements" less than 40% @ 100%load

Turndownwithout supportfuel: greaterthan 4:1

Ignitionrequirements: less than 20% of full load heat input

in a cold boiler for 30 minutes

Carbon conversionefficiency: greaterthan 9B% at 100% load

Confirmedscannersignalover turndownrange

No excessiveburner cokingduring 8 hour test

No atomizerpluggageduring B hour test

Atomized spray dropletmass median diametershould be less than

200 microns @ 100% load

Atomizerassist fluid consumption: less than 0.25 Ibs/Ibof

fuel at 100% load

Windbox air pressure: less than 16 incheswc @ 100% load

-14-
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V. RELATIVEATOMIZERPERFORMANCE(COLD FLOW)

The comparativeburnertest programwas initiatedfollowing

, identificationof participatingburnerdesignsand performance

targets. The first set of tests,describedin this section,

centeredon quantifyingthe performanceof each burner'sCWF

atomizer. Since it is generallyacceptedthat atomizationquality

highly influencesCWF combustionproperties,tests were conductedin

order to identifyspray qualitydifferencesbetweeneach generically

differentatomizerdesign,

CWFspray droplet size has been shown to have a direct impact owlCWF

ignition properties. CWFdevolatilization and ignition is delayed

in proportion to the time required for droplet heating and drying.

Since droplet heating and drying times can increase exponentially

with spray droplet diameter (I) it is vital that spray droplet

diameters be minimized in order to improve CWFignition

characteristics.

CWF spray dropletdiametercan also influencecombustionin terms of

carbon conversionefficiency. Severalstudieshave indicatedthat

coal particlescontainedwithin an atomizedCWF droplettend to

agglomerateduringdrying and devolatilizationand produce a single

char particleproportionalin size to the originaldropletdiameter

(2). The carbon burnouttime requiredfor a given char particleis

proportionalto its diameter (3). lt thereforeappearsthat spray

droplet size can directlyinfluencecarbonconversionefficiencyby
l

influencingthe timeframerequiredfor completechar particle

combustion.

All tests were conductedin C-E's AtomizerTest Facility (ATF). A

, schematicof the facilityis shown in Figure8. The facility is

uniquely configuredto obtain spray dropletsize distributionand

droplet ballistics(velocityand trajectory)information. The

facilityoperates in a cold flow (non-combustion)mode and can be

-15-
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used to quantifyany atomizer'sperformance. The facilityhas been

integralto researchprogramsat C-E which have resultedin

Jevelopmentof optimizedatomizersfor use in CWF burners,residual

oil burners,and emissionscontrol(dry scrubber)systems.

Two non-intrusive,opticallybased techniquesare employedin the

ATF to quantifyspray quality. A laser diffractionbased instrument

(Malvern2600) is used to determinespray dropletsize distribution.

Dropletsize distributioncan be determinedusing either

Rosin-Rammlermodel based softwareor model-independentalgorithms.

The Rosin-Rammlersoftwarewas exclusivelyemployedduringthe

subjecttest program. Size distributionhistogramswere summarized

and reportedin terms of spray dropletmass mediandiameter (MMD)

and the weight percentageof dropletswhich exceeded300 micronsin

diameter. These comparativelylargediameterdropletsare believed

to have a negative impacton both CWF ignitionand carbon

conversion,based on pulverizedcoal firing practices(4). Many

investigatorsbelievedthat minimizingthe populationof droplets

exceeding300 microns in diametercan improveCWF ignitionand

carbon conversionefficiency.

A high speed,double image photographictechniquewas also employed

in the ATF in order to characterizedifferencesin spray droplet

ballisticsbetweenthe genericallydifferenttest atomizers. A

stroboscopiclight source,capableof producingtwo intense,short

duration (one microsecond),light flashes,is used to illuminatean

area of interestin the atomizer'sspray. Using a high resolution,
l

short depth of field (6 millimeter)camera,double exposureshadow

graphicimages of the dropletsare recorded. Measuremer_tsof the

time delay betweenflashesas well as measurementsof the distance

betweendouble exposuredropletimagesare used to determinedroplet

. velocity. Droplettrajectoriesare readilydeterminedby observing

the flight path of the dropletswith respect to the camera's

, orientation.

-17-



The ATF and the opticaldiagnostictechniquesused by C-E are

describedin detail in Reference5. All of the atomizerstested in

this programwere of the twin-fluidair-assistedtype. Twin fluid

atomizersutilizethe energy contributedby the atomizingfluid to

initiatebreakupof the fuel stream intomore readilyco;nbustible

droplets. The quantityand/or qualityof the atomizingmedium

defines the total energy availableto initiateatomizationand

strongly influencesgeneratedspray quality. The quantityof

atomizingmedia used is normallyreportedas the ratio of atomizing

media to fuel (A/F)mass flo,_ratio. The followingsummarizedhow

influentialA/F mass flow ratio is on each respectiveCWF atomizer

design.

Table 2 outlinesspray qualityobservationsmade as a result of this

test program. All three of the atomizerstested met the PPO

criteriaof less than 200 micronsMMD at an A/F ratio of less than

0.25. However,there were significantdifferencesin spray quality

and fuel and air pressuresbetweenatomizers. Overall,the HSWF

atomizer producedsignificantlyfiner spraysat any given A/F ratio.

For example, at an A/F ratio of 0.20, the HSWF atomizerproducedan

NMD cf about 60 micronswhile the REF and REF/REG atomizerproduced

MMD's of 145-155microns (Figureg). Similaralthoughless

pronouncedtrends are shown in the 50% and 25% load curves

(FiguresI0 and 11).

Table 2 also summarizesdroplettop size informationderivedfrom

droplet size distributiondata for each atomizertested. As can be

seen in the table, at 100% load, the HSWF/TANatomizerproduced

negligible (<1%)droplets above 300 microns,while the REF and

REF/REG atomizersproduced5.5% to B.7%, and 14% to 18%,

respectively,in the greaterthan 300 micron range. Similartrends

can be seen in the data presentedfor 50% and 25% loads. This data

correlatesdirectlywith the combustionresults,as will be

discussedlater.

