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1.0 INTRODUCTION
I

The contract start date (for Phase I) was June 11, 1987. Contractcompletion

date (forPhase II) is September11,1991.

This is the fifth quarterlyreportcoveringwork on Phase II of the project. The

periodcoveredis OctoberthroughDecember 1990.

The purposeof this project is to developan advancedcoal combustionsystem

for industrialboilers. With the new combustionsystem,coal couldbe used to replace

oil andgas as fuels for manyindustrialboilers.

The advancedcoal combustionsystemconcept includesthe followingcompo-

nents:

• a new burnerfor ultrafine coal fuelswhichcould replaceexistingoil and/or

gas burners

• a coal injectorthat couldreplacethe oil gun in existingburners,as an

alternativeto completereplacementof the burnerassembly

• a coal storageand dense phasecoal feed system

• an automaticcontrolsystem,basedon computercontrolwithfeedbackfrom

low-costcombustion-qualitytransducers

• ash removaland particulatecleanupequipment.

The componentsof the advancedcoal combustionsystemare shown schemat-

ically in Figure 1.1. Areas of contractactivity are enclosedwith dotted lines by the

large rectangle.
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, 1.1 Phase l. Summary of Results

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

tested. It is a dire_ replacement for the oil gun in the original equipment of a 200 hp

Cleaver-Brooks fire-tube boiler. The system was tested at coal-firing rates in the range

of 2 to 6 million Btu's per hour, firing Upper Elkhorn No. 3 (eastern bituminous, "UE3")

coal supplied by Energy International, Incorporated. For these tests, propane was

used to preheat the boiler before initiation of coal firing. The propane flow was turned

off after coal combustion was established. No combustion air preheat was used.

During these tests, boiler efficiency was typically about 85 to 86 percent, whilA carbon

conversion efficiency was approximately 94 percent. Concentrations of CO were less

than 150 ppm. The NOx emissions were less than 0.6 pounds per million Btu's.

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

burner also was designed, fabricated, and tested during Phase I. The arrangement is

shown in Figure 1.2. 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 independently into each of the two stages.

Additionally, the angle is adjustable for individual swirl blades.

Upper Elkhorn No. 3 ultra fine coal was used as the standard fuel for most UTSI-

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

Elkhorn No. 3 coals were tested with three levels of ash. These were approximately

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



Figure 1.2 UTSI Phase ! Replacement Burner



mosttests because it exhibited a good balance betweenash content and ash-fusion

' characteristics.The 2.7%-ash UE3 coal also servedas a referenceand establisheda

baselinefor performance. Additionally,a 1.3 float fraction of a westernEagle Butte

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

onan as-fired basis.

All four test coals were supplied by Energy International, Inc. with a mean

particlesize of about 10 mm and a top size of 44 mm. The coals were deliveredto

UTSI in plastic-lined,55-gallonsteeldrums.

Propane was used to preheat the boiler before initiationof coal firing. The

propaneflowwasturnedoff after coalcombustionwas established.No combustionair

preheat was used with the UTSI burner. Boiler efficiency was approximatelythree

percenthigherwith UE3 coal than in the previoustest serieswith coal injectors,and

typically was about 88 to 89 percent. Carbon conversion efficiency was approximately

97 to 99 percent for UE3 coals. A very high value of 99.9 percent carbon conversion

was attained with the 4.4%-ash Eagle Butte coal. These results are about 3 to 6

percent higher than those measured when the UTSI coal injector was used in the

Cleaver-Brooks burner.

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

the deposits were powdery and easy to remove by increasing the fan speed after the

conclusion of each combustion test. The increased air velocity quickly re-entrained

and removed most of the previously-deposited ash.



• Concentrationsof CO were below 100 ppm. The NOx emissionsranged from0

1.2 to 1.3 poundsper millionBtu'swith the UE3 coals. With the Eagle Buttecoal, a

lowerlevelof 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 system is based upon a dedicated micro-computerbased on the Intel

"286" cpu chip architecture using UTSI-developed software. In Phase II this

system will provide automation of system control and data acquisition.

1.2 Initiationof Phase II

Phase II startedonOctober1, 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, ourplans includethe followinggoals andactivities.