-18-

m



ILl C:::_ ,._

4.._*_" I._ ¢_)¢_1 'd" I_'_ 'd" _t" ,.-_

...JI I_,¢_ , , , . , * * , *
_ _'_- I I I I I I I I I

t'j 4- * * * . . * * *
._ _ ,-.-*N

•I_ ,.-I m

_x_
r'a_ _u uml._

"r"*l==l'=__ ,,r== i,-,..4I=,=Ii,-,,I

_,.,=I

,i



i ;/00 ,, i- Jl "' I "I I 'I I "" I I ' ! '! I' I J'

_uo AT 250/0LOAD

100

i 14o

i s2o _
_ un

_1|

_L __ A :--L.. I • i , | J , i l .8 l . I

• I 11 0 ;t 0 4 0 Li 0 II i0 t2 I 4 I tj |,[I 2 0 2,2 2 4 2 (I II
Afr

_= 1 ''i _ i'" 1 z ! ' _ ' i ..... I u ....
2O0

luo AT 500/0LOAD

l 140

"" El
120

i '°, l _ l l i [, 1 J i , _ J .. _ 1 i
0 0 2 0 4 0 5 0 li 1,0 1.2 I 4 I 6 1.11 20 2 2 24 2 6 2,1_

AT 100% LOAD
16{I

t60

l t40

i 120 .

60

i

.J, i i ' ' l i ' , t ,, i ' !
_O 2-- 0,4 O 6 11.8 1,0 1,2 1,4 1,6 1,6 2,0 2,2 24 2.6 ;I,6

A/F, AIR TO FUEL RATIOS

o REF _ HSWF AND TAN [] REF-REG

FIGURE 9 COMPARISON OF MASS MEAN DIAMETER VERSUS ATOMIZING
MEDIA/FUEL(A/F) MASS FLOWRATIOSFORCWF BURNERS

I -20-



Droplet Bail i_tics

As previously mentioned, a high speed, double exposure photographic

system was employed in the ATF in order to quantify relative

differences, if any, in spray droplet ballistics between the generic

, atomizer designs. Photographs were taken of the spray at a location

24" axially downstream of the atomizer. Sampling at this location

assured that complete atomization (i.e., the formation of spherical

droplets from fragmented fuel ligaments) was achieved before the

photographic sampling volume. The sampling location was also

identical to that used for definition of the CWFspray droplet size

distribution using the laser diffraction technique.

The photographic technique used permitted the determination of

droplet velocity as a function of droplet diameter. Definition of

the droplet size/velocity relationship is important for defining the

near-burner aerodynamics required for effective combustion. Burner

aerodynamics can, tea certain extent, be adjusted to accommodate

high velocity droplets by increasing the size or strength of the

combustion air recirculation zone. Carbon burnout and burner

ignition stability can be favorably influenced by minimizing the

number of high momentumdroplets which move rapidly out of the

burner's primary aerodynamic recirculation zone.

Figure 10 summarizes diameter vs. velocity information obtained for

the HSWF,TAN, and REF atomizers. In general, detected droplet

velocities ranged between 2-13 meters/sec; the REF atomizer tended

to generate somewhat higher velocities on average. This could

possibly be attributed to the fact that the REF atomizer's operating

A/F ratio was over twice that of the HSWF/TANatomizer (0.5 vs.

0,2). The greater momentumof the REFatomizer's air assist stream

-21-
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as comparedwith that of the HSWF/TANatomizersmay increasethe

total momentum (mass,velocityproduct)of the partiallyatomized

fuel stream issuingfrom the REF atomizer. This may increase

measureddropletvelocitie.sdownstreamof the atomizerexit.

lt shouldalso be noted that droplettrajectoriesfor the HSWF, TAN,

and REF atomizerstended to predictablyfollowthe streamlinesof a

freely expandingjet.

Ballisticsdata for the REF/REGatomizeris unavailabledue to an

instrumentationfailure,however_it is likely that droplet

velocitiesand trajectoriesare similarto those observedfor the

HSWF and TAN atomizers,as the atomizerdesignsare generically

similarand the operatingA/F ratios are in a similarrange.

I
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Vl. COMPARATIVECOMBUSTIONPERFORMANCEOF EACH GENERICBURNER'SYSTEM

The overallobjectiveof this portionof the projectwas to measure

the combustioncharacteristicsof each burner type, so that the

potentialcommercialityof each genericburnerdesign for retrofit

to oil-designedunits could be assessed. PreliminaryPerformance

Objectives (PPO) previouslyestablishedto provideperformance

targets ,vr each burnervendor were used as guidelines.

Each burnerwas initiallyevaluatedthrougha seriesof preliminary

tests to identifypotentialperformanceproblemswhich could be

correctedprior to detailed performancecharacterization.The

preliminarytests includedcold flow atomizationtesting,

combinationshakedown/optimizationtestingand an abbreviated

performancecharacterization.Followingthe preliminarytests,each

burner manufacturerwas providedthe opportunityto modify

equipment. The burnersthen Underwentmore detailedcombustion

performancetesting.

All'burners were evaluatedwith the same referencefuel in the same

test furnace. The IndustrialScale BurnerTest Facility (ISBTF)

employed throughoutthis testingsimulatesa front wall, horizontal

fired industrialtype boiler environment. Figure 11 outlinesthe

physical appearanceof this facili_y. The combustionchamberof the

facility is surroundedby an atmosphericpressurewater jacket.

Chamberwall temperaturescan be adjustedby the additionor removal

of refractorypanels to allow simulationof specificheat release

profiles and furnacetemperatures.
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For the combustiontesting,a volumetricheat releaserate of

approximately30,000 Btu/hr-ft3 was chosen as being representative

of the majority of the oil-firedboilersand processheaterswhich

have the greatest potentialfor CWF retrofit. To obtain this heat

releaserate, a refractorybrick wall was constructed14 feet

downstreamof the furnacefront wall. A layer of blanketrefractory .

insulationwas added to the ISBTFwalls and ceilingto obtain

furnaceoutlet temperatureson the order of 2400 to 2500°F. Fuel

particleresidencetimes are estimatedto be on the order of 1.7

seconds,utilizinga plug flow approximationfor bulk gas velocity.

Flue gases are channeledfrom the ISBTF to a venturirod scrubber.

This scrubber is used during all combustiontestir.gto meet local

and federalair qualitystandardsfor SO2 and particulateei,_issions.
i

The ISBTF is capableof a maximumfiring rate of 72xi06Btu/hr on

typicaloils and 50xi06 Btu/hron coals or coal-basedfuels.

Supportequipmentconsistingof solid fuel pulverizationand storage

facilitiesand slurryfuel handlingfacilitiesprovidecapabilities

for a widerange of fuel types and their associatedfiring

equipment.

Facility instrumentationemployedduring the subjectproject

included'

- Flue gas constituentmonitorsfor CO2, CO, 02, NO×, and SO2

- Flue gas particulatecollectionequipment(EPAMethod 5)

- Heat Flux instrumentation

- Suction pyrometersfor gas temperaturemeasurements.
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A primaryperformancecriteriafor most potentialCWF burner users

will be carbon conversionefficiency(CCE),since CCE is influential

in determiningthe economicsof CWF conversion. The PPO targetwas

' to achievegreaterthan g8% CCE at 25xi06Btu/ht (100%of full load)

heat input. The performanceof each burnerwith respectto CCE was

' determinedprincipallyby analysisof flue gas constituents(02,

CO2, and CO). CCE's determinedby flue gas analysiswere also
confirmedat selectedtest pointsby analysisof isokinetically-

obtainedfly ash samplesfor carbon content.

The HSWF burner was capableof achievingCCE levelsgreaterthan 97%

at 100% load, while the TAN burnerwas capableof CCE's greaterthan

99% when operatingat 100% load conditions. The HSWF burner's

performancewith respectto CCE nearlymet the PPO target,while

the TAN burnersperformanceexceededPPO expectations. The REF/REG

burners,using the best atomizersuppliedby the burnervendor,was

capableof CCE's in excess of the PPO target level of 98%,

contrastingwith the REF burnerwhich achievedCCE's on the order of

86% at 100% load firing conditions. CCE for the REF burner improved

at reducedfiring rates (to the 95% level). However,it appeared

that the REF burner would benefitfrom additionaldevelopmentin

order to improveCCE.

All four burnerswere sensitiveto excess air level. Increasing

excess combustionair tendedto improveCCE 'Inall cases. Figure 12

summarizesthe measuredeffectof excess air on CCE. Note that all

tested burnerscan operatewithin the PPO targetof 40% excess air.

Severaltests were conductedin order to quantifythe effect that

combustionair preheathas on burneroperation. The PPO target for

preheatcalled for combustionair temperaturenot to exceed 500°F,

. derivedprimarilyfrom conversioneconomicsconsiderations.

(Economicsof conversionto CWF improvewhen burnersrequireminimal

• levels of combustionair preheat.)
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While combustionair preheatcan influencea numberof burner

performanceparameters,it's influencecan be most readily seen by

observit_grelativeflame stability. Air preheataffectsflame

' stabilitythroughits impacton fuel ignitionproperties. With this

in mind, each burner'sflame stabilitywas assessedat various

' combustionair temperatures.

The HSWFburner operated with acceptable flame stability at

combustion air temperatures as low as 300"F. lt should be noted

that CCEdegraded by 0.4% when the HSWFburner was operated with

combustion air temperatures below 500"FI

The TAN burnerwas capableof operationat combustionair

temperaturesdown to 250"F. Data from this testingindicatedthat

CCE was not affectedby combustionair temperaturefor the TAN

burner over a temperaturerange of 250"F-600°F.

The REF burner and REF/REGburnersoperatedstablyat the

combustionair temperatureof 500"F,but the REF burner'sflame

stabilitydeterioratedat temperaturesbelow 500°F. The REF/REG

burner vendor did not recommendburneroperationwith combustionair

temperaturebelow 500°F,due to expectedflame stabilityproblems.

The PPO target for burnerturndownwas for each burner to achieve

a firing rate turndownratio in excess of 4 to I withoutany support

fuel or supplementaryignitionsources. The test burners'turndown

performancewas found to vary widely. For example,the REF burner

was capable of achieving4 to I turndownwith acceptableflame

stability,while the HSWF burner and TAN burnerachievedturndowns

of 2.5 to I and 2 to I, respectively. The REF/REGburner'sturndown

was limitedto 1.5 to I at best.



The PPO target for burner=ignitionenergywas that each burner

should achievestableoperationafter providingignitionsupport

energy equivalentto 20% of full load heat input (5xi06Btu/hr)for

a period of time not to exceed30 minutes in a cold boiler, lt

should be noted that all burnersin the test programwere successful

in meeting this ignitionenergyguideline.

Combustionair windboxpressurerequirementswere noted for each

generic burner, lt is desirablefrom an overallplant efficiency

standpointto minimize burnerwindbox pressure. The PPO target

was for each burner to not exceed 16 incheswater column windbox

pressure. Relativerankingof the burnerswith respectto operating

windbox pressureswere I) TAN (5.1" W.C. @ 44% excessair), 2) HSWF

(9.8"W.C. @ 44% excessair), 3) REF (17"W.C. @ 30% excess air)

and 4) REF/REG (19.5"W.C. @ 48% excess air).

Flame scanners are an integralcomponentin burnermanagementand

safety systems. Tests were conductedto quantifyrelative

compatibilityof each burner'sflame scanningsystemto CWF firing.

Two generic flame detectionsystemswere employedby the burner

vendors participatingin these tests. The HSWF and TAN burnersused

a visible light intensity/frequencymonitor,while the REF and

REF/REG burnersused infrareddetectors. Based on this test

program, it appearsthat both visible light intensity/frequency

monitors and infraredscannerscan be successfullyemployedwith CWF

firing systems.

A factor which may limit the potentialfor CWF burnerretrofit is

that additionalburner/boilermaintenancemay be requiredas

comparedwith existingoil fired burners. The reason for this

concernderives from the fact that tilepulverizedcoal in CWF's

contains varyingquantitiesof mineralmatter in the form of ash.