Goals

• Decrease NOxemissionsto lessthan0.7 Ib/MBtu

Although the UTSI commercial fire-tube boiler is fired at 6 MBtu/hour and

therefore is much smaller than steam generators usually subjected to NOx

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

mance Standards for Commercial/Industrial/Institutional Steam Generation

for coal-fired boilers in the 100 MBtu/h to 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/hourby the Performance Standards for Electric Utility Steam

Generating Units Commencing After September 18, 1978. As a supplemen-

tal goal, we will attemptto obtainthis lowerlevelof emissionswithNOx less

than 0.6 Ib/MBtu.

• Decrease particulateemissionsto lessthan 0.6 Ib/MBtu

This is based upon the current UTSI site permit issuedby 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 basedupona stated DOE goal.

• Increasethe turn-downratiofromthe present3:1 capability

This is based uponextension of previous achievement of the statedDOE

goal of 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 i._articulate-removalequipmentto reducestack emissions

• Develop higherefficiencythree-stageburner

• Add air pre-heaterandevaluateeffects
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• Add low-cost combustion-qualitytransducer for automated control of

boilerefficiency

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

controlcapabilitywith storagehopperoperatingat atmosphericpressure

and suitablefor reloadingwith coal at any time duringextended periods

of operation

• Automatethe boilercontrolsystem

• Evaluatepotentialof bulkbags for receiving,storing,and unloadingultra

finecoal

• Develop a commerciallyacceptable ultra-finecoal storage and dense-

phase feed system

• Demonstrateperformanceof new three-stageburner

• Make an economic evaluationand develop a commercializationplan

• Demonstratecommercial feasibilityof the integratedsystemwith a 100-

hour test operation

1.3 phase II. Summaryof 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_'n improved burnerfor better combustionefficiency;and d.)

addingdeep-air-stagingcapabilitiesto the new burnerto decrease NOx emissionsto



. slightlyabove 0.4 Ib-NOx/MBtuwith ultra fine coal. This performanceis considerably

betterthan the DOE goal forPhase II work.

2.0 TECHNICAL PROGRESS IN PHASE II DURING OCTOBER-
DECEMBER 1990

QUARTi_RLYSUMMARY:

During this quarter, work continued on development/improvement of the

Iow-NOxcoal combustorfor the boilersystem.Reburningtests were conductedin the

external, water-cooled test duct with a length of 15 feet using ultra fine coal with

propane to reduce the NOx levelsto as low as 0.295 Ib-NOx/MBtu.Work also contin-

ued on design/constructionof the newcoal-feedsystemthat willbe used for the 100-

hour demonstrationtest with the on-line refillable coal hopper operating in air at

atmosphericpressure.Coal willbe loadedintothe hopperfrom bulkbags.

Initialtestingof the UTSI boilercontroland automationsystemwas successful.

Normally-pulverizedcoal with approximately70% passinga number 200 sieve was

burnedin the externaltest duct. Initial flame-visualizationtests were successful,and

the burner was able to handlecoal withoutbeingmicronizedto the ultrafine level.

Refractorywas poured for a new combustorsecond-stage assembly. Subse-

quently,the combustorwas installedinsidethe 200 hp fire-tubeboiler.

2.1 Task 3' IntegratedCombustionSystemDevelooment

Quarterlyactivitydetailsfollow.

2.1.1 Procurementof Eouiomentfor Coal Feed System

Construction,erectionand paintingof the new coal tank were completed. Load

cells were installed.Work began on the final electricalconnections.The arrangement

9



- of the coal-supplysystem is shown in Figure 2.1. The UTSI burner will be connected

directlyto the outlet line from the augerwhichis shownat the lower rightof Figure2.1

as "coal feed to burner." Dense-phase coal-flow control is accomplishedwith the

burnerfirst-stageeductor via on-linechangesin motive-airpressureand/ordischarge-

tank fluidizingrate.

2.1.2 Low-NO_Bum@rModificationan_ Testing

The generalconfigurationof the burnerwithdeep air stagingis shownschemat-

ically in Figure 2.2. It has a large insulated section which provides for a primary

combustionzone operating under reducingconditionswith controlled heat losses.

Secondary air passes through an annular passage behind the insulation. The air

enters at ambienttemperature, coolsthe walls of the primary combustionzone, and

heats as it movesthroughthe annulus.Subsequentlythis deep-staged air enters the

secondary combustionzone, flowing through multiple orifices and producingeight

separatemixingjets.