This ash is potentiallyerosiveand can form depositson

burner/boilersurfaces. Two PPO targetswere establishedwith
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respectto the above: I) that no excessivecoking (deposition)

occurredon burner surfacesduringeight hours of steadyburner

operationand 2) that no atomizerpluggageor erosionoccurredafter

. eight hours of steadyburneroperation.

• No burner coking or depositionwas observedwith eitherthe HSWF or

TAN burners. Some limiteddepositionwas observedwith both the

REF and REF/REGburners. However,the depositionobserveddid not

impedeburner operation.

The HSWF, TAN, and REF atomizersdid not experienceany atomizer

pluggageor erosion over eight hours of burneroperation, These

atomizerswere fabricatedof erosionresistantmaterials

specificallyfor applicationto CWF. The REF/REGburner'satomizers

tended to wear after only three hours of operation. However,the

atomizerswere fabricatedof carbon steel,which is not particularly

erosionresistant. Had the REF/REGatomizersbeen fabricatedwith

erosionresistantmaterials,then REF/REGatomizer'lifewould have

improveddramatically.

The final PPO burner performancetarget addressedatomizerenergy

consumptionrequirements. All burnersin the test programemployed

air-assistedatomizers;compressedair is used to providefuel

atomizationenergy. Since the amountof compressedair requiredfor

atomizationeffects overallplant efficiency,a PPO target limit

was set for atomizerair consumption. Atomizer air consumptionis

normallyexpressedas an atomizingair to fuel (A/F) mass flow

ratio. The PPO target was set at the A/F ratio of 0.25. This ratio

was consistentwith air consumptionguidelinesset by EPRI (Ref 5)

for CWF atomization.

. A/F ratio has a first order effect on atomizationquality;

atomizationquality improveswith increasesin A/F ratio. This

• phenomenawas observedfor all burners in the test program.



Optimum burnerperformancewas achievedat the followingA/F ratios:

BurnerType. A/F Ratio RBnqe
i

HSWF O,Ig - 0,22

REF 0,53 - 0,55 .

TAN O,Ig - 0,22

REF/REG 0.1g - O,2g

lt is clear in reviewingthe above that the HSWF and TAN atomizers

met the PPO guideline,and the REF/REGatomizerfor the most part

operatedwithin an acceptableA/F ratio range. The REF atomizer

only operatedat A/F ratio'swhich exceededthe PPO limitation,

In summary,all burners'Inthe programwere capableof firingthe

referenceCWF. However,each burner demonstrateduniqueperformance

characteristics, No tested burnerconceptcould be deemed wholly

inadequatefor CWF service. The HSWF and TAN designsappear

suitablefor immediatecommercialCWF retrofitapplication. The REF

and REF/REG burnersdemonstratedpromisingperformance,but would

benefit from furtherdevelopment, lt shouldbe noted that the REF

and REF/REGburnermanufacturershad no significantexperiencewith

CWF firing prior to this test program.



Mul,tlD]e CWF'Formulatioll Test Program

VII, BURNERSELECTIONFOR50x106 BTU/RR

Having quantified 'the relative performance o,' each 25x106 Btu/hr

' generic burner destgn, the project's focus centered on selecting a

generic burner design for application to the multiple CWF

forlnulation test program to follow, These tests we_e to be

conducted at a 100%load heal:, input of 50xi06 Btu/hr, Therefore,

the burner design selected would require scaling to a 50xi06 Btu/br

heat input capacity, Specific burner selection criteria included:

I) Burner design suitability to a wide range of boiler

retrofit applications,

2) Burner design compatibility with PPOlevels of

performance

3) Impact of burner delivery on project schedule

4) Impact of burner selection on project budget

Due mostly to consideration of the first criterion, the High-Swirl

Wall Fired (HSWF)Burner was chosen for application to the multiple

CWFformulation test program, The HSWFgeneric design is suitable

for use in a variety of CWFretrofit situations, lt was determined

that a 50xi06 Btu/hr HSWFburner could be integrated into the

project with positive impacts of both project budget and schedule,

In addition, the HSWFburner design operated within most PPOtarget

performance levels.

The HSWFburner manufacturer fabricated a 50xi06 Btu/hr capacity

burner with improvements to the design with respect to minimizing

required burner windbox pressure, Specifically, the tertiary air

, swirler was eliminated from the design, which effectively allowed

the burner to operate at windbox pressures below those previously

. observed (i,e.,less than 9.8" W,C, @ 44% excess air), A schematic

of the 50xi06 Btu/hr HSWF burner is shown in Figure 13,
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VIII, LABORATORYANALYSISOF TEST CWFS

The overall objective of this portion of the project was to

' characterizeand comparethe performanceof five different

coal-waterfuel (CWF) formulationswhich have commercialpotential

' for replacingconventionalpremiumfuels in industrialand utility

boilers, Direct comparisonsbetweenBach fuel's relative

performancecould be drawn since the t_stingenvironment(i,e,,

burner and test furnace)for each fuel was held constant, The

informationgatheredas a resultof the projectcan be used by

potentialusers to assessthe technicalfeasibilityof utilizing

CWFs sourcedfrom severalcommercialsupplierswho employdiffering

formulationapproaches,

A detailedlaboratoryanalysisprogramwas initiallycarriedout to

characterizethe five chosen CWFs in terms of their chemicaland

rheologicalproperties. All CWFs chosenwere formulatedwith high

volatileA bituminouscoals from mines in the easternU,S,

Identifying codes, summarized below, were assigned to the fuels in

the program. These codes identify a specific CWF_scoal type, ash

level, and vendor. The vendors are identified by code letter to

preserve their anonymity:

Fuel Identifie]_ _ CoB] Type % Ash(Dry Basis) Vendor Code

SD63C SplashDam 6.3 C

SD52A SplashDam 5,2 A

CG53C Cedar Grove 5.3 C

UF62C Upper Freeport 6.2 C

SD71F Splash Dam 7,1 F
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Laboratoryevaluationof these fuels includedthe following

characterizationtests;

I) Solids content

Z) Proximateanalysis

3) Ultimate analysis

4) Higher heatingvalue

5) Ash Fusibility

6) Ash Composition

7) Screen Size Analysis

8) Low shear viscosity(Haakeviscometer)(AmbientTemperature

Fuel)

9) High shear viscosity (Burellviscometer)(AmbientTemperature

and Heated Fuel)

Note that no attemptwas made to characterizeany commercial

additiveswhich typicallycompriseabout I% by weight of most CWF

mixtures in order to preventsettlingor enhance rheological

properties. Th_se additivepackagesare consideredproprietaryby

the respectivefuel manufacturers.

In addition,it shouldbe noted that all testing in this programwas

conductedon fuels in their as-deliveredstates (i.e.,no dilution).

Table 3 presentsa tabulatedsummaryof the major resultsfrom tile

laboratorytestingphase. FJ_ discussionwhich followshighlights

key fuel characteristicswhich can impacta fuel's abilityto

atomizeand combustefficiently,
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Coal particlesize distributionand coal particletop size can

impact on combustionperformancein conventionalpulverizedcoal

firing (4). Finer coal grinds enhancecombustionas they promote

fuel/airmixing throughan increasein fuel surfacearea. Assuming

the same analysisheld true for CWF firing,(disregarding

atomization/agglomerationmechanismsfor the moment)one could

presumethat finer grind CWF's would combustmore readilyand

completelythan coarsergrind fuels.

Figure 14 presentsa comparisonof the coal particlesize

distribution (Rosin-RammlerAnalysis)for the five CWF fuels tested.

The five fuels fall into two major categoriesas delineatedby their

respectivecoal particle size distributions. Fuels UF62C and SD63C

can be consideredmicrofineCWF's, with coal particlemass median

diameters approximatelyequal to 6.5 microns. Fuels SD52A, SD71F,

and CG53C are consideredstandardgrind CWF's with coal particle

MMD's rangingfrom 27 to 31 microns. Assumingthe base coals were

fired in a dry, pulverizedstate (againigrloringany agglomeration

phenomena),the microfinecoals would probablyfire at higher levels

of carbon conversionefficiencythan would the more conventional

grind coals, all other factorsbeing equal.

The value of volatilematter contentis used as an indicationof

coal classificationand ignitability,and, in general, high volatile

matter content (approx.30% or above) is desirablein coal firingas

it enhances fuel ignitionand flame stability. Figure 15 presentsa

comparisonof the volatilematter contentfor the five fuels. As

can be seen, all of the fuels h_ve essentiallyidenticalvolatile

matter content,with the exceptionof UF62C which has a somewhat

higher value. Thus, it can be expectedthat all of the base coals

would have good ignitioncharacteristicsand will maintaingood

flame stabilityif fired as dry pulverizedfuels.
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Ash compositionand ash contentare importantvariablesin any CWF

formulation,since boiler convectiontube erosionis directly

relatedto these factors. Convectivetube erosionresultingfrom

• flyashgeneratedduring combustionmust be a major consideration

when retrofittingboilersdesignedfor low ash level fuels to higher

• ash level CWF firing. Severalinvestigators(6,7) have indicated

that the potentialfor boilerpressurepart erosioncould be a

significantload 'limitingfactor,and would adverselyaffectthe

economicsof CWF conversionin some cases.

Most commercialCWF vendors beneficiatethe base coals utilized

in CWF's in order to minimizethe impactof increasedfuel ash

content on both tube erosionand boilerflyash collectionsystems.

Thus, all parent coals in this study were beneficiatedto some

degree prior to CWF production. Figure16 shows a comparisonof the

ash levelsfor the five fuels on an as-receivedand moisture-free

basis. As can be seen in Figure 16, ash levels ranged from 5.2 to

7.1% by weight on a dry basis., A study of the impactof CWF ash

compositionand ash level on boilertube erosionwas beyondthis

scope of work• However,studieshave been reportedelsewhere(7,8)

which characterizethe effectsof CWF ash on erosion•

Viscosityis a measure of a fluid'sresistanceto flow. Fluidsare

typicallycategorizedas being eitherNewtonianor non-Newtonianin

nature. Newtonianfluids are characterizedby viscositiesthat are

independentof shear rate while non-Newtonianfluidsexhibit

viscositiesthat are shear dependent. Most conventionalpetroleum

based boiler fuels are Newtonianfluids. Consequently,their

transportflow characteristics,which relateto viscosityunder low

shear conditions,and, to a certainextent,their atomization

characteristics,which can be relatedto viscosityat much higher

. shear rates, can be analyticallypredictedwith shear viscosity
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informationderivedat a single shear rate. This is not the case

with CWF's, since most CWF's exhibitnon-Newtonianbehavior,as did

the five fuels studiedin this program. This fact complicatesthe

analyticalpredictionof viscosityrelatedCWF characteristics,such

as piping pressurelosses and atomizationquality.
0

In order to characterizethe complexnon-Newtonianrheologyof the

five CWF's, a seriesof parametricviscositymeasurementswas made.

These measurementswere conductedover a range of shear rates from

100sec"I to 8000sec"I. This range of shear rates may be considered

fairly representativeof the flow regimesa CWF may be exposedto

when being handled (pumped)from a storagetank to a boiler and then

subsequentlyatomizedwithin the burner'satomizer. A sensitivity

study was also conductedin order to definethe impact of tempera-

ture on CWF rheology. Viscositymeasurementswere made at a

constant shear rate (2000sec"I) over a range of CWF temperatures

from 75°F to 160°F.

The low shear (100 sec"I) viscositydata, as measured by a Haake

RotoviscoViscometer,were summarizedin Table 3. Figure 17

presents the high shear viscositydata obtainedwith a Burrellhigh

shear viscometer. As can be seen, the fuels are clearly non-

Newtonianwith each fuel being dilatentin nature. Of the five

fuels, fuels SD63C and UF62C exhibitedthe highestdegree of

dilatencywith power law indicesof 1.4 and 1.37. The other three

fuels showed identicaldegreesof dilatency,each having a power law

index of 1.07. Note that fuel UF62C had the highestrange of high

shear viscosity (from 1075 to 1475 centipoise)and that fuel SD71F

had the lowest range (between620 and 700 centipoise).
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Viscosityhas been shown (9) to have a first order effect on the

atomizationqualityof Newtonianfluids. CWF atomizer'stypically

operateat high shear rates (>5000sec'1). Assumingthat high shear

viscosityalso has a first order effecton CWF atomizationand

disregardingany other influences,one could make the prediction

that fuel SD71F would atomizemore finely and combustmore readily

than would fuel UF62C.