Duringthisquarter, a six-footrefractory lengthwas used with several arrange-

mentsof the air mixingjets. As illustratedin Figure2.2, the jets were either opposed

(upperhalf of the figure, fight side) or set at a 20° counter-swirlposition(lowerhalf of

the figure, right side). In addition,the 20° counter swirlwas tested in two variations. . .

One of theseused 45° counter-currentflow (lowerhalfof the figure,left side);the other

had nocounter-currentflow(0°, as shownin the upperhalfof the figure, left side). The

opposedjets were testedwithoutcounterflow.

The orderof increasingmixingintensitywas:

opposed....> 20° counterswirl(cs).... > 20°cs/45° countercurrent(cc).

10
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Reburningtests were conductedin the external, fifteen-foot test duct. It simu-

lates many of the characteristicsof the boiler fire-tube. The duct is cooled by an

external water spray. Combustiongases exhaustdirectlyto the atmosphere.Prelimi-

nary testingin this ductmakesobservationof the flame mucheasier, and also makes

the burnermoreaccessiblefor modification.

Propanewas injectedat the centerof the six-footrefractorylength,as shownin

Figure2.3. Reburnairwas added in one of twoways:

• throughthe burnerprimary and secondaryair registers,or

• through reburn-air injectors located in the same plane as the propane

injectors.

The test matrix for the variousconfigurationsexamined during this reporting

period is shown in Table 2.1. Ultra-fine Upper Elkhorn#3 coal with approximately2.7

weight percent ash was used as the test coal. This continues to be the "standard" UTSI

test coal. Jet angles for three deep-staged secondary air arrangements were tested

along with two locations for adding propane-reburn air.

13
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Table 2.1. Test Matrix for Reburn-Air InjectionLocationsDuring
Propane ReburningMeasurements

i ,, ,,,,,, I i i I ilii

DEEP-STA GED SECONDARY
COMBUSTION AIR

INTRODUCTION JET ARRANGEMENT
OF REBURN AIR

OPPOSED 20 °cm 20 °cs/45 °cc
JETS

(0°cs/0°cc) (20°cs/0°cc) (20°cs/45°cc)
ii i

WITH PRIMARYAND
DEEP-STAGED _/ _/ _/

SECONDARYAIR

,| , , i ,,

THROLE3HREBURN ",/
AIR INJECTORS

I i i

In addition to where the reburn-air was added and how the secondary air jets

were configured, the quantity of propane relative to coal was evaluated. This relation-

ship was expressed in terms of propane, as percent of total coal-plus-propane Btu

input. Tests were conducted in the range of approximately 8 to 14 percent propane.

Another major operational variable was the air-to-fuel ratio in the primary

combustion zone. This can be enumerated in terms of stoichiometry, and the symbol

Spindicates the primary stoichiometric ratio (theoretical air/fuel) in this report. For this

series of tests, values of _p were in the range of approximately 0.6 to 0.8. The total (or

final) stoichiometric ratio, CT,was held near 1.15. The system is capable of operating

with relatively low excess air, and ST of 1.1 is a stable condition.
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Figure 2.4 is a composite view of individual NOx test results from

previous coal tests with opposed, 20°cs, and 20°cs/45°cc secondary air

jet configurations. Emissions of NOx are plotted vs. the primary stoichio-

metric ratio for the normal six-foot refractory configuration. This

information is included for comparison with the new reburn data.

m

0.7 .....................................i.....................................[....................................]..........................................."'"'"'_:
------ y. -o._ + 1.3S3Sx R= o._e i ._ !

io.65 ....................................*...................................._...................................._..................i o i i

! ! . L .. !
0.6

o.. i ° !
o

0.5 "

O.45

0.4 | , , .... " ' i "' ..... ' '