Figure 18 presents a comparisonof high shear viscosityvalues as a

functionof temperature,rangingfrom 75 to 160'F,for the five'

fuels. These measurementswere performedby the AdelphiCenter for

Energy Studieswith the fuel samplessent directlyfrom each vendor.

As shown, all Of the fuels,with the exceptionof UF62C, exhibited

viscositiesthat were highlydependenton fuel temperature,with

viscositygenerallydecreasingas temperaturewas increased. The

sample of fuel UF62C analyzedby Adelphiunderwentsettlingand it

is likely that the shear viscositydata obtainedare not

representative.

IX. AIOMIZATIONCHARACTERIZATION

Most CWF investigationsto date have identifiedthe fuel atomization
/

processas critical to efficientcombustion. The situationis

analogousto firing conventionalliquid fuels. That is, fine fuel

sprays enhance ignitionand carbonconversionefficiencyas compared

with fuel sprays having a relativelysignificantpopulationof large

diameterdroplets.

A parametricstudy was conductedin order to quantifythe effect

that v_riousCWF formulationswould have on atomizationquality.

This testingwas carriedout on the five CWF's in thi_ program using

CombustionEngineering'sAtomizerTest Facility(ATF)describedirl

previoussections of this report. Performancecomparisonscan be

drawn betweeneach fuel as all CWF's were atomizedunder identical

conditionsusing the same 50xi06 Btu/hr,Y-jet CWF nozzle.
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In general,to reach any valid conclusionson atomization

performance,a set of performancecriteriafor CWF must be

establishedby which a comparisoncan be made with experimental

data. Specifically,performanceobjectivesin terms of dropletsize

distributionand atomizerenergy consumptionneed to be developed.

During the burner evaluationphase of this program,Combustion

Engineeringestablisheda number of PreliminaryPerformance

Objectives (PPO's)in order for the burner manufacturersto have

establisheddesign targets.

In the specific area of atomizer design, it was deemed desirable to

have: I) An atomized spray droplet mass median diameter (MMD)of

less than 200 microns at 100% load, 2) less than I% by weight of

total spray droplets exceeding 300 microns in diameter and 3) An

atomizer assist fluid consumption ratio (A/F) of less than 0.25 Ib

air/Ib fuel at 100%of full load firing rate.

These PPO's were met or exceeded by the HSWFburner's atomizer on a

baseline CWF. The atomizer was capable of achieving, on average, a

spray droplet mass median diameter of less than 70 microns while

meeting the droplet top size and energy consumption criteria

outlined above.

The primary focus ef this test phase was to determine,for each fuel

'tested,the effect of A/F ratio on spray dropletMMD, size

distributionand topsize. The atomizertest matrix was designedto

evaluate atomizerperformanceover a range of operatingconditions

with tests conductedat three fuel rates correspondingto 100%, 50%,

and 33% load (with 100% load equivalentto a burner firing rate of

50 x 106 Btu/hr). Compressedair was used as the atomizingmedia

and the A/F ratio was systematicallyvariedfor each of the three

loads.



Ali spray dropletsize measurementswere made approximately150

nozzle diametersdownstreamof the nozzleexit, Testingat this

locationensuredthat the fuel atomizationprocesswas completeand

' only sphericald_opletswere presentin the nleasurementvolume,

Testingof each fuel in tileATF was conductedprior to each fuel

being fired in the combustiontest phase of the project, Each fuel

was deliveredin a conventional,pressurizedtanker,and 500 gallon

samplesfor ATF testingwere drawn from a well mixed storagetank,

Figure 19 presentsa comparisonof the spray mass mediandiameteras

a function of A/F ratio at 100% load for the five CWF's, Note that,

with the exceptionof fuel UF62C (44 micron MMD), the atomization

qualityof all the fuels was similar(60 to 70 micronMMD) within

the atomizer'srecommendedA/F operatingrange of 0,19 to 0,21,

In Figure 20 the entiredrop size distributionfor each of the five

fuels is presented. Note that the dropletsize data are derived

from the Malvern instrument'sRosin-Rammleranalysisroutine, Based

on this information,each fuel generatedfewer than one percentby

weight of droplets above 300 microns in diameter,thus meeting the

PPO topsize criteriapreviouslystated.

lt is apparent from these atomization studies conducted at 100% load

as well as at reduced loads that the five CWFsin an isotnermal

environment generated similar quality sprays, with the exception of

UF62Cbeing slightly finer, lt is also clear, comparing atomization

data to the laboratory fuel analysis summary (Table 3), that

atomlzations trends did not correlate with viscosity measurements.

In conclusion, based on the isothermal atomization data generated in

this study, it appeared, from an atomization viewpoint only, that

. all fuels, with the exception of UF62C, would combust with nearly

equivalent levels of performance. Higher levels of carbon

. utilization would be expected from fuel UF62C.
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X, COMBUSTIONCHARACTERIZATION

Subsequentto atomizationcharacterization,Bach fuel wa,_subjected

to a series of detailedparametricfiringtests conductedin

CombustionEngineering_s IndustrialScale BurnerTest Facility

(ISBTF)using the 50xi06Btu/ht HSWF burner,

The primaryobjectiveof these tests was to identifyand

characterizerelativedifferences,if any, betweenthe performance

of the five CWF's when the fuels were fired in a simulatedboiler

environment, Performancedifferenceswere quantifiedthru

systematicdeterminationof:

I) Carbon conversionefficiencyby flue gas analysisat each test

condition,

2) Carbon conversion efficiency by particulate analysis at optimum

operating conditions for each load.

3) Flue gas emissionsof NOx, SO2, and CO.

4) Flame stabilityand minimumload.

5) Morphology of flyashemissions(scanningelectronmicroscope).

6) Furnace outlet temperaturesand peak flame temperatures.

7) The influenceof combustionair temperatureon combustion

efficiency.

8) The effect of varyingatomizerA/F ratio on combustion

efficiency.
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9) Heat flux along the lengthof the test facilityto determine

the heat releaseprofilefor each fuel tested.

• 10) Any fuel specificabnormalhandlingcharacteristics,such as J

atomizeror fuel line pluggage,and fuel settling.

The combustiontest matrix developedfor this programwas designed

to evaluatethe combustionperformanceof each test fuel over a wide

range of operatingfiring rates and excess air levels. However,in

order to comparethe performanceof each fuel, it was necessaryto

hold certainoperatingvariablesconstantto isolatethe effect of

fuel on combustionperformance. Thus, at each testconditionthe

followingburner/ atomizeroperatingvariableswere held constant

between all of the fuels tested:

I) AtomizerA/F ratio - 0.19-0.21at 100% load

0.39-0.41at 50% load

0.59-0.61at 33% load

2) Burner Damper Positions

3) Burner Windboxto FurnacePressureDrop

4) CombustionAir Temperature(500°F)

A completedata set for this test phase is beyondthe scope of this

report,as a total of 99 individualcombustiontests were conducted

on the five CWF's. A condensedsummaryof the data obtainedfor

each of the five CWF's at optimumcarbonconversionefficiency

levels over the maximum achievablefiring rate range is given in

Table 4. Note that all fuels,with the exceptionof SD63A,operated

, over a 3 to I turn down range. Fuel SD63A was limitedto a 2 to i

turn down range. The reason for this is not apparentfrom a review

. of eitherthe laboratoryfuel characterizationstudy or the

atomizationstudy.
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Efficiencydata presentedin Table 4 is based on flue gas

constituentanalysisas well as carbonanalysisof collectedflyash.

If one were to look only at carbon conversionefficiencydetermined

. by analysisof particulatecollectedisokinetically(EPAMethod5)

from the furnaceflue duct, one could concludethat all five fuels

were capableof achievingcarbonconversionsin excess of 98% at all

tested loads. However,optimumcarbonconversionefficienciesfor

the five fuels were found to vary over a much wider range (88.5%-

99.6%) when efficiencieswere calculatedfrom flue gas constituents.

The numericaldiscrepanciesbetweenthe two efficiencydetermination

methods appearto be due to the particulatesamplingtechniques.

lt was noted throughoutthe test programthat severalof the fuels

had a tendencyto generate fairlylarge "agglomerates".

Photographicevidenceof this is presentedlater in this report.

Specifically,fuel UF62C experiencedsignificantagglomerationunder

combustionconditions. This phenomenahas been noted by a numberof

CWF researchers(10,11). lt is theorizedthat these "agglomerates"

may derive from fuel "ligaments"which issue from the nozzle and

remain essentiallyintact in the high temperaturefurnace
i

environment,rather than breakingdown into small, readily

combusted,sphericaldroplets as has been demonstratedduring

isothermalatomizationtesting.

While the specificagglomerateformationmechanismswere not

identified,it is clear from these tests that a significant

populationof agglomeratesgeneratedby severalfuels were not

entrainedin the combustiongas stream,but rather fell partially

combustedto the furnacefloor. Flueparticulatesamplescollected

for the fuels having agglomeratingtendenciesdid not accurately

representthe high carbon percentagematerialwhich fell to the

furnacefloor. For this reason,it is assumedthat the carbon

• conversionefficiencydata generatedvia flue gas analysisrepresent

fuel performancemore accuratelythan do the efficiencydata derived
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from collectedflue particulatesamples. With the above analysisin

mind, carbon conversionperformancetrends presentedin this paper

will be based on carbon conversionefficienciesderivedfrom flue

gas analysis.

Figure 21 summarizescarbon conversionefficiencydata obtainedat

100% load as a functionof excess air for the five fuels. In

general, carbon conversionefficiencyimprovedfrom all five CWF's

with increasedexcessair. A similarobservationwas made in the

previouscomparativeburner test program, lt is evidentin

reviewingFigure 21 that the five fuels can be clearlyranked in

terms of achievablelevelsof carbon conversionefficiency. The

highest carbon conversionswere achievedwith fuel SD52A, followed

in relativeorder by fuels SD63C, CG53C, SD71F, and UF62C. The

fundamentalreasonsfor the above fuel ranking,after conductinga

detailed review of the laboratoryfuel characterizationdata and the

atomizationcharacterizationstudy, are not clearlyevident.

Most CWF investigatorsagree that fine fuel atomizationis a

precursorto good carbonconversionefficiency. The isothermal

atomizationdata indicatedthat atomizationqualityfor fuels SD52A,

SD63C, CG53C, and SD71Fwas similar. This resultdoes not correlate

with the wide range of carbon conversionefficienciesobservedfor

these fuels. Additionally,fuel UF62C generatedthe finest sprays,

on average, during atomizationtesting;yet this fuel on average

generatedthe lowest levelsof carbon conversion.

Based on these results,it would appear that an isothermal

measurementof atomizationqualitycannot be consideredthe

dominant predictorof CWF combustioncharacteristicswhen appliedto

differing CWF formulations. However,previousinvestigationshave

cow,firmedthat isothermalspray qualitymeasurementsmade on a

sinqle CWF formulationcan be extremelyhelpfulin predictingthe
i
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combustion performance of CWF. This was true in this study as weil.

Figure 22 presents carbon conversion efficiencies at 100%load as a

function of spray droplet mass median diameter for three of the five

CWFs. As previouslyshown (Figure19), atomizerA/F ratio has a

dominant influenceon spray quality(dropletmass median diameter).

These resultsshow that for fuels SD63C,CG53C and UF62C, carbon

utilizationis a strong functionof mass median diameter. As MMD

was increased,carbon conversionwas found to decrease. This

observationis consistentwiththe previousconclusionthat

isothermalspray qualitymeasurementsmade on a singleCWF

formulationcan effectivelypredictCWF combustionperformance

trends as a functionof dropletsize distributions.