0.6 0.65 0.7 0.75 0.8

Sp, PRIMARY_WOiCHIOME-I1_Y

Figure 2.4. Summary of NOx Emissions During Previous Coal-Only Tests
With Data from All Secondary Air Jet Angles
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Figure 2.5 shows reburn results for all tests conducted with reburn

air introduced through the primary and secondary combustion-air regis-

ters. Deep-staged secondary air jets were configured with either opposed

or 20°cs angles. Emissions of NOx are plotted vs. the primary stoichiomet-

ric ratio for the six-foot refractory configuration. When the primary

stoichiometric ratio, Sp, is greater than 0.65, reburning lowered NOx

emissions by about 0.02 to 0.05 Ib/MBtu for the same primary stoichiome-

try. However when Sp was less than 0.65, no reduction in NOx emissions

was measured.
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Figure 2.5. NOx Emissions During Reburning Tests With Reburn Air
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Figure 2.6 shows reburn results with Cp = 0.6 with two locations for

injection of propane-reburn air. Deep-staged secondary air jets were

configured with 20°cs/45°cc angles. Emissions of NOx are plotted vs. the

quantity of propane used for reburning, expressed as percent of total Btu

input, for the six-foot refractory configuration. When reburn air is intro-

0uced th,:ugh the primary and secondary air registers, there is no reduc-

tion in NOx emissions (dashed line). However, when the reburn air is

18
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• introduced through the reburn jets, a major decrease in NOx emissions

results! A low value of 0.295 Ib NOx/MBtu was achieved with 13.7% of the

heat input from propane.
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Figure 2.6. NOx Emissions During Reburning Tests With Sp= 0.6

Figure 2.6 is significant because the primary stoichiometry was

chosen for very low NOx levels with coal-only. Any reduction in NOx

emissions from this level (very low for coal) is extremely important. The

results show that operation below 0.3 Ib NOx/MBtu can be achieved with

coal in a 200 hp fire tube boiler with the UTSI retrofit system. With
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. additional "fine tuning" of the present configuration combined with higher

propane levels it is quite possible that the California standard of 0.2 Ib

NOx/MBtu can be attained. For example, if the refractory length were to be

extended by approximately two feet, it is highly probable that the level of

0.2 Ib NOx/MBtu would be achieved.

Propane reburning with deep air staging has produced the lowest NOx

emissions to date. The low value of 0.295 Ib NOx/MBtu is far

better than the contract goal of <0.7 Ib/MBtu or the supplemen-

tal UTSI goal of <0.6 Ib/MBtu. It is expected that the carbon conver-

sion efficiency would significantly exceed 99 percent when the burner is

installed inside the Cleaver-Brooks 200 hp fire tube boiler.

2.1.3 Cold Start Burner Lightoff Demonstration

We demonstrated a cold start using coal with a small propane flame

for a lighter• Refractory was not preheated before lighting the coal.

Combustion air preheat (as always) was not used. The coal ignited imme-

-- diately, and the propane lighter was turned off shortly after ignition. The

coal-only flame was stable, and was slightly smoky only during the first

40 to 50 seconds. Coal f_ow,ate was set at a low-to-medium load level

for this experiment.
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. 2.1.4 Pulverized Coal (70%_,200 mesh_ BurningCaoability Demonstration

During December, we conducted a very successful combustion test

(flame visualization) in the external duct using conventionally-pulverized

coal (not the normal finely micronized particle size). The potential

importance of the initial test using pulverized coal can be considered in

several areas:

• Fuel Options. The multiple fuel capabilities of the advanced

combustor could include natural 0_-- propane, number 2 oil, ultra

fine (micronized) coal, and normal pulverized coal (typical output

from pulverizers at a utility).

• Fuel Costs. If conventionally-pulverized coal could be used, the

cost per million Btu's would be far more attractive for industrial

applications.

• Equipment Costs and Availability. Existing, conventional pulver-

izers could be used to producea commercialfuel.

2.1.5 Combustor Fabrication

In December, we poured refractory for a new combustor second-

stage assembly for installation in the fire-tube boiler. Subsequently, the

new combustor was Installed inside the 200 hp fire-tube boiler.
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• 2.2 Task 4: Project Manaaement and Reoortina

The September, October, and November 1990 monthly reports were

issued. The January-March 1990, and the April-June 1990 Quarterly

Technical Progress Reports were issued.

We prepared material for the PETC annual internal review and sent it

to John Winslow.

3.0 WORK PLANNED FOR JANUARY-MARCH 1991

During the next quarter, work will continue on developing and

measuring performance of the UTSI Iow-NOx coal combustor for the boiler

system. Work also will continue on completion and testing of the new coal

feed system that will be used for the 100-hour demonstration test.

Additional tests will be conducted with the UTSI boiler control and

automation system

Fly ash particle size measurements will be made, relative to feasi-
. ,

bility of use of cyclonic ash collector (cyclone sampler).
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