A number of scanningelectronmicrographs(SEM's)were taken of

collected particulate from the combustion study in an attempt to

clarify the inconsistencies noted between each CWF_sisothermall

i atomizationperformanceand combustionperformance. Four

representativephotographsare shown in Figure 23 for fuel UF62C.

The photos show evidenceof elongatedchar particleswhich are

interspersedamongstfine flyashparticles. The shape of these char

particlesseems to supportthe previouslymentionedtheorythat a

certain populationof long CWF strandsor "ligaments"did not

completelyatomize in the hot furnace. Rather these ligaments,

which containa number of coal particles,tended to dry and burn as

agglomerates. Cold flow atomizationdata would not predictthis

phenomenonsince it was conductedat a distance (far field)which

ensured sphericaldroplet formation.

Burner flame stabilitywas documentedphotographicallyfor all five

of the fuels tested. The luminousflamesproduced by all fuels,

with the exceptionof UF62C, were highly stable and attachedto the

d
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burnerquarl. Good flame stabilitywas achievedduringinitial

testingof UF62C. However,as testingprogressedflame stability

degraded. The sourceof the degradationwas likelyvariabilityin

' the solids loadingfor fuel UF62C. Progressivecoal settlingwas

noted in the fuel supplytank duringthe later portionsof the

' combustiontest program.

An interesting flame stability observation was made during the

evaluation of SD52A. Flame stability was poor for SD52Awhen the

burner's atomizer was operated at atomizing air/fuel mass flow

ratios of 0,19 to 0.21 at 100%load, The other four fuels in the

program operated successfully at A/F ratios in the 0,19 to 0,21

range. A dramatic improvement in flame stability was achieved when

the A/F ratio was reduced to 0.16 for fuel SD52A, An explanation

for this anomalous behavior may be found from an analysis of the

isothermal atomization data. The percentage of spray droplets

exceeding 300 microns tended to increase with fuel SD52Awhen the

atomizer A/F ratio exceeded 0.18. At an A/F ratio of 0.22, the

percentage of droplets exceeding 300 microns was in excess of I%.

lt is possible that ignition stability would suffer as a result of

the increased population of large droplets generated when fuel SD52A

was atomized at A/F ratio's in excess of 0.18.

The formationof NOx during combustionis commonlyclassifiedin

terms of the nitrogensourcefor the reaction. "ThermalNOx" refers

to NOx that is formed at high temperaturesfrom nitrogenand oxygen

presentin the combustionair. NOx formed in this way has been

shown to be functionof temperature,N2 and 02 concentrations,and

the time of exposureof N2 to 02 at high temperatures. Temperatures
in excess of approximately2800 degreesFahrenheitare generally

requiredfor this process(12).
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"Fuel NOx" refers to NOx formed from organically bound fuel

nitrogen, Although the mechanisms of "fuel NOx" formation are
generally not yet fully understood, it is known that its formation

is insensitiveto flame temperature, Since significantquantities

of nitrogen (0,1 to 2 percentby weight)can be found in coals,fuel

NOx is a major c)ntributorto the total NOX formed, Previous

studies have indicatedthat up to BO% of the total NOx can be fuE}l
related, The main factor affectingthe conversionof fuel bound

nitrogen to NOx is oxygen availability,

Extensivefurnacetemperaturemappingdata, obtainedwith a suction

pyrometer,indicatethat at no time duringcombustiontestingof the

five CWF_s did flame temperaturesexceed the 2BOO'F necessaryfor

thermal NOx formation, This indicatesthat the NOx emissions
measured for all of the fuels were primarilyfuel related,

Table 5 summarizesthe range of NOx emissionsmeasured for each CWF,

Note that no attemptswere made in this test programto minimizeNOx

levels; test guidelinesfocusedon flame stabilityand carbon

conversionefficiency. Applicationof commonlyknown NOx control

technologiessuch as "stagedcombustion"would likelyreduce the

levels of NOx observedhere,

Sulfur dioxideemissions,in general,are not a functionof burner/

furnace operatingconditions.Theamountof SO2 generatedduringthe

combustionprocessis directlyproportionalto the amountof sulfur

present in the fuel. Since essentiallyall (g0% or more) of the

sulfur present in the fuel is convertedto SO2 and SO3, any increase

or decrease in fuel sulfur shouldresult in a correspondingincrease

or decrease in SOx emissions,
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TABLE 5

NOX Emissions

4

% by weightNitrogen Ibs NOv/t06Btu Fired
_ Content(moisturefree) _for_all firinqr._

SD63C 1,6 0,54 - 1,13

CG53C 1.7 0,64 - 1,06

UF62C 1,5 0,67 - 0,95

SD71F 1,5 0,68 - 1,06

SD52C 1,8 0,54 - 0,97
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Xl, SUMMARI'OF TASK 4 RESULTS

Multiple B_rner Test Program

The subjecttest programsuccessfullyquantifiedthe performance

characteristicsof four genericallydifferentCWF burnerdesignswith

respectto a predeterminedset of PreliminaryPerformanceObjectives

(PPOs), A single referenceCWF formulationwas used throughouttesting;

this allowedthe investigatorsto draw conclusionsabout the relative

performanceof one burner design to another,

Tests were conductedfirst on Bach burner'sfuel atomizer, These tests

defined spray droplet size distributionand generaldropletballistics

characteristics. All tests were conductedin a non-combustion

environmentusing non-intrusiveopticalinstrumentation,

Comparativecombustiontests on the atomizer/burnerregistersystems

followed, These tests were conductedin a facilitydesignedto simulate

a boiler environmentwhich representeda typicaloil to CWF retrofit

situation,

All of the burner systemsin the programwere capableof firing the

referenceCWF formulation, Each burner configurationtended to exhibit

unique performancecharacteristicswhich can be attributedto fundamental

differencesin each burner'satomizationpropertiesand/ornear-field

thermal/aerodynamiccharacteristics.Table 6 summarizesthe relative

performanceof each burner systemdesign with respectto the Preliminary

PerformanceObjectives. lt is clnar upon examinationof Table 6 that in

many cases the burners evaluatedmet or exceededPPO levelsof

performance.
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